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PREFACE 

Since its inception, the World Health Organization Regional Office for 
Europe has assisted Member States in the development of environmental 
health programmes for pollution control and environmental sanitation at 
both the country and the intercountry level. The training of sanitary engineers 
and sanitary inspectors, as well as of other specialists, has always been an 
important component of those programmes. 

In 1969 the Regional Committee for Europe approved a long-term pro
gramme in environmental pollution control, and a large number of reports 
dealing with various aspects of this programme have been made available 
free of charge by the Regional Office for Europe. It is with pleasure and 
some measure of satisfaction that, on behalf of the Regional Office for Europe 
as a whole and, more particularly, the staff responsible for the promotion 
of environmental health, I now present this publication to a wider audience. 
This manual presents the results of a collaborative effort and represents the 
start of a new WHO venture in publishing-the Regional Publications series.

The control of air pollution is a subject of immediate concern to European 
countries, but it should also be of interest to countries elsewhere in the world. 
I hope that the manual will be of practical value to the growing number of 
engineers, scientists, physicians, and community leaders responsible for the 
protection of urban areas against the effects of pollution caused by human 
activities. 

Leo A. Kaprio 

Regional Director for · Europe 
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INTRODUCTION 

M. J. Suess a 

Pollution of the atmosphere affects the lives of 
millions of people in all parts of the world, especially 
those living in large industrialized cities with heavy 
motor traffic. Unpleasant fumes and odours, reduced 
visibility, injury to human health and crops and 
other forms of vegetation by noxious pollutants, and 
damage to property by dusts and corrosive gases 
rank among the major environmental problems of 
urban and industrial areas and their surroundings. 
Most people are willing to accept some environ
mental deterioration in exchange for a higher stan
dard of living and a greater abundance of consumer 
goods, but as living standards rise man-made air pol
lution is seen first as a major irritation and then as 
a threat to the quality of life. Excessive pollution 
can jeopardize health, and certain types of pollution 
may even render some areas unfit for normal habi
tation, and it is therefore a serious obstacle to socio
economic development. Thus many national, re
gional, and city administrations now face an increas
ing public demand for the control and abatement 
of air pollution. 

Conscious of the seriousness of the problem, the 
WHO Regional Committee for Europe decided in 
1969 to adopt a long-term programme of environ
mental pollution control, which now covers a num
ber of sectors including water and air pollution 
control, solid waste management, non-ionizing radi
ation protection, noise abatement, food hygiene, and 
occupational health, and two general problem areas 
(environmental planning, information, terminology, 
and manpower development; and institutions and 
services). The programme aims at the development 

a Regional Officer for Environmental Pollution Control, 
World Health Organization Regional Office for Europe, 
Copenhagen, Denmark. 

b WHO Technical Report Series, No. 506, 1972. 

of aids to decision making and of management 
systems for the use of governments, administrations, 
and institutions concerned with the quality of the 
environment. 

Development of the air pollution control sector 
of the programme began in 1970, and a working 
group on trends and developments in air pollution 
in Europe was convened in Copenhagen in 1971. 
The recommendations of this group formed the 
foundations on which the programme activities were 
built up. Work also began in 1971 on the preparation 
of this manual, and during 1972 most of the chapters, 
drafted by a number of specialists at the request of 
WHO, were reviewed by two special working groups 
(see Annex 1). On the basis of their comments the 
draft chapters were revised by the various authors. 
In addition, three chapters (1, 6, and 10) were com
missioned at a later stage and were revised by the 
authors on the basis of comments made individually 
by members of the two working groups. 

Chapter 1, written by Dr S. R. Craxford, who 
also undertook much of the editorial work on the 
manual as a whole, is a review of the whole field of 
air pollution control and abatement, prepared with 
administrators and policy markers particularly in 
mind. Although this chapter provides relevant back
ground information without too much technical de
tail, it is neither a summary of the subsequent chap
ters nor an introduction to them. However, more 
detailed treatment of some of the points raised in 
Chapter 1 is included in later chapters. 

Chapter 3 is a slightly shortened and edited ver
sion of a WHO expert committee report b on guides 
and criteria for urban air pollutants. Chapter 10 
evolved out of an international symposium, co
sponsored by WHO, on automatic air quality moni
toring systems held in Bilthoven, Netherlands, in 
June 1973. 
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8 INTRODUCTION 

This manual is intended to provide guidance on 
ways and means of controlling air pollution through 
the application of technology and legislation. It is 
not a complete treatise on air quality management 
but, rather, a summary of international experience 
in the field of air pollution control. Although the 
manual was originally planned for use in European 
countries, in its present form it should prove equally 
useful to governments and official bodies in other 
countries developing programmes aimed at the con
trol of emissions of harmful substances into the 
atmosphere; and it should provide air pollution con
trol specialists in all parts of the world with an 
introduction to international practice-a desirable 
objective because air pollution knows no political 
boundaries. While not intended to serve as a text
book, the manual will also be a useful work of refer-

a For other WHO publications and documents dealing 
with air pollution see Annex 2. · 

b. The address for correspondence is: WHO R.egional 
Office for Europe, 8 Scherfigsvej, 2100 Copenhagen, Denmark. 

ence for teachers and students of environmental sub
jects in universities and technical colleges. a 

All chapters, except Chapter 3, which was not 
subject to revision, were revised anew just before 
publication was approved. The information in the 
manual is therefore as up to date as can be expected, 
but it is hoped that a revised edition will be pub
lished in a few years' time if the emergence of new 
knowledge and information make this desirable. 
Readers are therefore invited to submit comments 
and observations concerning the manual and sug
gestions for additional material for inclusion in a 
revised edition to the World Health Organization.b 

The World Health Organization is grateful to the 
governments of the Federal Republic of Germany 
and the Netherlands for the support they have given 
to this manual, in part through financial contri
butions to the Voluntary Fund for Health Protection. 
Thanks are also due to the United Nations Economic 
Commission for Europe and the World Meteorologi
cal Organization for their contributions to the 
manual. 



CHAPTER 1 

GENERAL PRINCIPLES FOR 
THE ABATEMENT AND CONTROL OF 
AIR POLLUTION 

S. R. Craxford a 
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INTRODUCTION 

The demand for clean, pure air comes ultimately 
from the general public. It may come from a villager 
who realizes that the fumes from a nearby factory 
make his village much less pleasant to live in than 
other villages in the district, or from the inhabitants 
of a wider area who are worried that a planned 
industrial development project may cause unpleasant 
or harmful pollution in the places where they live. It 
may be that the inhabitants of a town have found 
that air pollution is worse in their town than in 
others in the same country, or even, on a national 
scale, that townspeople in one country have become 
aware that the air pollution they have to tolerate is 
worse than that in many other countries. In addi
tion, concern is expressed by those who are, perhaps, 
a little frightened by the scale of modern technology 

a Consultant on Air Pollution Abatement, 24 Field Lane, 
Letchworth, England. 
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and the possibility that the resulting emissions of 
pollutants into the atmosphere may lead to undesir
able changes in the existing balance of nature be
tween competing species of living organisms or even 
to catastrophic changes in the climate of the earth. 

These pressures may be either towards new legisla
tion or the more vigorous application of existing 
legislation. The arguments will probably be grossly 
oversimplified, taking into account only one facet of 
a complex of problems stretching far beyond the 
narrow field of air pollution. The demands for action 
will be directed to the country's political leaders, as 
the ultimate source of power. 

At this stage, the first questions to be answered 
concern the validity of the complaints and serious
ness of the situation complained of, so that the 
demand for action may be properly placed in the 
waiting list for funds to allow remedial action to be 
taken. The answers to the questions will depend on 
technical and medical advice, but the ultimate deci
sion is a political one, depending, among other 
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things, on the readiness of the general public or 
industry to agree to the necessary remedial measures 
that may be required. 

The next problem, or set of problems, is con
cerned with the technical options available for 
achieving a solution, considered in connexion with 
the possible economic consequences. Then come 
questions about the legislative and administrative 
options for putting the favoured technical solution 
into effect. Again, the final decision rests with the 
politicians. Lastly, arrangements have to be made to 
assess the improvement effected by the legislative or 
administrative changes adopted. Since improvements 
can be obtained only at a certain cost to the 
economy, at least in the short term, the value 
obtained in relation to the cost must always be kept 
under review. 

In this . chapter the various options that present 
themselves throughout the whole . process of deci
sion-making are discussed, from the first suspicion 
that all may not be well with the state of the air to 
the final assessment of benefit obtained from abate
ment activities. The word " discuss'" is used here to 
indicate that the almo~t infinite variety. of circum
stances surrounding air pollution problems make it 
quite impossible to suggest ready-made solutions to 
any specific problem. However, an attempt •has been 
made to cover the general principles involved. There 
is always a communications difficulty between 
experts of one discipline and those of another. This 
chapter has therefore been prepared with the frontier 
between science and administration particularly in 
mind. It is hoped that sufficient examples are given 
to make the various points clear. Some of the 
options mentioned, both administrative and techno
logical, are dealt with in much greater detail in 
subsequent chapters. 

'The order of presentation is first the treatment of 
existing pollution problems and then the avoidance 
of new problems. Two subjects stand somewhat 
outside this scheme-namely, problems of pollution 
arisirig from motor traffic, and pollution surveys; 
these topics are dealt with separately at the end of 
the chapter. 

HEALTH AND AMENITY 

The World Health Organization defines health as 
" a state of complete physical, mental and social 
wellbeing, and not merely the absence of disease or 
infirmity ". This means, in effect, that both health-

in the usually accepted meaning of the word-and 
amenity must be taken into account in considering 
air pollution problems. In fact, air may be defined as 
being polluted when the concentrations of any of its 
minor constituents are sufficiently high to cause 
damage to the health of man or animals, or to cause 
loss of amenity through deposition of dust and dirt, 
emission of unpleasant smells, diminution of sun
shine, and so on. To this list must be added environ
mental damage in the more general sense already 
mentioned (see p. 9). 

A much greater number of people suffer severe 
loss of amenity than suffer ill health as a result of air 
pollution, and the present climate of opinion in 
many parts of the world is such that immediate 
action is demanded to put matters right, whether 
health or amenity is concerned. Pressures are still, 
perhaps, a little stronger when health appears to be 
affected, but the general public is often not entirely 
clear on the distinction between the two and tends to 
assume that there is a closer connexion between 
them than may, in effect, exist. 

Amenity-identific~tion of the problems 

Air pollution is said to cause loss of amenity when 
it makes life less pleasant than it would otherwise be, 
without affecting health in the medical sense. Loss of 
amenity therefore requires no measurements to be 
made or pollution levels established. Specific nui
sance in an area is apparent to any normal man or 
woman whose senses have not become dulled through 
fatigue or adaptation (hydrogen sulfide, for example, 
so affects the nerves in the nose that after a fairly 
short exposure people are no longer able to detect it 
by smell). Grit and dust, and the nuisance they 
cause, are obvious from visual inspection, but a case 
against them may be confirmed by a few simple 
measurements with a deposit gauge to show by how 
much the rate of deposit exceeds that in a normally 
clean area. Grit and dust do not travel far in the 
atmosphere before they are deposited, and in any 
locality the source of excessive deposition should be 
obvious without recourse to elaborate surveys with 
directional gauges. 

Nuisance by malodorous emissions is also obvious 
and again confirmation does not need data obtained 
by measurement. " Nuisance " is a subjective con
cept and is not defined in terms of concentrations of 
specific substances. In any case, most of the evil
smelling substances complained of are exceedingly 
unpleasant at such low concentrations that chemical 
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tests cannot be used for detection without the use of 
elaborate and expensive procedures. The best that 
can be done is to recruit a panel of observers with 
" educated noses " to report on the occurrence and 
severity of the smell, day by day-reports on bad 
smells by pharmacists and chemistry teachers from 
local schools, for example, are much more reliable 
than those from the general public. In this way it is 
sometimes possible to connect a smell with specific 
failures (leaks, etc.) at the plant from which it arises. 

Loss of sunshine is in a rather different category 
because the cause may be general pollution originat
ing outside the district. It is easy to obtain a 
continuous measurement of sunshine with simple 
equipment and to compare the results with those 
from a nearby, but less polluted, area. The compari
son must be made under the guidance of a meteoro
logist, since sunshine can vary from place to place 
for reasons entirely unconnected with air pollution; 
for example, it is often sunnier at the coast than at 
an equally polluted place a little way inland. 

The problem of amenity and its loss must be fully 
taken into account in all legislation against pollution. 

Health-definition of the problem 

Action to reduce air pollution on health grounds 
may arise in three ways-namely, from the occur
rence of an incident followed by an increased death 
or sickness rate clearly attributable to air pollution, 
from the presence in a district of a factory from 
which dangerous emissions could emanate, and from 
the suspicion that the industrial and demographic 
structure of a district may be producing generally 
distributed pollution above acceptable levels. 

The smog incident in London in 1952 is a classic 
example of an event that was followed by wise 
action. Long before 1952 it was realized that the 
average level of air pollution in London was high, 
but the extent to which pollution could rise above 
this average on days with particularly unfavourable 
weather, and the possible consequences of this 
rise, were either not well enough appreciated by 
the technical advisers concerned, or if they were, the 
advisers failed to convince the authorities of the 
urgent need to reduce pollution. On 4 December 
1952 · atmospheric stagnation under a temperature 
inversion set in over London and prevented natural 
ventilation of the city. These conditions lasted 
4-5 days and pollution increased about 20-fold. As a 
result, some 4000 people-for the most part elderly 
sufferers from bronchial diseases-died sooner than 

could have been expected under normal conditions. 
This brought about a political demand for imme
diate action, which was strong enough to override 
the normal administrative caution that tends to 
delay action until the technical advisers are certain 
of all the relevant facts, even if such delay becomes 
indefinitely long. 

It was not known which of the many pollutants 
that accumulated in the smog was, or were, respon
sible for the high death rate. Coal smoke was a likely 
candidate, but sulfur oxides or other pollutants 
could equally well have caused the trouble. It was 
possible on technical grounds to take rapid action to 
reduce the emissions of smoke without imposing 
much economic hardship, whereas it would have 
been outside the bounds of technical feasibility to 
take rapid action against oxides of sulfur, and even 
longer term action would have been economically 
impossible if more than a moderate degree of abate
ment had been attempted. In the event, a political 
decision was taken to deal with smoke immediately 
and this action was spectacularly successful. The 
health of bronchitics is no longer affected by the 
variations of pollution that occur in London as a 
result of meteorological changes. The lessons to be 
learned from this incident are that rapid action may 
be required without waiting for the technical advisers 
to cross every "t" and dot every "i ", and that such 
action can be completely successful. 

The next point concerns action in a district where 
particularly poisonous emissions might occur. Lead 
works may be taken as an example. If the dust
arresting equipment in the works is inadequate or 
not well maintained, dust containing lead com
pounds may be emitted. Some may fall in the 
immediate neighbourhood but the finer dust parti
cles may remain suspended in the air. Arrangements 
should be made for a regular analysis of dust 
samples-both the deposited and the suspended 
material-and if the lead content of the dust rises 
unduly the lead content of blood samples taken from 
local inhabitants should be examined. For the same 
reason, analysis of dust samples should also be 
carried out on a regular basis around zinc smelters 
to see whether there is any emission of cadmium, 
and around asbestos works and works using beryl
lium. It is not sufficient to wait for ill health to 
become apparent in the community. 

The remaining type of problem concerns the possi
bility that within a given urban area the general 
pollution levels may, at least on occasion, be exces
sive. Nowadays, much is known about the relation-
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ship of pollution levels to emissions under different 
weather conditions, and the results of detailed sur
veys are available for many different types of town. 
An experienced consultant .should therefore be able 
to make a reasonable estimate of the pollution levels 
likely to occur, basing his judgement on a visual 
inspection of the industrial and residential structure 
.of the town and its topography, and taking into 
account the climate of the region. If this estimate 
shows that undesirable concentrations of pollutants 
are at all likely to be approached, it should be 
checked. by a short series of measurements at the 
most vulnerable site. There is no need to wait for a 
full ~scale survey lasting for several. years before 
starting abatement action. To insist on waiting for 
the results of such a survey can in fact be little more 
than a pretext for delaying action. A survey in 
sufficient detail to guide the application of an abate
ment programme and check its efficacy is an essen
tial feature of such a programme and is dealt with 
later. However, positive abatement measures can be 
taken even before the results of a survey become 
available. 

. AIR POLLUTION LIMITS 
TO PROTECT HEALTH 

It has been assumed in the previous section that 
limits for pollutant concentrations can be set to 
protect health. WHO has devoted a great deal of 
effort to defining such limits, and the situation was 
reviewed by a WHO Expert Committee in 1972. This 
section refers briefly to the general principles under
lying the Committee's work, and their findings and 
the · substance of their final report a is given in 
Chapter 3. 

In all communities there is wide and continuous 
variation in the susceptibility of individuals to the 
effects of air pollution: At one end of the range, 
some healthy adults can tolerate relatively high 
concentrations of pollutants without suffering harm; 
at the other end are subgroups that are particularly 
susceptible; notably, the very old, the very young, and 
those affected by disease. At the far end of the range 
there will always be· a fow people who can tolerate 
no additional stress of any kirid. Community protec-

a WHO Technical Report Series, No. 506, 1972 (Air 
quality criteria and guides for urban air pollutants: report of 
a WHO Expert Committee). 

b See Chapter 3, p. 35. 

tion js therefore a statistical concept, and in the 
context of this manual is taken. to mean " protecting 
the vast majority of even the susceptible subgroups 
from significant harm". To attempt a more precise 
definition is unrealistic. Another difficulty is that the 
medical evidence on the effects of air pollution on 
health does not provide administrators with un
equivocal answers to questions about relationships 
between damage, exposure, and concentrations of 
pollutants. For practical and ethical reasons it is 
unlikely that this difficulty will be overcome in the 
near future. Decisions must therefore be taken now, 
if possible, on the basis of such evidence as is 
available. 

The evidence indicates that very rough limits can 
be defined for the common pollutants, below which 
they appear to. cause no harm. In general, these 
limits vary with the criterion and may, for example, 
be different for the exacerbation of the symptoms of 
bronchitis than for the incidence of asthmatic at
tacks. The limits will differ from one subgroup to 
another and may be influenced by climatic and other 
conditions. However, in spite of the uncertainties, 
the experts considered that available evidence does 
provide a basis for action . 

Long-term goals 

Although it is difficult to know what factors of 
safety should be applied to the concentration limits 
mentioned in the preceding paragraph, the WHO 
Expert Committee took the view that there must be 
a level between these limits and the usual back
ground concentrations at which particular pollutants 
would be unlikely to produce any ill effects, and that 
such levels could be used as long-term goals. The 
Expert Committee made recommendations for sulfur 
oxides, suspended particulates, carbon monoxide, 
and photochemical oxidants b on the understanding 
that they should be revised when more data become 
available. 

Short-term goals 

The Expert Committee realized that for technical 
and economic reasons few, if any, countries could be 
expected to adopt the proposed long-term goals at 
the present time. The Committee therefore recom
mended that shorter term goals should be estab
lished for the immediate future. These short-term 
goals would be designed at least to prevent illness 
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and death in the susceptible subgroups. In setting 
short-term goals the report of the Expert Commit
tee a should provide useful guidance. The data have 
been selected from a much larger body of evidence 
and are reasonably representative; if anything, the 
data selected are biased on the side of safety. Pol
lutants covered in the report include sulfur dioxide; 
smoke in the presence of sulfur dioxide; carbon 
monoxide; and .photochemical oxidants. Although 
the Committee also discussed nitrogen dioxide, they 
found that there was insufficient evidence on which 
to base specific air quality guides at that time. How
ever, taking all studies into account, it would now 
appear that adverse effects set in at a daily average 
concentration of about 100 µ,g/m3

• 

Ultimately, the question of how much protection 
over and above a basic minimum is to be provided 
requires a political answer because all improvements 
in protection. and accelerations of the programme 
increase the cost to the community. It may reason
ably be expected, therefore, that the short-term goals 
will vary from country to country and, within any 
particular country, in the course of time. 

Special pollutants 

Reference has already been made to particular 
poisonous pollutants that may be discharged from 
certain factories. Many countries have issued lists of 
" maximum allowable concentrations " of these pol
lutants that must not be exceeded within the fac
tories. Such lists are based largely on the United 
States industrial hygiene regulations. These concen
trations were arrived at by assuming an 8-hour 
exposure for a healthy man for 5 days a week. 
Considering that the general population is exposed 
to air pollution for 24 hours a day and 7 days a 
week, and that both the very young and the old and 
infirm are equally exposed, atmospheric concentra
tion limits for these special pollutants in the atmo
sphere should be much lo\ver than factory limits; 
they are usually taken to be between 10 and 100 
times lower, depending on the specific properties of 
the pollutant concerned. 

ECONOMIC PROBLEMS 

The cost of air pollution to the community has 
been emphasized by many authors. For the general 

a See Chapter 3. 

pollution that now exists in many places over towns 
and countryside these arguments are not very con
vincing and it would be difficult to make a case for 
the reduction of air pollution on economic grounds. 
In specific instances, however, there may be a strong 
case for action. For example, action had recently to 
be taken in the Netherlands to limit emissions of 
hydrofluoric acid from fertilizer factories because 
important economic crops of flowers were being 
damaged. A careful watch should be kept on the 
need for this type of action. 

TECHNICAL POSSIBILITIES FOR 
THE ABATEMENT OF AIR POLLUTION 

In most instances of air pollution where act.ion is 
required the necessary technology is available but its 
application may be costly; economic considerations 
will then become decisive. In some instances the best 
solution cannot be applied owing to lack of techno
logy; the second-best technical solution, or some
times an administrative one, then has to be adopted. 
The following comments on the possibilities of deal
ing with the different types of pollutant summarize 
the present state of knowledge. 

Grit and dust 

Serious pollution from grit and dust often results 
from winds blowing across fields without vegetation 
cover or over deserts, or is raised by motor traffic on 
roads where dust is allowed to accumulate. A con
siderable proportion of dust from industrial sources 
has its origin in bad " housekeeping "; that is, from 
factories with unswept roadways and piles of fuel 
and other materials used or produced by the factory 
left exposed to the wind. Remedies are obvious. 
Almost all other grit and dust comes from industrial 
furnaces, and there is no shortage of technical 
means for abating the nuisance. Such systems range 
from simple, cheap, settling chambers, through vari
ous types of cyclone arrestor, to large and expensive 
bag-filter plant and electrostatic precipitators. All 
these methods have been used for many years in a 
wide variety of plant, and it would, in general, be 
difficult to make a case that suitable dust-arresting 
equipment could not be used for economic reasons. 
Pollution of the atmosphere by grit and dust is not 
produced by domestic open fires or stoves burning 
coal or coke because the draught in the chimney is 
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insufficient to carry particles of ash up from the fuel 
bed and out through the chimney mouth. However, 
oil-fired equipment for space heating may produce 
small carbon particles that can fall out· over the 
wh.ole neighbourhood if the burners are not properly 
designed and maintained in adjustment. Any oil-fired 
plant may. produce smuts, which are often impreg
nated with sulfuric acid from the sulfur .in the fuel, 
if the chimney is badly designed and allows conden
sation to occur inside the walls, thereby trapping 
carbon particles. Lumps of ,the trapped material 
become detached from time to time and are emitted 
as smuts. Again, the remedy is a simple one
namely, to insulate or redesign the chimney. 

Smoke 

There is no technical means of preventing the 
emission of smoke from open fires burning bitumi~ 
nous coal, which is often used for domestic heating, 
as in the United Kingdom, for example. The only 
means available for smoke abatement is the replace
ment of coal by solid smokeless fuels such as coke, 
or 'open fires by other forms of heating. However, ,as 
far as industry arnj the smaller . boilers used for the 
c.entral heating of buildings are concerned, modern 
pla~t efficiently operated produces smoke for only 
very short periods on starting up. If smoke is 
produced it is a sign of inefficient operation or that 
the plant is obsolescent. The solution is therefore an 
adi;ninistrative matter, taking into account thy eco
nomics of modernization. 

Sulfur dioxide 

Sulfur dioxide is produced when coal, coke, or oil 
is burnt, and two quite distinct pr~blems arise. The 
first. is to keep the ground level concentrations within 
such limits as may be considered tolerable from the 
point of view of health. The second is concerned 
with its putative effects on the environment gener
ally; this is not merely a question of ground level 
concentrations but of the magnitude of the total 
emission. 

Ground level concentrations can be controlled in a 
number of ways. The simplest, and perhaps the most 
effective, is to restrict the sources of energy used in 
vulnerable areas to those that do not emit · sulfur 
dioxide at the point of use-electricity and gas, for 
example-and also to use low-sulfur fuels (coal or 
oil) that produce minimum emissions of s11lfur dio
xide .. Reserving coals with a low sulfur content for 

towns particularly at risk generally involves in
creased freight charges to bring the coal from a 
distance, while low-sulfur oils are more expensive 
than average oils otherwise similar in grade. Never
theless, this type of control has been used in practice 
without serious economic consequences. For exam
ple, low-sulfur coal was used by one .of the large 
power stations in central London for many years to 
keep down pollution, and the restrictions that have 
been in force for several years on the sulfur content 
of oil burnt in the central districts of Paris do not 
appear to have caused economic hardship. 

While all these procedures rearrange the emissions 
geographically to give the maximum protection to 
vulnerable areas they do not decrease the total sulfur 
dioxide emission over a country as a whole. If, 
however, the low-sulfur fuel required were obtained 
by partial desulfurization of average coals or oils 
these restrictions would· also serve to reduce total 
emissions. A considerable reduction in the sulfur 
content of certain coals can be effected by normal 
washing techniques that remove some of the pyrites 
but cannot, naturally, affect the organic sulfur con
tent of the coal. The normal operation of petroleum 
refineries involves a degree of flexibility that allows 
more lower-sulfur light oils to be produced at the 
cost of producing at the same time higher-sulfur fuel 
oils. It is technically possible to remove and recover 
a proportion of the sulfur and so reduce total sulfur 
dioxide emissions from the use of a given amount of 
crude oil. This is, in fact, practised to some extent. 
However, such processes become increasingly expen
sive as more sulfur is removed. In some instances it 
might be preferable to effect the· desulfurization of 
coal or oil indirectly and reduce total emissions of 
sulfur dioxide by gasification and recovery of the 
sulfur from the gas before it is used as a source of 
power. The technology involved is well known and 
reliable. 

The second type of method for controlling ground 
level concentrations of sulfur dioxide involves the 
removal of this pollutant from the flue gases be
fore they are emitted from the chimneys of indus
trial plant. Such methods would have the added 
advantage of reducing total emissions. Ways of 
removing sulfur dioxide from flue gases have been 
under investigation for the last 50 years but of the 
many processes that have been proposed only one 
has been successfully operated on a full scale for a 
number of years .. The flue gases are washed with very 
large volumes of water-some 20 tonnes per tonne 
of fuel burnt in the boilers-to which a little lime or 
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chalk is added. Two such installations in central 
London have been in .use for more than 20 years, but 
they are not popular on account of the cold, wet 
plumes of washed gas that descend on the neigh
bourhood where they cause worse pollution than if 
the flue gas had not been washed and had dispersed 
naturally. For this reason, one of these gas washers 
has recently been shut down. Several other gas
treatment processes are on the market but very 
careful assessment would be needed before any of 
them could be confidently recommended for a parti
cular application. In general, the cost of processes 
for removing sulfur dioxide from flue gases is pro
hibitive unless they can be applied on a very large 
scale. This difficulty is overcome by a method in 
which combustion occurs in the presence of alkali 
to trap a large proportion of the sulfur. Coal or oil 
(or other solid combustible material) is burnt in a 
fluidized bed of sand to which powdered lime or 
dolomite is added as required. This method has been 
used successfully in quite small industrial plant. 

The third possible course of action against pollu
tion by sulfur dioxide is to use properly sited 
chimneys of adequate height and design for good 
dispersion of the flue gases. In this way it is possible 
to keep the ground level concentrations of sulfur 
dioxide as low as may reasonably be required. It 
should be noted that this is the only method that has 
been widely and successfully used for this purpose. 
High chimneys are never cheap, and when the height 
required is 200-250 m, as in large power stations, 
they are very expensive indeed. 

The use of high chimneys to control ground level 
concentrations of sulfur dioxide has been criticized 
because the total emission into the atmosphere is not 
reduced and undue stress may be placed on the self
cleaning processes that occur naturally in the air. No 
evidence has yet been produced that these natural 
processes are failing to deal satisfactorily with the 
situation, but there is a possibility that in particular 
areas long-distance drift of pollution under special 
weather conditions may be adversely affecting lakes, 
forests, and soils, particularly lakes that are un
buffered and soils that are naturally acid, as in 
Scandinavia. An international investigation to study 
long-distance transport of pollution has been set up 
by the Organization for Economic Co-operation and 
Development (OECD) to see whether, on this 
account, there might be a need for international 
restrictions on emissions. The results are not yet 
available. It should also be noted that there is no 
indication that any harm is being done by the very 

low concentrations of sulfur dioxide that occur 
generally in the countryside as a result of drift of 
pollution from towns, but evidence about crop 
yields, etc., is scanty. Whatever the outcome of these 
investigations, and others that it may be necessary to 
make, it would seem that high chimneys, being very 
efficient in reducing ground level concentrations of 
sulfur dioxide, will continue to be used for this 
purpose, even if it is found that restrictions on total 
emissions are required. 

Chemical fumes 

With the present state of technology there is 
nowadays no reason to tolerate emissions of poison
ous or unpleasant chemical fumes since they can be 
prevented without undue economic strain. 

Malodorous emissions from the " offensive trades " 

Perhaps the most unpleasant forms of air pollu
tion that occur come under this heading and arise 
mainly from small establishments processing animal 
wastes, food residues, etc., and from intensive farm
ing units; all of them can cause intense nuisance over 
very small areas. Great improvements can often be 
effected by strict insistence on high standards of 
" housekeeping " and by designing the plant so that 
the malodorous gases are contained as far as pos
sible and passed through simple scrubbers or ab
sorbers, or, if a boiler forms part of the plant, 
through a furnace. Owing to the small scale of the 
operations the problem is usually one of economics. 
The industries concerned are quite often connected 
with farming and the countryside, and re-siting the 
plant well away from housing is often possible. 

LEGISLATION AGAINST 
EXISTING POLLUTION 

It is well understood that a decision to enact or 
not to enact legislation against air pollution in any 
particular country is a political one that can only be 
made after many more factors have been taken into 
consideration. The main question will probably 
always be whether available resources could not be 
better used for housing, social services, medical care, 
etc. Assuming that legislative action is accepted, 
several general points have to be borne in mind. 

The first point is that the law should be enforce
able. This implies that the legislation is wanted by 
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the general public, although it may go a little further 
thari might have been wished. Basically, however, 
there must be agreement in principle between the 
legislators and those for whom they are legislating. 
The ground for new legislation on air pollution may 
have to be prepared by skilful presentation. of the 
factsjf long-established customs and behaviour pat
terns are threatened with change, as, for example, in 
the United Kingdom when the burning of coal in 
open fires for domestic heating was banned. In 
general, both in the domestic field and industry, 
modernization means less pollution, and wise legisla
tion is legislation that is moving in the same direc
tion as public opinion and acting as a catalyst to 
accelerate changes that would, in any case, have 
occurred. In many instances, in fact, 'the public 
demands faster progress towards dean air and be
comes impatient with governments for what they 
consider to be their slow reaction, being unaware of 
the economic and technical difficulties involved. 

The next point also has to do with the enforce
abiUty of laws, but from the technical rather than the 
political point of view. The object of all action 
against air pollution is the reduction .of concentra
. tions of pollutants in the air to values below .toler
able limits. This should be clearly stated in the 
preamble to the legislation and the particular limits 
should be quoted. However, this is not enough; a 
law framed solely in terms of such limits is ineffec
tive from the start because if the limits are exc~eded 
it ~s impossible to know on whom to inflict penal
ties. The specific requirements of the law must be 
framed in terms of emissions that must not be 
exceeded. These emission limits should be cho~en so 
that, in general, if the law ,is complied with, the 
ground level concentration goals set out in the pre
amble will also be attained. In this way it is easy to 
exact penalties where necessary because emissions 
from any suspected plant can easily be measured. 

The final general principle is that it should be 
possible technically, and without undue economic 
hardship, to attain the legal limits of emission. In the 
past, the phrase " undue economic hardship " has 
been a source of misunderstanding and .its signifis 
cance is discussed later (p. 17) in connexion with the 
" best practicable means " for reducing emissions. 

The remaining considerations have to do with the 
degree of flexibility that must be left in the law in 
order to be able to deal in the best possible way with 
the various problems that arise. In parts .of Europe 
where there is a heavy demand for domestic heating 
in winter, much of the pollution experienced in 

towns may arise from this source. The total domestic 
emissions of pollutants may be less than industrial 
emissions, but the chimneys are much lower and the 
comparatively low temperature of the flue gases 
means that they have little buoyancy to help their 
dispersion. In the long term, district heating can 
solve these pollution problems, but in the short term 
pollution by smoke can be reduced only by using 
smokeless sources of energy-solid smokeless fuels, 
oil, gas, or electricity-and pollution by sulfur diox
ide only by using oil with a low sulfur content, gas, 
or electricity. Since it is impossible to produce large 
supplies of fuels at short notice such changes cannot 
be imposed on a whole country, or even the urban 
areas within a country, all at once. Legislation has 
therefore to be framed to allow the changes to be 
brought in over a number of years. Arrangements 
must be incorporated in the law to ensure that sup
plies of these alternative fuels are reserved, as far as 
possible, for the towns most affected by pollution, and 
that action in any town is made dependent on the 
availability of these fuels. The detailed administra
tion of such changes can be left to a greater or lesser 
extent to local authorities acting under the general 
supervision of the central government. 

Pollution by existing industry presents different 
problems since the restraints are usually economic 
and concerned with the costs of installing and 
operating equipment, to keep air pollution within 
tolerable limits. It is generally accepted that the 
polluting industry must itself bear these costs, but a 
few exceptional cases are referred to later (see p. 17). 
The difficulties are concerned with the framing of 
rules to govern emissions. For example, in the case 
of two identical factories, if one factory is located in 
the country and the other in a town, no restrictions 
of emissions may be needed for the first factory to 
keep the pollution level in its surroundings within 
acceptable limits, whereas severe restrictions may 
have to be imposed on the second, along with the 
other major emitters in the town, to keep pollution 
there within the prescribed limits. This action would 
adversely affect the ability of the factory in the town 
to compete effectively with its rival in the country. 
Alternatively, the same restrictions could be imposed 
on both works so as to leave them strictly competi
tive with one another but making them both vulner
able with respect to foreign competition not subject 
to this type of limitation. Work-people often prefer 
to tolerate a great deal of pollution rather than see a 
firm on which their livelihood depends forced to 
close down. Again, if there are several different kinds 
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of factory in a town, as is usually the case, the 
application of fixed rules for controlling their emis
sions may affect them economically to very different 
degrees. It is often found that the worst pollution 
arises from obsolescent plant, and the limited useful 
life expectancy of such plant is another factor to be 
taken into account in deciding on the severity of 
restrictions to be imposed on its emissions. The 
problem may well be dealt with by imposing condi
tions to hasten the modernization of the plant 
concerned. 

It seems clear that a high degree of flexibility must 
be retained in dealing with emissions from existing 
installations and that, in effect, every case should be 
considered on its merits. This has led to the principle 
used in the United Kingdom of enforcing the" best 
practicable means " of reducing emissions, which 
implies both technically and economically practica
ble. It is left to the discretion of a technical official to 
decide how " practicable " should be interpreted in 
each individual case. The words " economically 
practicable "'and" without causing undue economic 
hardship " are very widely misunderstood. They do 
not imply that a token reduction of emissions is 
accepted for the sake of maintaining high profits. On 
the contrary, industry is forced to go as far as it can, 
short of losing its economic viability, towards reduc
ing its emissions to a level where they are without 
effect on health and amenity. In many instances this 
goal is achieved. While this method of retaining the 
necessary flexibility has worked excellently in the 
past, misunderstandings have arisen from the way in 
which the law has been administered, since it has 
often not been apparent to the public that, as be
tween themselves and industry, justice has been 
done. The method would be greatly improved if a 
decision on the degree of pressure to be applied in any 
instance were not left to the discretion of a single 
technical officer, acting in private, but were given to 
a small panel with both lay and technical members, 
acting in public. 

PENALTIES AND SUBSIDIES 

There have been many suggestions that those who 
pollute the air should be made to pay for so doing. 
In the view of the present author this would appear 
to be a very dangerous doctrine indeed as it bears the 
implication that wrong-doing is not so wrong if the 
doer can afford to pay. While this approach may 
encourage the reduction of emissions to escape the 

penalties, it does not positively enforce reductions, 
and in that way it seems inferior to other approaches 
that do so. It might perhaps be acceptable in princi
ple if the total pollution level to which the plant 
concerned is contributing is low enough to cause 
no damage either to health or amenity, in which 
case a charge might be considered to be analo
gous to charging for the use of an existing sewer. 
Even then, the difficulty of assessing the burden 
imposed on the self-cleaning powers of the atmo
sphere by different types of emission makes the 
formulation of just rules almost impossible. If any 
detectable damage to health or amenity occurs, the 
problem becomes even more difficult because emis
sions causing such damage-low-level emissions 
from domestic heating, for example-may have 
much less effect on the atmosphere as a whole than 
high-level emissions that hardly reach the ground. 

Subsidies can be used to make feasible the sup
pression of noxious emissions from particular plant. 
This is a sound procedure when it is in the national 
interest to keep the plant concerned in operation but 
the cost of installing and using equipment for abat
ing the emission of pollutants would make continued 
operation of the plant uneconomic, and therefore 
impossible. 

METEOROLOGICAL CONTROL 

In any area the level of pollution to which the 
inhabitants are exposed represents a balance be
tween the rate of emission of pollutants from chim
neys and the rate at which these pollutants are blown 
away by the wind or dispersed harmlessly into the 
upper air. Mostly, the pollution is easily tolerated 
and becomes intolerable only on the comparatively 
rare occasions when the wind drops to calm and 
the vertical dispersion processes fail owing to the 
occurrence of a temperature inversion (i.e., the 
temperature of the air high above the ground is 
greater than it is just above ground level). If such 
conditions persist for a day or two, pollution con
centrations may increase 10 or 20 times. Under such 
circumstances the position of a town surrounded by 
hills is particularly unfavourable since the hills also 
hinder the dispersion of the pollutants. 

Most national meteorological services produce 
weather forecasts for the general situation to be 
expected in the next 24 or 48 hours. By concentrat
ing their attention on particularly vulnerable areas 
they can forecast failures of natural ventilation of 
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the type outlined in the preceding paragraph. It has 
been proposed that such forecasts should be the 
basis for shutting down large emitters that would 
contribute to pollution trapped below an inversion, 
or requiring them to reduce their emissions· by using 
fuel with a lower sulfur content instead of the fuels 
normally used, or by other appropriate measures. 
Installations with very high chimneys-modern 
power stations, for example-:-may make no contri
bution to the level of local air pollution since the 
chimney mouth may be above the level of the 
inversion, or, if it is not, the thermal buoyancy of the 
flue gases may .be sufficient to take them above that 
level to disperse freely in the upper air. 

It is a very serious step indeed to close down a 
large modern works at short notice, and it would be 
foolhardy to do so unless, firstly, the forecasts were 
reliable, and secondly, the consequences of continued 
operation during a period of calm and temperature 
inversion were likely seriously to affect health. Some 
loss of amenity for a few days in the year should be 
acceptable if the cost of avoiding it is very high, but 
this is a political decision. It is doubtful whether 
meteorological forecasts of natural ventilation fail
ures are by themselves sufficient for this purpose, but 
when combined with up-to-the-minute continuous 
recordings of pollution levels they can provide short
term (12-18 hours) indications that are probably 
sufficiently reliable to be u.sed as a signal to burn 
low-sulfur fuels, bring special equipment for limiting 
the emission of pollutants into operation, .or take 
preparatory steps for setting other emergency plans 
in motion if persistent heavy pollution does occur as 
predicted. Storage of stocks of low-sulfur fuels. at 
some factories may cause certain difficulties, but these 
seem. trivial by comparison with alternative measures. 

However, perhaps the short-term forecasts are 
best. used as a signal for broadcasting warnings to 
those suffering from bronchitis and other respiratory 
diseases to stay indoors, where pollution is always 
lower than it is outside. When such warnings occur 
in the winter, it is particularly important .that no 
action should be taken, or recommended, that could 
result in elderly bronchitics being left without ade
quate heating in their homes. 

PLANNING PERMISSION 
FOR INDIVIDUAL WORKS 

Many of the principles involved in reducing exist
ing pollution apply equally to the control of plant 

and housing not yet constructed. As already men
tioned, many of the present-day pollution problems 
result either from obsolescent industrial plant or 
from the unplanned siting of plant in relation to 
residential areas. The replacement of obsolescent 
plant is a matter of economics, and therefore ulti;. 
mately of political action. If replacements are prop
erly made and supervised, the importance of this 
problem should rapidly diminish in the future. The 
siting of new plant must be made a matter for strict 
control if air pollution from industry is to be 
reduced to tolerable levels, or maintained within 
such limits. 

The first rule must be that all proposed installa
tions that could give rise to pollution should require 
planning permission. This rule should apply not only 
to the larger major emitters, but even to the smallest 
workshops engaged in the" offensive trades "-boil
ing pig food, drying poultry manure, processing 
animal. wastes, etc. This rule should also apply to 
new central heating plant for commercial premises. 
Details of methods of dealing with planning applica
tions in relation to air pollution will differ from 
country to country, .but it is important that the 
responsible officials shoul4 be competent to con
sider, and if necessary refute, the expert evidence 
produced to support applications. 

A planning authority will take into account cer
tain general arguments when dealing with any appli
cation. Perhaps the most important of them is that, 
as a minimum requirement, the best practicable 
means (practicable economically as well as techni
cally) must be used to reduce emissions of pol
lutants. It is wrong, in principle, to allow avoidable 
emissions of pollutants• even though it cannot be 
proved that they are causing harm locally. 

It is equally wrong, in principle, to allow factory 
after factory to be built. in a particular area and so 
allow the total emission of pollutants to build up to 
a value approaching, even if still below, what may be 
considered as a safe limit, when through the use of 
planning powers, emission densities may be limited 
by the planned dispersal of industry. This touches 
closely on general town and country planning policy. 
Two examples illustrate the argument. A modern 
cement works with the best dust-arresting equipment 
should give little cause for complaint, but if, say, five 
such. works are set up in the same neighbourhood 
the total emission of dust may be equal to that 
formerly produced by one works with an old-fash
ioned dust arrestment system. The great concentra
tion of cement industry in the Thames Estuary in 
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southern England is giving rise to concern in this 
respect. Again, while total emissions of sulfur diox
ide in a given area may be less than those consid
ered safe on medical grounds, there is a possibility 
that by oxidation sulfuric acid mist forms in the 
atmosphere and the emissions may thus be respon
sible for industrial haze and loss of sunshine. The 
wise use of powers under planning permission laws 
may be, in effect, an insurance policy against ill 
effects if it is found that existing tentative limits for 
pollutants have been set too high. 

In addition to these general considerations, when
ever planning permission is sought for erecting a 
works at a given site, estimates must be made of the 
pollution it is likely to cause in the neighbourhood. 
If the proposed site is in the country, where the 
existing pollution level is low, a greater increase in 
the pollutant concentration can be allowed than if 
the proposed site is in a more heavily polluted 
district, where a much smaller increment might raise 
the total pollution level to an unacceptable limit. 
The United Kingdom has for many years made 
provision for action along these lines by publishing 
official advice on chimney heights for new works 
necessary for keeping pollution within acceptable 
limits. 

For a very large installation, such as an electricity 
generating station, with a chimney around 150-250 m 
high and standing on fairly level terrain, a good 
estimate of the pollution levels likely to be produced 
near the ground can be made by use of the empirical 
formulae developed by the United Kingdom Elec
tricity Authority on the basis of their extensive 
experimental investigations. For rather smaller in
stallations, say with chimneys up to 100 m high, the 
more familiar formulae may be used to obtain a 
sufficiently reliable estimate of pollution levels likely 
to be produced, as long as the. chimney plumes are 
not affected by neighbouring buildings and the ter
rain is reasonably flat. A chimney plume is normally 
unaffected by nearby buildings if the chimney is at 
least two and a half times the height of the buildings; 
wherever possible, therefore, this rule should be 
adhered to. In many instances, particularly in towns, 
this is not always practicable. In such cases, and also 
when the terrain is not reasonably level, wind-tunnel 
tests must be carried out on scale models of the 
proposed works and their surroundings to estimate 
the pollution likely to be produced. 

In making all these estimates the weather condi
tions over the district concerned have to be taken 
into account. Atmospheric stability, wind speed, and 

wind direction have the most effect on pollution 
levels. Calm, or near calm, weather is most to be 
feared because it is often associated with tempera
ture inversions and greatly reduced natural ventila
tion, especially when the district under consideration 
is surrounded by hills. Coastal situations can also be 
unfavourable as alternating sea- and land-breezes 
can bring back pollution that has either drifted some 
distance out to sea or a little way inland. 

Nowadays, when planning permission is sought 
for a works with a particularly obnoxious emission 
that cannot easily be reduced, the authority con
cerned has much more freedom than in the past to 
insist that the works should be sited an adequate 
distance from towns and villages. One reason for this 
is that modern means of transport allow the work
people to be housed much farther away from their 
work than was previously possible. 

TOWN AND COUNTRY PLANNING 

The problems of air pollution that have had to be 
dealt with up to the present time, and are still being 
dealt with, have arisen through lack of planning in 
the past. Even problems of planning permission for 
new works, as discussed in the preceding section, are 
more difficult and costly because they have to be 
solved within the confines imposed by earlier lack of 
planning. All remedial measures, and also planning 
within the framework of earlier neglect, are vastly 
more expensive than if care had been taken from the 
beginning, and the final results are often not nearly 
so effective. It is, therefore, of the utmost importance 
for the future that air pollution should be taken into 
account in all town and country planning schemes. 
The air pollution expert should be consulted at the 
very beginning, and his status should be equal to 
that of the architect, the transport engineer, and the 
economist. Even now, in many development projects 
air pollution is considered at so late a stage that 
irrevocable decisions affecting pollution levels have 
already been taken. Perhaps the most fundamental 
of these decisions concern the siting of new develop
ments. The natural ventilation characteristics of any 
proposed site must be considered in conjunction 
with such factors as availability of labour, transport 
facilities, and so on. 

In many existing towns and, unfortunately, in many 
towns still being built, one of the most important 
sources of pollution is domestic heating. With low 
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,chimneys and relatively low emission temperatures, 
the flue gases have little chance of dispersing satis
factorily and the streets can become heavily polluted. 
Nowadays, new houses should not be provided with 
the means of causing such pollution, and domestic 
heating should depend on fuels such as gas, elec
tricity, or low-sulfur oil. If the housing development 
includes high-rise blocks of flats, high chimneys for 
district heating plant may be incorporated and con
cealed in these blocks. 

The principles involved in designing the industrial 
sector of a new town have, in effect, already been 
discussed in the section on planning permission. 
They are the limitation of emissions to the greatest 
practicable degree, the possibility of having to limit 
the total emissions from a given area, the banishment 
of particularly noxious emitters into the country, 
and the use of chimneys high enough to keep the 
ground level concentrations of pollutants in the 
neighbourhood satisfactorily low. The design of high 
chimneys raises no difficulties on aesthetic grounds, 
as it would in a residential area, and assemblies of 
high industrial chimneys can be made eminently 
pleasing to look at; this is a challenge to the 
.arclii tects. 

The industrial sector should be separated from the 
residential area by a cordon sanitaire or buffer zone 
of parkland and gardens, with as many trees as 
possible. Such a zone provides very large moist areas 
of kaf surface, soil, etc., to absorb pollutants that 
might otherwise drift across from the industrial 
zone. If particularly sensitive species of plants are 
avoided, the vegetation will not be affected ad
versely. 

The question of the spatial relationships of the 
two parts of a town is not always a simple one. 
If the dispersion of pollutants were the same whatever 
the wind direction the residential areas would be 
sited on the windward side of the industrial zone in 
relation to the prevailing wind. In many instances, 
however, dispersion is worse when the wind is in 
some other direction. Expert meteorological advice 
should be taken on this problem for each particular 
proposal. 

When a tentative design for a new town has been 
drawn up, calculations can be made to predict the 
pollution levels that would arise (a procedure known 
nowadays as mathematical modelling) on the basis 
of known patterns of emissions and the general 
weather conditions. The pollution picture obtained 
in this way for the area concerned should be reason-

ably correct, but prediction of actual pollution levels 
involves the arbitrary assignment of numerical 
values to certain constants. This is usually done by 
carrying out the same· mathematical exercise for an 
existing town, situated similarly from a meteorologi
cal point of view, for which air pollution measure
ments are available. The constants are chosen so that 
the results of the calculation are the same as those 
obtained by measurement, and these values for the 
constants are used in the calculation for the pro
jected town. This is, in fact, a rather refined way of 
using data obtained by measurement in one town to 
predict pollution levels in another. As a result of 
these calculations the tentative design may be found 
to need modification. 

POLLUTION FROM MOTOR TRAFFIC 

Pollution from this source becomes significant 
only under congested urban conditions when there is 
high traffic density. Two types of pollution can arise 
from motor traffic-pollution by lead and by-pro
ducts of fuel combustion . 

Tetraethyl lead is added to petrol to improve its 
combustion characteristics and to enable engines 
with higher compression ratios, and therefore higher 
efficiencies, to be used. Most of this lead is emitted 
as lead oxide dust in exhaust gases, and some of it 
becomes airborne. The dust can enter the lungs 
where it is absorbed into the body. Most lead in the 
body comes from food and drink and only a minor 
proportion . comes from airborne dust; there is no 
evidence that lead from motor exhausts has ever 
been responsible for lead poisoning in man. How
ever, since lead is a cumulative poison that is stored 
in the body, particularly in the bones, and can be 
released into the bloodstream under stress, it would 
appear prudent to limit its intake as far as is 
reasonably possible. This view is strengthened by 
measurements that show that the average intake of 
lead with food and drink is much nearer to-al
though still well below-the limit of safety accepted 
by WHO than is the case for most other poisons. 
Many countries are now taking steps to limit the 
amount of lead in petrol, but before such limits are 
set two points must be borne in mind. The first is 
that by using a low compression ratio engine, which 
will run satisfactorily on low-octane petrol, efficiency 
is reduced, more petrol is used for a given power 
output, and a correspondingly greater amount of 
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pollutants from the combustion of the fuel is pro
duced. The second point is that if refinery operations 
are altered to produce high-octane petrol without the 
use of lead, the cost is increased and the processes 
consume more crude oil than is used at present. 
More important, perhaps, is the fact that this kind of 
petrol will contain more aromatic hydrocarbons, 
which could increase the emission of carcinogens in 
the exhaust gases. 

No technical solution to these problems appears 
to be available, or likely to become available in the 
near future. The only solution appears to be the 
administrative one of limiting the amount of traffic 
in city centres, and probably also limiting the size of 
engines of cars using city centres. 

No satisfactory technical solution has yet been 
produced to deal with pollution from the combus
tion products of petrol-driven engines. The pollu
tants concerned are carbon monoxide, oxides of 
nitrogen, and unburnt and partially burnt hydro
carbons. Motor traffic is not the only source of 
carbon monoxide and oxides of nitrogen. Carbon 
monoxide is produced by the imperfect combustion 
of fuels in open fires and furnaces, and oxides of 
nitrogen by high temperature combustion processes, 
as in many boilers and furnaces. In congested, 
poorly ventilated streets motor traffic is the main 
source of carbon monoxide, which may be present at 
concentrations that could adversely affect people 
with cardiovascular diseases who have to breathe the 
polluted air for several hours a day. However, the 
amount of carbon monoxide entering the blood
stream of people living where there is dense traffic is 
less than that absorbed by people living in the 
country by smoking a few cigarettes. Oxides of 
nitrogen are much more toxic, and if their concen
trations in busy streets were to increase sufficiently, 
steps would have to be taken to control them on 
health grounds. There is also an entirely different 
reason for controlling these emissions. In bright 
sunshine they react with hydrocarbons to give ozone 
and lachrymatory organic compounds, which to
gether form photochemical smog of the type com
monly experienced in Los Angeles, Mexico City, and 
some other places. This smog causes serious loss of 
amenity, and the oxidant concentrations can reach 
levels at which susceptible members of the popula
tion are affected. In many cities in Europe, motor 
car exhaust fumes can affect amenity on account of 
their nauseating smell. This may be due to partially 
burnt hydrocarbons (higher aldehydes) emitted in 
the exhaust gases, but the fact that the effect is at its 

worst on still, sunny days in summer might indicate 
that it is due to a precursor of photochemical smog. 
The high ozone concentrations observed under these 
conditions tend to confirm this view. 

Nowadays most cars are fitted with crankcase 
blow-by devices, whereby the partly burnt gas that 
passes the pistons is not allowed to escape into the 
air but is returned to the fuel inlet manifold. This 
makes an appreciable reduction in the amounts of 
carbon monoxide and hydrocarbons emitted from 
the engine. In principle, it is not difficult to make a 
further reduction in these particular emissions by 
improving the combustion in the engine by using a 
weaker mixture of petrol vapour and air than usual, 
but this is only achieved at the cost of poorer engine 
performance and increased emissions of oxides of 
nitrogen. Carbon monoxide and hydrocarbons can 
also be reduced by completing the combustion by 
means of various types of afterburner after the gases . 
have left the cylinders of the engine. The sensible 
solution, however, even if it is rather a long-term 
remedy, is to modify the design of the engine to 
produce an acceptable exhaust gas. 

The problem of oxides of nitrogen is more diffi
cult. Their concentration in the exhaust gas can be 
decreased by catalytic devices in the exhaust system, 
but this would require the use of lead-free petrol 
because lead rapidly destroys the activity of the 
catalysts. In any case, catalytic devices are notori
ously unreliable outside the laboratory or works 
where the operating conditions can be kept under 
strict control. Again, the solution may come from 
improvements in engine design. It must be empha
sized that even when a suitable modification has 
been devised and tested, manufacturers must be 
given seYeral years in which to make the required 
changes in their production lines. Since legal require
ments can only apply to new cars, reduction of the 
total amounts of these emissions in the streets will be 
slow, or very slow, if reliance is placed entirely on 
technical improvements. Thus the solution is again 
left to administrative regulations to control the access 
of traffic to city centres. 

Gross pollution by diesel engines is due mainly to 
smoke and unburnt fuel, and these emissions can be 
almost completely prevented by correct maintenance 
and adjustment of the engine, although smoke is 
always emitted when the engine is started from cold. 
When running properly, the amounts of hydro
carbons and oxides of nitrogen emitted by diesel 
engines are about the same as those from petrol 
engines. 
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SURVEYS 

The point has already been made that when there 
is gross pollution clearly detectable by the ,senses it 
would be a grave error to delay ameliorative action 
until the results of long and complicated surveys 
have been obtained. In less obvious cases of pollu
tion, however, surveys will be required before action 
is taken, and surveys are always necessary for assess
ing the benefits accruing from such action and 
showing where action should be , intensified and 
where it may be relaxed. 

Surveys of air pollution fall broadly into two 
classes. In the first are those undertaken for adminis
trative purposes, as outlined above. Such surveys 
may be short-term efforts made to compare the state 
of the air in one district with. that in another, or 
long-term projects for assessing changes in pollution 

, brought about by administrative action or in other 
ways. Long-term surveys must extend over a period 
of, say, 5-10 years in order that the effects of 
random changes of weather from year to year can be 
eliminated. Both long- and short-term surveys may 
be included under the term " monitoring ".. In the 
second class of survey are those undertaken for 
research purposes, to investigate the effects of 
weather, topography, urban structure, etc., on the 
pollution pattern of a town, to study the drift and 
decay of pollutants, or to provide data for epidemio
logical research on the effects .of pollution on health. 
The, following paragraphs refer primarily tp moni
toring activitie~. 

Before any monitoring system is set up, the basic 
questions of why the system is needed, how many 
data are required, and how accurate the .. data must 
be, have to be answered, and they must be faced in 
the knowledge that surveys are always very expen
sive, not only in terms of money, but also of trained 
manpower, the recruitment of which is becoming 
increasingly difficult. Moreover, in the past much 
effort has been wasted through the accumulation of 
unnecessary data that were never properly evaluated, 
or could not be evaluated. A new survey should be 
started in a simple way, and only if.it becomes clear 
that, the collected data are insufficient for the 
intended purpose should extensions and elaborations 
be introduced. Extensions of the survey would then 
be made in the light of experience gained from the 
simpler survey, and this will enable, them to be 
de~igned, in .a much more practicable manner than 
would otherwise have been possible. It cannot be 
too strongly urged that the data obtained by a 

monitoring system should be sent day by day, as 
they come from the monitoring instruments or the 
analytical laboratory, to the central office for scru
tiny. The project controller can then enquire at once 
into anomalies in the results of the previous day"s 
observations. If this is not done, long runs of data of 
doubtful validity may be produced. 

To clarify these points, the proposal to make an 
air pollution survey of a city for administrative 
purposes may be considered. 

The first step is to carry out a rough emission 
survey. This is a simple matter because the emissions 
of pollutants from the larger works can be estimated 
from the fuel consumption, throughput of raw mate
rials, and type of plant for each individual installa
tion; for smaller industrial.plant, large central heat
ing plant, and domestic heating, estimates can be 
ma.de for, say, each 0.5 km2 of the city from 
deliveries of fuel, housing density, etc. (Rather more 
detailed emission surveys may J;,e required at a later 
stage if the limitation o( emissions has to be consid
ered.) When these estimates have been obtained 
comparisons can be made with other cities that have 
similar emission patterns and are similarly situated 
topographically and climatically, where .measure
ments of air pollution .have been made. This will 
indicate whether a specific survey is necessary. If it 
appears that a specific survey' is not required a few 
measurements should be made to confirm the validi
ty of the comparison. 

If there is no comparable city for which survey 
measurements are available, or the comparison 
shows that a survey is desirable, a survey should be 
started on very simple lines. There are no scientifi
cally based rules defining the number of sites per 
km2 at which observations should be made in order 
to obtain a sufficiently precise picture of the air 
pollution situation throughout a city. While various 
attempts have been made to construct such rules it is 
extremely doubtful whether they take adequate 
account of the difficulty of interpreting the meaning 
of " sufficiently " in the last sentence. It is almost 
equally difficult to take into account the high degree 
of variation resulting from the micrometeorology of 
the urban environment, i.e., variability in pollution 
levels from one side of a street to the other, from a 
point in a main street to another a short distance 
away in a side street, from the front to the back of a 
house, .etc. In practice, the number of monitoring 
sites ,used in existing surveys is dictated solely by the 
financial and other resources available. Guidance in 
choosing the best locations for sites within the city 
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can be obtained from a study of the pollution 
pattern obtained through the rough emission survey 
and the meteorological data for the area in which the 
town is situated. The results of surveys that have 
been made seem to indicate that, for the first year at 
least, 5 sites should be sufficient for a city of up 
to 250 000 inhabitants, and perhaps a few more 
in larger urban areas. These monitoring stations 
should be situated to measure pollution in the city 
centre, in the areas of dense, old-style housing 
usually found just outside the central area of a city, 
in the less dense modern housing towards the out
skirts, and in the industrial area. Sites intended for 
monitoring general pollution should be chosen so as 
not to be directly affected by nearby emissions; for 
example, they should not be located over a busy 
road or directly in the path of smoke from a 
domestic or industrial chimney. However, if parti
cular attention is being given to pollution from 
motor traffic, sites .should be located in congested 
streets and, in particular, in streets in the city centre. 
The air intake for each instrument should, perhaps, 
be placed at head-height (i.e., breathing level) so as 
to record the pollution levels to which men and 
women are exposed. In practice, all this advice, and 
much more that could be given, is subject to the 
overriding requirement that the instruments should 
be installed where they are safe from vandals and 
where the operator has access to them every day. In 
effect, this virtually limits the sites to public buildings. 

At least at first, measurements at these sites should 
be limited to daily observations of smoke, sulfur 
dioxide, oxides of nitrogen, and ozone, the last three 
being monitored by simple chemical methods. The 
chemical methods for oxides of nitrogen and ozone 
are not very precise, but they at least indicate 
whether there is a problem. If so, in the next stage, 
modern, but very much more expensive, equipment 
will be required, as described below, at a few strategic 
points. At each of the sites a monthly dust-fall gauge 
should also be operated. 

As the pollution officer becomes familiar with the 
pollution pattern of the city he will probably decide 
that he needs further information about other areas. 
For this purpose, it will often be sufficient to make 
measurements at other sites for short periods to 
complete the details of the pattern; a mobile labora
tory may perhaps be used for this purpose. Unless it 
is found that the original sites were badly selected, 
observations should be continued there over a period 
of years so that changes brought about by legislation 
or by modernization can be assessed. The important 

point is that the results of the first year's monitoring 
should be used as a guide for continuing observa
tions. 

One extension of the simple survey that is abso
lutely essential is to determine the peak levels of 
pollution concealed within the daily means, and how 
long these levels persist. This requires instruments to 
measure the concentrations of the pollutants conti
nuously and to feed the results to data-handling 
equipment that can both print out the readings as 
they are taken and also store them for subsequent 
analysis. Such instruments cost a great deal more 
than simple daily reading equipment, often 10-100 
times as much, and highly skilled staff are needed 
to operate them. Of the individual pollutants, car
bon monoxide can be measured in this way most 
simply. The equipment is reliable and not too 
expensive; a number of recorders can therefore 
be installed in a town if it is considered to be 
necessary. One type of sulfur dioxide recorder is 
also fairly cheap and reliable, but other types of 
sulfur dioxide recorder on the market can be ex
tremely difficult to maintain in working order. The 
continuous measurement of hydrocarbons, oxides of 
nitrogen, and ozone is also possible but the equip
ment needed is very expensive. However, it is reliable 
in the hands of skilled operators. Before any work is 
undertaken with any of these continuous recording 
instruments, they should be observed in operation in 
existing surveys, and estimates of the resources of all 
kinds required to keep them operating efficiently 
should be obtained from the users. A large city needs 
one set that can either be installed at a key site or 
moved from site to site as required. When observa
tions have been made in a few places sufficient 
information may be available on the relationship 
between peak and mean pollution levels to enable 
expensive recording equipment to be dispensed with 
in other localities. 

At least one survey has been set up to attempt to 
enforce a law that the ground level concentration of 
sulfur dioxide must not exceed certain limits. This 
requires the use of a large number of recorders in the 
area concerned, arranged in conjunction with wind 
recorders, to assess the contribution made by any 
particular factory. 

Surveys of grit- and dust-fall are usually made to 
pinpoint an individual emitter and reinforce legal 
action to abate a nuisance. Gauges for this purpose 
are cheap, both in capital cost and operation; there
fore, if it is necessary, many gauges can be used in 
the vicinity of the works concerned. 
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INVOLVEMENT 
OF THE GENERAL PUBLIC 

Interaction between the public and government on 
air pollution matters has always existed but it 
changes rapidly. Many years ago, small, educated, 
sections of the public exerted· pressure on govern
ments to take action against air pollution, which was 
then hardly recognized as a danger by the popula
tion as a whole. Later, when governments were 
drafting legislation on air pollution they made use of 
various groups to prepare the way for the proposed 
changes so that they would be generally acceptable. 
In the United Kingdom, for example, the changes 
introduced by the Clean Air Act of 1956 were based 
on the abandonment of open coal fires for domestic 
heating, which were regarded with great affection by 
most people 011 account oftheir cheerful appearance. 
Replacement of coal fires by coke fires could have 
been very unpopular, and the lack of flames taken to 
imply that the fuel was inferior to coal in heating 
qualities. However, by the time the Act came into 
force, educated sections of the community so influ
enced public opinion that hardly any opposition was 
encountered on these grounds. 

Since that time, conservationist ideas have spread 
widely, although most people are imperfectly 
informed about the details of the ecological balance. 
Governments are now subjected to .intense pressures 
to take precipitate action on a whole range of 
environmental matters, long before the real issues 
have been understood by the· public. Governments 
are accused of unnecessary delay when their greater 
knowledge counsels a cautious approach. There is 
now need for the dissemination of accurate know
ledge throughout the population so that energy and 
enthusiasm for preserving the environment may be 
directed along channels where they are badly needed, 
rather than expensively misdirected. Societies organ
ized by well-informed people concerned seriously 
with environmental problems have a most important 
role to play in this respect. 

As stated at the beginning of this chapter, the 
object was to set out the options for action on air 
pollution for politicians and administrators, and to 
present the scientific and technical bases of the argu
ments in a simple manner. This chapter could, 
however, serve equally well as the synopsis of a 
programme of public education in air manage
ment. 
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APPROACHES TO LEGISLATION 

Three different approaches to the legal problems 
related to environmental protection, of which air 
pollution control is one part, can be recognized. The 
first is characterized by legislation with limited 
objectives. Each law is concerned with a single 
aspect of environmental protection or pollution. In 
this traditional approach air pollution forms the 
subject of a set of laws. The second approach is of a 
more comprehensive character. One law regulates 
activities that may cause environmental damage 
through effluents released into air and water, or 
nuisance such as noise. The Swedish Environment 
Protection Act is an example of this approach. The 
third consists of an integration of environmental 
legislation with town and country planning and 
national planning in general. This legislative ap
proach, chosen by Yugoslavia, ensures integrated 
treatment for both country and urban environments. 

No final comparative evaluation of these three 
different approaches to environmental protection 

a Chief, Technical Department, The National Swedish 
Environment Protection Board, Solna, Sweden. 

can be attempted at this stage since the various 
pieces of legislation concerned have been too limited 
in their scope and have not been applied for a 
sufficiently long period. However, it is possible to 
make certain comments. 

The first approach may consist of the legislative 
steps in the stage-by-stage implementation of a 
comprehensive policy, in which case it is entirely 
reasonable. It may, however, represent a fragmented 
policy, and this makes it difficult to fight pollution in 
all its complexity. While, in such cases, it is possible 
to improve existing laws and enact others, the 
interaction between particular problems can create 
new problems, each of which will have to be dealt 
with by still another set of measures. 

The second approach expresses the intention of 
dealing with the environmental problems, however 
complex; these problems are more analogous than 
might be expected. It is obvious, however, that this 
policy requires a clear definition of its scope: urban
ized areas as well as the country as a whole, 
stationary as well as mobile sources of pollution, and 
not only water, air, and soil pollution, but also other 
environmental problems. 

-25-
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The third approach combines environmental pro
tection and general legislation on town and country 
planning. This solution offers the advantages of 
presenting joint or complementary solutions, syn
chronizing certain operations, and planning official 
interventions. There is a risk, however, that with 
such a comprehensive policy the best solution may 
be the enemy of the good one if action is unduly 
delayed. Even with the third approach certain speci
fic legislation remains indispensable. 

The first problem to consider in introducing new 
legislation is whether the law should deal with air 
pollution only, with all types of pollution, or with 
the whole environment. The second problem to 
consider is whether, and to what extent, legislation 
should be complemented by economic measures. 
Regulations tend to be rather inflexible and not 
always very well suited to reducing the pollution 
damage to an optimum level, having regard to the 
best allocation of available resources. This is a serious 
disadvantage because resources are too scarce to 
satisfy fully all the needs of society. It is' a political 
task to weigh the urgency or utility of environmental 
improvements against all other needs and goals of 
society. Economic considerations help to determine 
how these needs can be most efficiently satisfied. 

One way involves charging a fee for environmental 
damage. The optimum fee for a particular activity is 
equal to the social damage caused by the activity. In 
practice, however, it is. impossible. to arrive at an 
optimum fee because a reasonable cost estimate of 
the damage usually cannot be obtained. Altern~tively 
fees can be used as a means of achieving the environ
mental goals, e.g., ambient air quality standards or a 
specific reduction of total emissions, that have been 
set as a result of political discussions. This enables the 
targets to be attained at a minimum cost. Another 
m~rit of the system appears to be its potentialities 
for giving producers and, indirectly, technicians, pro
duct designers, and researchers, incentives to find new 
techniques and products with less damaging effects. 

To sum up, there are reasons for believing that a 
" policy mix " of regulations and economic measures 
may be advisable. A flexible view of the matter is 
necessary in order to succeed in working out rational 
methods for environmental policies.• 

ELEMENTS OF AIR POLLUTION 
LEGISLATION 

The development of air pollution control legisla
tion is largely a problem of the specialized 'applica-

tion of accepted principles of administrative law. In 
most countries the central government frames gen
eral laws and often leaves the details to administra
tions. Basic acts are supplemented by ordinances, 
which should be reasonably specific but provide 
adequate flexibility to meet the needs. Even if the air 
pollution control policy is the same, legislation will 
vary from country to country owing to differences in 
administrative and legislative traditions. 

Legislation and administration are means of real
izing the air poHution control strategy. Therefore, 
legislation has to be framed so that it is an effective 
instrument for carrying out this strategy. The prin
cipal features of the air pollution control strategy 
should be decided on before the legislation and its 
administrative machinery are given their final shape. 
The preparation of an air pollution control strategy 
includes: 

(1) the setting of goals, 

(2) the formulation of plans for attaining these 
goals, and 

(3) the introduction of a system of supervision. 

The long-range goals can only be defined in a very 
general way. They have to be broken down into 
realistic short-range goals that can be effectively met 
in a reasonable period, say 5 years. The elements to 
be used for reaching the goals are discussed below. 

Air quality standards 

Such. standards are useful in establishing priori
ties .. The difference between measured or calculated 
air quality !lnd the standard is a measure of the 
gravity of the. situation. Research can show the 
relationship between concentrations of pollutants in 
the air and the associated adverse effects, but the 
adoption of a standard requires the weighing up of 
many different interests, and is therefore a political 
decision. 

It may be useful to. develop two kinds of air 
quality standard; one set of standards are the con
centrations of pollutants to be achieved in the near 
future; the other set are air quality goals. The 
United .States Clean Air Act of 1970 provides for the 
promulgation of primary and secondary national air 
quality standards. The primary standards are those 
needed to protect public health with an adequate 
margin of safety. The secondary standards specify a 
level of air quality, the attainment and maintenance 
of which is a requisite for protecting the public 
welfare from any known or anticipated adverse 
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effects associated with the presence of a pollutant in 
the ambient air. The secondary standards are de
signed to give protection also against damage (to 
soil, water, crops, vegetation, commercial products, 
livestock, wildlife, weather, visibility, climate, etc.), 
hazards to transportation, and adverse effects on the 
value of property and on personal comfort and 
wellbeing, etc. 

Emission standards 

Such standards are favoured by control agencies 
and widely used all over the world. There is a trend 
towards the development of national emission stan
dards and, if necessary, more stringent regional 
emission standards from air quality standards, on 
the basis of studies of processes and equipment. 
Such emission standards normally require the use of 
the " best practicable means " to control emissions. 

The word " practicable " implies best available 
and economically feasible control technology. To 
adopt the best available control technology is not 
only to copy the best installation within an industry, 
but also to borrow the technology of one industry to 
improve that of another. It is inherent in the term 
" feasible " that the cost will be within the reach of 
industry. No doubt, however, what is considered a 
feasible cost will depend greatly on the environmen
tal effects of the pollution and the prevailing political 
climate or public opinion. Therefore, air quality is 
considered, indirectly, even if there is no formal 
reference to guides or standards. 

As it is generally more expensive to achieve a 
certain level of control with existing installations 
than with new installations, the adoption of the best 
practicable means leads to different requirements for 
new and existing plant. The best practicable means 
for new installations are normally arrived at by 
considering the experience of all the technically 
advanced nations, but for existing installations more 
weight has to be given to national conditions. 

The best practicable means approach can easily be 
applied to single sources of pollution, especially 
large stationary sources, where it has indeed already 
proved to be effective. To date, better ambient air 
quality has been achieved in the surroundings of 
large stationary sources with control measures based 
on best practicable means than with measures based 
on the known effects of single pollutants. The great 
advantage of the best practicable means approach, 
now generally accepted in Western Europe, is that 
air pollution can be prevented despite incomplete 

knowledge of its effects. The disadvantages of this 
approach are that it does not guarantee a satisfac
tory air quality and does not greatly encourage the 
development of new control techniques or abate
ment systems. This is quite evident for area sources 
and large industrial areas. 

The task of relating air quality standards to the 
formulation of emission controls to achieve these 
standards is a matter for simulation modelling in
volving advanced computer and plotting techniques. 
From emission inventories and air quality studies, a 
dispersion model for the area can be developed that 
can then be used to calculate future air quality as a 
result of, for example, urbanization, industrializa
tion, and economic growth. If the future-or per
haps the already existing-air quality conflicts with 
the air quality standards, a control programme is 
needed. How stringent this programme should be 
will depend on the calculated difference between 
future air quality and the standards. As soon as the 
necessary reductions in emission are calculated, 
emission standards for the area can be adopted. 

Permits, registration, and general provisions 

Air pollution may be regulated differently accord
ing to the nature of the source. The sources are: 

(1) new and existing stationary sources that indi
vidually contribute significantly to air pollution; 

(2) new and existing stationary sources that indi
vidually contribute less significantly to air pollution 
but which are built in large numbers; 

(3) motor vehicles, aircraft, and mass-produced 
fuel-burning appliances. 

The most effective way to control air pollution 
from stationary sources is a " permit " system under 
which prior approval of plans, specifications, and 
other data for new constructions or alterations is 
required. ApproYal is given only if the controls to be 
provided are, in the judgement of the agency, ade
quate to meet the air quality and emission require
ments. Through this procedure, installations are 
avoided that are poorly designed and will cause air 
pollution, and thus require costly modifications or 
reconstruction. This, however, imposes on the 
administration a requirement to have the necessary 
skilled engineering staff available. It is desirable to 
publish the criteria that will be used in deciding 
whether installations can be approved in order to 
limit variations in the strictness of agency staff and 
increase the possibility of plans being approved on 
their first submission. 



28 :URBAN AIR QUALITY MANAGEMENT 

If a permit is made compµlsory for a large number 
of installations there is a risk that the expert staff 
available will be overloaded with work in adminis
tering the permit system, and other important duties 
may be neglected. To avoid this, all sources belong
ing to category 2 above could be exempted from 
construction permit requirements. For those sources 
an alternative is to establish a registration system. 
Under such a system, those planning to build a new 
facility are only required to submit information on 
the location of the unit and provide a general 
description of its purpose and information on the 
nature and location of expected emissions of pollu
tants. The applicants are relied on to meet emission 
regulations after the m;1it goes into operation. The 
registration procedure does, however, provide the 
agency with information about installations so they 
can be checked after construction, and an opportu
nity to call the attention of tl1e applicant to emission 
requirements. 

.Motor vehicles, aircraft, and mass-produceq. fuel
burning appliances should be subject to. the .general 
provisions. Since mobile sources circulate across 
frontiers, uniform standards for their construction 
and operation should be established at the interna
tional level. Sources belonging to category 3 above 
must be constructed in such a way that, if properly 
maintained and used, they will conform to the 
regulations throughout their useful life. The respon
sibility of the manufacturer must be made clear in 
the legislation. 

Air quality control regions 

Air pollution is created and experienced princi
pally in the large metropolitan areas. Stricter mea
sures than those adopted for the country as a wh.ole 
are therefore justified for those areas .. Unfavourable 
topographical and meteorological conditions also 
justify special measures. 

The designation of a defined geographical area as 
an air quality control region should provide for a 
comprehensive plan to deal with the air pollution 
control problems throughout an entire metropolitan 
area together with whatever part of the surroundings 
should be included from the point of view of air
pollution. In many countries the designation of air 
quality control regions may be in conflict with the 
autonomy of local administrations. The legislation 
has, therefore, to be clear on the responsibilities of 
the .various authorities within such a region. 

In an air quality control region where measured or 

estimated ambient levels of a pollutant exceed the 
le';'els specified by an applicable standard, the plan 
should set out a control strategy to provide for the 
degree of reduction of· emissions necessary for the 
attainment and maintenance of the standard. The 
degree of reduction should offset increases in emis~ 
sion that .can reasonably be expected to result from 
the projected growth of population, industrial activ
ity, motor vehicle traffic, etc. If the levels of a 
pollutant are below those specified by an applicable 
standard, the plan should specify a control strategy 
that will be adequate to prevent the pollution levels 
exceeding the standard. 

To be effective, the plans must contain legally 
enforceable emission limitations, with schedules and 
timetables for compliance with these limitations. 
They should also include provisions for monitoring 
and analysing ambient air quality and requirements 
for the installation of equipment by owners or 
operators for the purpose of monitoring stationary 
emission sources and reporting such information to 
the control agency and the public. Procedures must 
be devised to provide for a review, prior.to construc
tion or modification, of stationary sources of emis
sion in order that changes can be forbidden if it can 
be shown that they would prevent the attainment of 
the air quality standards. There must also be provi
sion for emergency action to curtail emissions of 
pollutants during periods of air stagnation when it is 
predicted that air pollution will exceed the stan
dards. 

In the long term, strategies for air pollution 
control will have to take account of the potentials 
for improving air quality inherent in changes in 
population, transportation, manufacturing, energy 
requirements, solid-waste disposal requirements, and 
similar matters inherent in the proper design of 
communities. 

Planning has long been used as a decision-making 
instrument in land-use management and the design 
and development of communities and contiguous 
rural areas. While V'(ater supply, sewage treatment, 
transportation, availability of energy, facilities for 
recreation, and the provision of open spaces, etc., 
have 11lways been taken into account in community 
planning in recent years there has been a growing 
awareness that consideration should also be given to 
air quality. Notable reductions in pollution can be 
expected through the development of community 
plans for energy supply, solid-waste treatment, and 
transportation in which improved air quality is one 
oLthe main advantages. A plan for energy supply 
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could include an efficient heating system using waste 
heat from electricity generating stations and the 
proper siting of important energy sources. With 
planned disposal of solid wastes, domestic and com
mercial incineration could be eliminated. Restric
tions on the use of private motor vehicles in many 
large cities must be carefully considered in relation 
to the use of cleaner, cheaper, and possibly more 
convenient, systems of mass transportation. 

Control of the use of fuels 

Combustion of fuel is the major source of man
made air pollution. Demands for energy and the use 
of fuels are growing rapidly. As various fuels have 
very different pollution potentials, regulations regard
ing their use form an efficient control method. Such 
regulations are concerned with the kinds and com
position of fuel that may be burned in equipment 
of specified design. The regulations may be local 
or national and may be in force throughout the 
year, for certain months, or only during unfavour
able weather conditions. 

Additives containing harmful substances such as 
heavy metals are used in liquid fuels, especially 
petrol, to improve combustion properties. The legis
lation should therefore provide for the registration 
of fuels and fuel additives and for legally enforceable 
procedures for requiring manufacturers to furnish 
information on the chemical composition of addi
tives, the range of concentration of any additive in 
fuel, and the purpose of using a particular additive. 
It should also be possible to require manufacturers 
to· conduct tests to determine potential public health 
effects associated with such fuels or additives. 

Legislation providing for the control of the use of 
fuels and the registration of fuels and fuel additives 
may be considered as a part of more general legisla
tion dealing with the broader problem of controlling 
products harmful to the whole environment. 

Supervision 

Legislation should provide the administration 
with authority to require the owner or operator of 
any source of emission to install, use, and maintain 
monitoring equipment, and to sample emissions in 
accordance with defined methods at such locations 
and intervals, and in such a manner as may be 
prescribed. The owner or operator should also have 
the duty of establishing and maintaining records and 
making such reports as may reasonably be required. 

Representatives of the administration should have 
the right of entry to any premises and access to, and 
the right to copy, records, inspect monitoring equip
ment, and sample any emission. Reports, records, or 
information should be available to the public except 
those that would reveal methods or processes en
titled to protection as trade secrets. 

A system of supervision for stationary sources of 
emission should include: 

(I) initial inspection to ensure compliance with 
standards or specific requirements in the permit; 

(2) continuing check on the emissions by plant 
personnel; 

(3) routine periodic inspections to ensure conti
nuous compliance with regulations; 

(4) occasional inspections to investigate com
plaints or suspected violations. 

The initial inspection should normally be carried 
out within 6 months after a new or altered installa
tion comes into operation. If a special permit to 
operate is required, such a permit will be issued if 
emission standards are satisfactory. In complex 
industrial sources the initial inspection might require 
emission measurements during several days to cover 
different operational conditions. Continuous record
ing instruments should be calibrated and the opera
tors instructed in their use and maintenance. 

A very important part of the enforcement of 
emission standards is the continuing check on emis
sions by the plant personnel. Not only emissions, but 
also parameters connected with the plant operation 
should be recorded. It is important that written 
instructions should be available at each installation. 
They should describe the function of the various 
components and give the reasons for keeping the 
operating range within specific limits. 

The frequency of the routine periodic inspections 
may be the same for all kinds of plant (once a year, 
for example). More frequent inspections may be 
made of sources that have a tendency to produce 
excessive emissions. If the continuing check by the 
plant personnel is made and reported in a satisfac
tory way the periodic inspections may be on a much 
smaller scale than the initial inspection. The periodic 
inspections are also useful for maintaining the inter
est of operating personnel in air pollution control 
and motivating them to maintain minimum pollu
tant emissions, and for fostering exchanges of infor
mation among personnel with similar source control 
problems. 

The financing of the supervision system has to be 
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made clear in the legislation. The continuing check 
on the emissions as well as the initial and periodic 
inspection may be considered as a part of the 
emission control programme and the costs paid by 
the owner of the plant. The initial and periodic 
inspections can be made by the control agency or 
by authorized laboratories. Every agency should at 
least be capable of making occasional inspections or 
having them made under contract. 

,The supervision of emissions from mobile sources 
is a difficult problem. Emission standards for,motor 
vehicles are based on complicated test procedures 
that cannot be used for periodic evaluations of the 
effectiveness of control systems of cars on the road. 
The feasibility of the procedures used today for 
quick inspections is under debate. Internationally 
agreed procedures are desirable. 

Enforcement 

Emissions into the air from any source con
structed or operated in violation of the terms of a'. 
permit, regulations, or orders of the air pollution 
control agency should be prohibited. Civil and crimi~ 
nal penalties, authority to enforce abatement orders; 
and a judicial review of orders issued by the agency 
concerned should be provided for. Punitive action is 
usually taken if the offender has repeatedly violated 
requirements or if there seems to be no good reason 
why the violation should have occurred. Ih such 
actions, a citation to appear in court is issued or, in 
some cases, the payment of a fine may be required 
without other penalty. The punishment is normally a 
fine of so much per day of violation, or imprison
ment, or both. 

' A very powerful instrument of enforcement is 
authority to close a plant or seal equipment and thus 
prevent the operation of the plant and the continued 
violation of emission regulations. 

The regulation should be quite clear on the power 
of enforcement and the punitive measures available 
to the agency, but such action should be used 
sparingly and cautiously. A vigorous public educa
tipn programme can do much to secure voluntary 
compliance with. the regulations and thus save the 
agency much effort in finding and correcting situa
tions one by one. 

ADMINISTRATIVE MACHINERY 

The need to improve and strengthen the machin
ery at all levels for the management of.the environ-

ment has already been acknowledged by govern
ments. However, the patterns of management now in 
existence reflect their historical growth and are still 
mainly sectoral rather than comprehensive. The 
great variety of environmental processes and the 
fragmented character of institutional. arrangements 
emphasize the importance of horizontal and vertical 
coordination in the management machinery. Major 
coordinating links ate needed between controls over 
environmental disfunctions and various types of 
planning. Environmental policies and measures also 
need to be coordinated with other, particularly 
economic, measures. 

The balance between central control and decen
tralized function is particularly important in fields 
such as environment management, where many 
problems are local but require support and integra
tion through strong national policies. The growing 
complexity of government and the increasing pres
sure for public participation point towards decen
tralization but the planning process and the need for 
national, policies tend to concentrate power at the 
centre. 

The three administrative levels of environment 
management are central, regional, and local. The 
responsibility for controlling pollution by regulation 
should be at the lowest level of government capable 
of dealing effectively with the problem in its entirety. 
Locally controlled programmes permit a quicker 
response to problems, closer control over opera
tions, and the mobilization of local resources. How
ever, there are problems associated. with local con~ 
trol. Local authorities with small populations often 
do not have the financial resources to operate an 
adequate programme. Moreover, industrial and 
commercial interests sometimes have a very strong 
influence on the actions of local governments. 

Many pollutants are not limited to one medium
air, land, or water-and are difficult to combat if 
each medium is dealt with separately, although this 
has up to now been the common organizational 
pattern. Moreover, the same source may contribute 
to several different kinds of pollution. Many indus
trial firms are able to choose the particular medium 
in which to release their wastes. A lack of balance, 
overlapping of management operations, and neglect 
may result from the fragmented organization of 
environmental protection. 

Central level 

The functions of a central agency are, inter alia, 
to: 
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(1) advise the government on air pollution control 
policies, particularly in relation to industrial produc
tion, energy conversion, transportation, waste dis
posal, and urban planning; 

(2) work out and propose to the government air 
quality and emissions standards that may be appli
cable on a nation-wide scale; 

(3) designate air quality control regions and 
approve implementation plans for such regions; 

(4) review periodically the list of categories of 
stationary sources that should be covered by a 
permit or registration system, and publish manuals 
and codes of practice for these sources; 

(5) administer the permit system for stationary 
sources that individually contribute significantly to 
air pollution and for which the siting is of national 
interest or for which expertise is not available at the 
regional or local levels; 

(6) set up or designate a laboratory to act as a 
national centre for testing analytical and sampling 
techniques, calibrating measurement equipment, and 
training personnel in the use of the relevant tech
niques and equipment; 

(7) support, coordinate, and run research and 
development projects in accordance with administra
tive needs for knowledge and information; 

(8) conduct public information programmes and 
publish annual reports on its activities. 

The authority of the central agency may vary 
depending on the high-level administrative arrange
ments. In one country, for instance, the central 
agency may be authorized to establish national air 
quality and emission standards but in another only 
to develop and propose such standards, leaving their 
adoption to the government. 

Regional level 

The functions of a regional agency are, inter alia, 
to: 

(1) adopt and submit implementation plans for 
air quality control regions; 

(2) exercise responsibility for control of the larger 
and more complex air pollution sources -through a 
permit or registration system and periodic inspec
tions; 

(3) develop a register of air pollution sources in 
the region, emissions from them, degree of emission 
control, and related data; 

(4) establish networks for air quality measure
ments and warning systems, and carry out measure
ments in accordance with administrative needs; 

(5) study plans in existence or being made for 
transportation, energy supply, waste disposal, land 
use, provision of open spaces, etc., for the purpose 
of coordinating these plans with the air pollution 
control work; 

( 6) provide technical assistance and guidelines to 
local agencies. 

Local level 

The functions of a local agency are, inter alia, to: 

(1) exercise responsibility for the control of air 
pollution sources that are not covered by permit or 
registration systems run by regional or central agen
cies, such as the control of smoke from small 
combustion operations, open burning, and abate
ment of nuisances from small industrial and com
mercial establishments; 

(2) initiate the development of district heating and 
installations for handling solid wastes to eliminate 
pollution caused by existing domestic and commer
cial heating equipment and refuse-disposal facilities; 

(3) carry out the routine surveillance of sources 
and the necessary air quality monitoring pro
gramme; 

(4) investigate public complaints and detect viola
tions of regulations. 

Finally, it should be stressed that air pollution 
control cannot be accomplished without close co
operation among all levels of government, industry, 
and the public. Clear definitions of the responsibili
ties of the various levels will facilitate such coopera
tion. 

ORGANIZATION OF STAFF 

A typical organization chart of an air pollution 
control agency is shown in Fig. 1. To provide for 
coordination of functions, the agency will require a 
director and his staff, and for business management 
and public information such other administrative 
staff as may be necessary. 

Variations in organizational structure from the 
pattern shown in Fig. 1 are based primarily on 
emphasis, need, and the development history of the 
control agency. A research and development division 
is normally available only at the central level. 
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Fig. 1 .. Organization of an air pollution control agency 
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· The dominating professional discipline in an air 
pollution control agency is engineering. This does 
not mean that the work of engineers is more impor
tant than that of staff working on: health effects, 
meteorology, etc., but the engineers are in the front 
line in day-to-day work. 

Where there are a large number of tasks and many 
disciplines are required to accomplish the objectives 
it is advantageous for the control agency to be 
administered by staff with public administration 
skills in order to provide for a balanced and .coordi
nated programme. The individual sectiop.s .of the 
organization, however, will be administered by the 
most suitable staff with expertise in the fields directly 
related to the work. At the same time, the leader
ship, provided by the administrative units, will 
expand, contract, or shift the resources of the agency 
to fit the needs of the various problems that arise. 

The field control operations division of an air 
pollution control agency (Fig. 1) requires skilled 
manpower in various engineering fields such as 
combustion, metallurgy, chemical processing, petro
leum engineering, etc. Candidates for the positions 
should hold a university degree and have specialized 
in engineering, chemistry, physics, or metallurgy, 
and they should preferably have had experience in 
industry. Each industrial firm or installation should 
designate an officer to' be responsible for air pollu
tion control or environmental protection. He must 
be at a high level in the organization and should 
normally report directly to the managing director. 
The pollution control officer should handle all con
tacts with the authoriti,es at different levels, the 
public, and the news media. 

INFORMATION, EDUCATION, 
AND, TRAINING 

For successful environmental protection work the 
public must be both informed and involved. It is 
therefore essential that information about environ
mental matters should be made widely available. 
Training for the administrat.ion of environmental 
protection programmes and to enable personnel to 
take environmental aspects of their work into con
sideration is also necessary. 

Information on environmental matters is mostly 
disseminated through pamphlets, the press, radio, 
and television. It is an important duty of the authori
ties to supply the various information sources with 
factual material. The authorities themselves must 
also participate in the public debate on environmen
tal protection. Environmental protection subjects 
should eventually be integrated with general educa
tion. Elementary instruction in environmental pro
tection must be provided as a part of education 
programmes at all levels~preschool, primary 
school, secondary school-to create an enduring 
awareness of the limitations. that the protection of 
the environment imposes on human activity. In view 
of the broad interdisciplinary character of environ
mental science, such educational programmes should 
embrace not only simple biology and earth sciences, . 
but also chemistry and physics, mathematics, his
tory, the arts, and literature. One of the principal, 
and necessary, features of an integrated approach 
must be to overcome the existing dichotomy between 
the social sciences and technology. 

The main purpose of introducing environmental 
education at university level is to equip young 
specialists with the knowledge that will enable them 
in their future work, whether in industry, agricul
ture, public health service, chemistry, civil engineer
ing, or other land-linked professions, to solve cor
rectly the problems of conserving, restoring, and 
utilizing natural resources. In every university there 
should be a general course dealing with the ways and 
means of environmental protection as a complex 
problem. This course should also explain ecological 
interrelationships in nature and the consequences of 
disrupting the biological balance. Ecological think
ing can also be introduced into university courses by 
means of lectures, seminars, and postgraduate study 
programmes. Specialized university subjects should 
introduce a general survey of, and a correct ap
proach to, the environment as a whole and show the 
importance of always taking the environment and 
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ecological interactions into consi.deration when plan
ning development projects. Environmental education 
should deal with the dynamics of natural complexes 
(ecosystems-equilibrium in nature) in relation to 
human activities and ways of handling environmen
tal problems arising in the course of large-scale 
economic development projects. 

The objective of training in air pollution control is 
to develop and improve the knowledge and skills of 
staff employed in air pollution control activities. 

Both basic and advanced courses are needed, lasting 
from 1 week to several weeks. Some of the courses 
should provide opportunities for extensive labora
tory practice. In the USA the Institute for Air 
Pollution Training, which has regional training facil
ities, offers a wide range of short courses for air 
pollution control staff. In other parts of the world, 
particularly the European area, more emphasis 
should be given to training in air pollution control 
and environmental protection. 

2 
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BACKGROUND !~FORMATION 

The earth's atmosphere is finite, and its capacity 
to cleanse itself, although as yet imperfectly under
stood, seems to be limited, at least in some places 
and with respect to certain pollutants. As the world 
population grows and industry expands to make 

a This chapter contains the substance of the report of 
a WHO Expert Committee on Air Quality Criteria and 
Guides for Urban Air Pollutants (WHO Technical Report 
Series, No. 506, 1972); some material irrelevant to this 
publication has been omitted and the headings have been 
modified slightly. For list of participants see Annex 1. 

b WHO Technical Report Series, ~o. 157, 1958; 
No. 271, 1964; No. 406, 1968; No. 439, 1970; Barker, 
K. et al. Air po!lutio11. Geneva, \\'arid Health Organization, 
1961 (Monograph Series, No. 46). 

more and increasingly diverse products, the emission 
of some pollutants will inevitably increase. Increased 
emissions have already on several occasions and in 
several places led to ground level concentrations that 
were associated with dramatic rises in mortality and 
morbidity. There is abundant evidence that high 
levels of air pollutants may be generally harmful to 
human beings, and there is no evidence that pollu
tants at any level are beneficial. For most environ
mental factors, such as heat, humidity, noise, etc., 
acceptable levels have been established, but none 
have yet been established for air pollution. The 
World Health Organization b has therefore devoted 
much thought and effort to the necessary task of 
assessing the health effects of pollution such as it 
exists now and as it may develop in the future. 

- 35-
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Epidemiological factors were reviewed by Lawther et 
al. in 1962 (]). 

Although air pollution is difficult to define, the 
following working definition was developed by an 
earlier committee: a the term air pollution is "lim
ited to the situations in which the outdoor ambient 
atmosphere contains materials in concentrations 
which are harmful to man or to his environment." 
This definition has been adopted in the present 
report, which is restricted to a discussion of 5 pollu
tants. In accordance with the definition, only out
door pollution is considered, although it is noted 
that pollution of the air inside dwellings may be 
important and requires further study. Likewise, 
there is little discussion of the complex problems 
raised by the fact that gross variations in ground 
pollutant levels are sometimes caused by changes in 
the weather. Variability due to atmospheric condi
tions makes it difficult to relate long-term average 
values (e.g., mean annual concentrations) to short
term peaks, which may be more instrumental in 
producing certain effects. This question has been 
considered in detail elsewhere by Katz (2). 

Various types of data may be used in the develop
ment of air quality criteria and guides. Experimental 
techniques, for example, can yield valuable informa
tion. Some experts would interpret any deviation 
from the " normal " values of physiological, bio
chemical, or behavioural indices. as undesirable 
rather than adaptive and would prefer to . fix stan
dards below which no damage at all could be 
expected. The use of human volunteers and animals 
as models for studying these very slight effects of 
suspected pollutants is especially helpful, as has been 
discussed by Rjazanov (3). At the clinical level, one 
may evaluate the results of experiments with various 
pollutants in normal subjects to determine at what 
concentration they produce clinically undesirable 
effects. · Experiments of this type are . useful but are 
limited in value by the important fact that ethical 
considerations preclude studies on· sick persons (see 
p. 37). In the epidemiological approach, one studies 
the effect of fluctuations in ambient air pollution on 
the. whole population or on selected and defined 
groups such as children, the elderly, or .the ill, who 
may be particularly sensitive to the action of the 
pollutants suspected of causing ill effects. Acute, 
subacute, and chronic effects may be studied epi
demiologically, but it must be recalled that many 
factors other than pollution may make it difficult to 

a WHO Technical Report Series, No. 157, 1968. 

interpret mortality and morbidity variations since 
the effects of air pollution are closely linked to other 
factors including temperature and socioeconomic 
status. The prevalence of infection, smoking, thera
peutic measures, population migration, malnutri
tion, and stress may pose serious problems of inter
pretation. Special difficulties beset those who study 
the response to pollution in a work environment. 
Working people are a specially selected and fit 
subgroup, and differ in obvious respects from the 
general population, which includes the very young, 
the elderly, and the sick. None the less, such studies 
deserve critical appraisal rather than uncritical rejec
tion. 

Serious attempts have been made with limited 
information to reach a consensus of opinion as to 
the action that should be taken to protect people 
from pollution. Unfortunately, it must be recognized 
that this approach to the problem in no way guaran
tees that such action will necessarily confer the 
protection sought. Air pollution is an extremely 
complex matter. The association between a pollutant 
and illness or death may be accidental rather than 
causal; the concentrations of many pollutants, some 
unmeasured or unidentified, often go hand in hand; 
and any urban population will contain some people 
in such a precarious state of health that they will 
succumb to any stress from which they could not 
reasonably be protected. 

SULFUR OXIDES AND 
SUSPENDED PARTICULATES 

Sulfur oxides and suspended particulates, here 
considered together, often have common origins in 
that both may be produced by the burning of fossil 
fuels. Sulfur dioxid.e is produced by the combustion 
of sulfur compounds present in many coals and 
heavy oils. Some of the sulfur in these fuels may be 
further oxidized during the combustion process to 
give sulfur trioxide; about 5 % of the sulfur may be 
emitted in this form. Some sulfur in coals is retained 
as sulfate in the ash. 

Particulate matter requires careful definition since 
its effects are determined not only by dose but also 
by its chemical composition and physical form. 
Similarly, the methods for measuring and expressing 
the concentration of suspended particulates in the air 
depend to a critical extent on the properties of these 
pollutants. When carbon-containing fuel is burned 
inefficiently, smoke is produced which may be 
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almost pure carbon, as in the case of a poorly 
adjusted diesel engine, or a complex aerosol of tar 
droplets such as that produced by poor burning and 
destructive distillation of coal. Minute particles of 
mineral ash may be carried into the air by flue gases. 
Fog and mist contain droplets the size of which may 
be stabilized by salts. Particulate pollution may also 
be formed from gaseous pollutants. Sulfur dioxide 
may be oxidized to form sulfuric acid and, later, 
sulfate. 

Many highly diverse particles are emitted by 
industrial processes other than fuel combustion. In 
addition, not all particulate pollution is man-made. 
Salt aerosols derived from sea spray are widespread; 
many parts of the world are exposed to airborne 
dusts which can produce gross concentrations of 
particles; and spores, pollens, moulds, and other 
organic materials are widely distributed. 

It is important to realize that particulate and 
gaseous ambient pollutants are rarely if ever found 
in isolation. It follows, therefore, that unless the 
effect sought is highly specific, the use of epidemio
logical techniques will seldom result in the attribu
tion, with any degree of certainty, of an observed 
effect to a specific pollutant. The task may be made 
easier by the fact that, in some parts of the world, 
pollution by smoke is decreasing much faster than is 
pollution by sulfur dioxide. 

Most of the epidemiological studies published, 
including those referred to in this chapter, have 
been concerned with particles produced by burning 
fossil fuels. The data must therefore be extrapolated 
with care to situations where oxides of sulfur may 
occur in combination with other more specific pollu
tants arising from industrial, natural, or other 
sources. In addition, the overall exposure of indi
viduals or groups may be difficult to assess because 
of different exposures at home ( 4) or in high apart
ment buildings (5). 

Experimental studies 

The results of animal studies suggest that the 
addition of various particles to sulfur dioxide may 
potentiate or enhance its effect (6). There is no 
convincing evidence from experimental work on 
healthy human beings that particles added to inhaled 
sulfur dioxide potentiate its effects in short-time 
exposures (7). There is, however, an important limi
tation on the experimental method in that, for 
ethical reasons, experiments must be conducted only 
on fit subjects, and any negative results of such 

experiments must not be used to exonerate pollu
tants, since the same doses might have produced 
serious effects had they been administered to patients 
with severe impairment of respiratory, cardiovas
cular, or other functions. 

Particle size is of obvious biological importance: 
in general it may be assumed that particles need to 
be smaller than about 5 µm in order to penetrate and 
be deposited in the alveoli (8). The importance of 
larger particles, however, must not be underesti
mated, since their impaction in the upper respiratory 
tract may cause irritation, reflex bronchoconstric
tion, and hypersecretion of mucus. 

By and large, animal data on exposure to sulfur 
oxides and particulates do not lend themselves to a 
quantification of risk to human health, even though 
they are important for elucidating mechanisms of 
action and as such are indispensable for a total 
evaluation of risk (9, JO, II, 12, 13, 14). For the time 
being, we are forced to rely on data on human beings 
in assessing the concentrations of these pollutants 
that may be harmful. 

Effects on man 

There have been some reports of studies that can 
be used to establish dose-response relationships or 
associations for sulfur dioxide and suspended parti
culates. These studies are limited in number, how
ever, and at present there is little information avail- -
able concerning the effect of varying one of these 
pollutants while the other is kept constant. Unfor
tunately, a variety of measurement methods have 
been used in such studies to date, making compari
son of the data more difficult. For this reason, the 
results must be considered a first approximation. 

In view of the above it is imperative that, until 
cause-effect relationships become established, sulfur 
dioxide and locally associated smoke and suspended 
particulates be considered as indices rather than as 
necessarily the specific pollutants causing the effects. 

Acute effects 

Epidemiological techniques have been used in 
attempts to evaluate the separate or combined effects 
of sulfur dioxide and particulates. In London, imple
mentation of the Clean Air Act has greatly reduced 
pollution by particulate matter, and this reduction 
has been accompanied by a much smaller drop in 
sulfur dioxide concentrations. Lawther et al. (15) 
studied the association of daily levels of smoke and 
sulfur dioxide with the reported state of health of 
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patients with respiratory disease. The value of the 
experiment was limited by the fact that, over the 
years, episodes of severe pollution became very rare. 
Nevertheless, it was found that the patients no 
longer responded to peaks of sulfur dioxide that 
formerly, in association with higher particulate con
centrations, produced a reaction. It was not possible 
h:> discriminate with any degree of certainty as to 
which pollutant, if either, was exerting the dominant 
effect. The technique may, however, have .been too 
insensitive to be useful at this level. Some evidence in 
support of the beneficial effects of reducing the 
particulates has come from another study in 
London, in which a group of men were followed 
prospectively. Fletcher (16) reported on a group of 
men aged 30-60 working in London who had been 
followed from 1961 to 1966. The mean volume of 
sputum steadily declined, even in those men who had 
not changed either their type or their level of 
smoking. This reduction in expectoration was asso
ciated with a decrease in the mean smoke concentra
tions in 7 sampling sites in London. The drop in 
mean winter smoke from approximately 420 µ.g/m3 

in 1959 to approximately 100 µ.g/m 3 in 1965 was not 
accompanied by a decrease of corresponding magni
tude for sulfur dioxide, which fell, only from 300 to 
260 µ.g/m 3• 

Chronic effects 

In any discussion of the effects of air pollution on 
people a distinction must be made between acute, 
subacute, and chronic effects. With very high con
centrations such as have occurred in London, 
England, the Meuse Valley (Belgium), Donora, PA, 
New York, the Ruhr, Osaka, and Rotterdam, the 
immediate effects were clearly manifest in terms of 
mortality or increased morbidity, especially, among 
those already ill, old, or otherwise enfeebled. Less 
easily detected are the possible long-term conse
quences of exposure to episodes . of high pollutant 
concentrations; these may include the subsequent 
development of chronic bronchitis. While there is no 
doubt that fluctuations in pollution less dramatic 
than those seen in London and elsewhere can ag
gravate existing cardiac and respiratory disease, the 
possibility must also be considered that chronic 
exposure to sulfur dioxide and particulate matter 
may play a part in the development of chronic 
respiratory disease. Epidemiological methods are 
generally more useful than experimental techniques 
in the study of this important problem. 

Selected studies on the chronic effects of pollution, 

in relation to levels of sulfur dioxide and sus
pended particulates, are reviewed below. These 
studies incidentally illustrate some of the problems 
involved in the establishment of dose-effect relation
ships. Difficulties are primarily encountered in stan
dardizing measurement techniques and in making 
adequate allowance for factors other than pollution, 
such as smoking, age, sex, and socioeconomic and 
meteorological variables. 

Chronic effects on adults. Holland and coworkers 
(17, 18, 19) studied outdoor postal and telephone 
workers in the United Kingdom and the USA and 
found a gradation of respiratory disease symptoms 
across pollutant levels, particularly in the 50-59 year 
old category. These differences persisted when :the 
various smoking categories were examined. The 
authors reported lower levels of pulmonary function, 
i.e., forced expiratory volume in 1 second (FEV1.0) 

and peak expiratory flow rates (PEFR), in the areas 
of higher pollution. Holland et al. (19) indicated in 
this study of an occupational group that, ideally, 
randoin samples of populations should be used for 
international comparisons where there are grada
tions of air pollution. 

Reid et al. (20) attempted such a comparison, 
using data taken from the general practitioners1 

study in Great Britain (21) and from a survey in 
Berlin, NH, USA (22). The effects of air pollution 
were then examined by age group and by sex. When 
simple bronchitis, defined as phlegm production for 
3 months of the year for 3 years, was present, 
standardizing for cigarette smoking removed all 
evidence of an effect of air pollution for both males 
and females. A more severe form of chronic bronchi
tis, characterized by phlegm production, exacerba
tions of colds settling in the chest, and shortness of 
breath when walking on level ground at one's own 
pace, did show an association with air pollution for 
both males and females. It is not known whether 
differences in socioeconomic or ethnic status might 
have been factors. 

Ferris & Anderson (23) studied a random sample 
from Chilliwack, B.C., Canada, a community with 
little air pollution. They noted no statistically signifi
cant differences between the respiratory symptoms 
of this community and those of the more polluted 
Berlin, NH, USA, when they standardized for age 
and cigarette smoking, although the rates for Berlin 
tended to be higher than for Chilliwack. Tests of 
pulmonary function (FEY i.o and PEFR) after stan
dardization for age, height, sex, and smoking cate
gory did show some differences and in a number of 
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instances these were statistically significant. It seems 
reasonable to interpret the results from the Berlin 
and Chilliwack surveys as indicating that slight 
changes in respiratory symptoms and pulmonary 
function are related to pollutant levels. 

A study by van der Lende (24) in the Netherlands 
indicated that airways obstruction was not asso
ciated with air pollution although cough and 
phlegm production were. As van der Lende pointed 
out, however, his study may have been confounded 
by the presence of allergens, such as spores or 
bacteria, in the agricultural region. Perhaps two 
different aspects of the problem were actually being 
studied: sulfur dioxide and particulates (type not 
identified) in the industrialized areas, and allergens 
in the agricultural community, where there was little 
apparent air pollution. Other countries should be 
aware of this possibility and determine whether they 
are dealing with a similar situation. 

Chronic effects on children. Studies of children have 
also generated useful information for guides. 
Douglas & Waller (25) carried out a retrospective
prospective study on a cohort identified as those 
children born in the first week of March 1946. The 
children were followed medically by health visitors 
and school doctors, and on admission to hospital. 
Level of disease and degree of symptoms were 
recorded. Air pollutant concentrations were esti
mated from the amount of coal consumed in a given 
area. From national data these investigators devel
oped 4 levels of air pollution. An increased occur
rence of lower respiratory tract infections was noted 
in areas with increased air pollution. 

Lunn et al. (26) studied young children in their 
first year at school. The children were given medical 
examinations, the parents were questioned concern
ing the previous health of their children, and FEV0.,5 

and forced vital capacity (FVC) were measured. 
Socioeconomic factors were also considered. These 
particular families were stable, and there had been 
little or no migration into or out of the specific 
communities. Air pollution was measured for the 
3 years of the study; it was found that there was an 
increased amount of chronic upper and lower respi
ratory tract infection in the more polluted areas. A 
follow-up study 3 years later by Lunn et al. (27) 
disclosed that the reduction of smoke levels had 
been accompanied by a reduction in the differences 
between the groups of children. 

Holland et al. (35) collected data on children 
attending school in 4 areas of Kent, England. Two 
were predominantly urban and 2 were rural. Smoke 

and sulfur dioxide were measured in 3 of the areas, 
and information on crowding, population density, 
and housing was collected. Four factors emerged as 
having an important association with decreased 
PEFR and respiratory symptoms: place of residence 
was most significant, a previous history of respira
tory disease was next in importance, and social class 
and family size were of least importance. The effects 
of these 4 factors seemed to be simply additive and 
accounted for only 10-15 % of the total variation. 

Colley & Reid (28) surveyed children 6-10 years of 
age living in urban and rural areas in England and 
Wales respectively. The prevalence of respiratory 
disease was assessed in the autumn, prior to the peak 
of winter pollution. In both areas there was a 
gradient across levels of pollution, but for compa
rable levels of pollution the rates were far higher in 
Wales. The reasons for the increased prevalence of 
respiratory symptoms in the rural area were not 
clear, although it was suggested that it might be 
related to the fact that solid fuel consumption is high 
in Wales. 

Further information was provided by a study by 
Ferris (29) of school absences and pulmonary func
tion tests in first and second graders (6-7 years of 
age) assigned to different schools in Berlin, NH, 
USA. No difference in absences was noted between 
the different schools despite some variation in air 
pollutant levels. The students in the school with the 
greatest amount of pollution did, however, have 
decreased pulmonary function. 

More than 10 years of study of the effects of air 
pollution on the health of primary-school children in 
Japan (30) also yielded evidence of a positive asso
ciation or relationship between pollution and health 
effects: a significant increase of air-flow resistance 
and an increase in school absences were demon
strated with higher pollutant levels. 

Biersteker & Van Leeuwen (31) raised the question 
of whether good housing is able to protect school
children, as they failed to find a gradient in peak 
flow rates in two districts in Rotterdam with differ
ent pollution levels. 

Annoyance reactions 

The social awareness of pollution associated with 
particulate matter has been studied in a few areas. 
The results from a number of studies have been 
compiled in a document on particulate matter (32), 
including data from a study carried out by Schu
sky (33) in St Louis, MO, USA, where " annoyance 
reactions " were associated with various levels of 
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Table 1. Expected health effects of air pollution on selected population groups a 

Pollutant Excess mortality and 
hospital admissions 

Worsening of patients 
with pulmonary 

disease 

Respiratory 
symptoms 

Visibility and/or human 
annoyance effects 

S02b 500 µg/m3 500-250 µg/m3 c 100 µg/m3 80 µg/m3 
(daily average) (daily average) (annual arithmetic (annual geometric 

mean) mean) 

smoke b 500 µg/m3 250 µg/m3 100 µg/m3 80 µg/m3 
(daily average) (daily average) (annual arithmetic (annual geometric 

mean) mean) d 

a The Committee specifically urged that this table should not be considered independently of the 
accompanying text (see below, Evaluation). 

b British Standard Practice (34). Values for sulfur dioxides and suspended particulates apply only 
in conjunction with each other. They may have to be adjusted when translated into terms of results obtained 
by other procedures. ' 

c These values represent the differences of opinions within the Committee. 
d Based on high-volume s~mplers. 

pollution. Similar studies should be performed in 
other countries, for it may well be that such reac
tions will, in the future, be the critical effects on 
which criteria for the protection of public health will 
be based. Since " annoyance reactions " have a large 
cultural component, these limits may vary from 
country to country and should be determined on a 
local basis. 

Effects on vegetation 

Sensitive vegetation is severely damaged by sulfur 
dioxide .levels at the low end of the range of those 
known to cause deterioration in patients with pul
monary disease. This effect is due to the synergistic 
action of sulfur dioxide with low levels of ozone or 
nitrogen dioxide. Significant damage to plants of 
economic importance occurs. at levels well below 
those causing annoyance in man. 

Evaluation 

The Committee evaluated the studies discussed 
above, as well as other reports in the literature, and, 
drawing on their experience and judgement, identi
fied the levels associated with certain observed 
effects. It should be emphasized that most of these 
effects were associated with the presence of both 
suspended particulates and sulfur dioxide in tem
perate climates and at relatively low altitudes, where 
both pollutants occur simultaneously from the burn
ing of fossil fuel. The application of these results to 

higher altitudes or to other climatic conditions seems 
reasonable as a first approximation. It is important, 
however, that further studies be done under such 
conditions to determine whether these criteria 
actually do apply, particularly in areas with high 
natural dust levels associated with low sulfur oxide 
concentrations, or whether they need to be adapted 
to local geographic and/or demographic characteris
tics. 

In interpreting the data given below and in 
Table 1, one must bear in mind that a numerical 
value associated with a given effect does not mean 
that all exposed individuals will be thus affected. 
There is no valid information available that permits 
precise quantification of this risk. Usually, the pro
portion of the population that may be expected to be 
affected is small. The values simply indicate that 
effects were reported and that the number of those 
affected was large enough to be statistically different 
from the number affected in control groups. 

An excess mortality in the general population has 
been noted when the levels of suspended particulates 
and sulfur oxides have both exceeded 500 µg/m3 for 
24 hours. This increase has been observed largely in 
the susceptible groups of the population-namely, 
those with cardiac or pulmonary disease. These 
levels have also been associated with increased hos
pital admissions. 

In the following discussion of morbidity changes 
due to pollution, it must be emphasized that mor
bidity represents a spectrum of effects ranging from 
functional change to. the development of chronic 
disease. 
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From studies of the daily variations in the re
ported condition of bronchitic patients, aggravation 
appears to be associated with pollutant levels of 
500 µg of sulfur dioxide per m3 and 250 µ.g of smoke 
per m3, occurring together over 24 hours. According 
to unpublished preliminary findings reported to the 
Committee from India and the USA, persons with 
respiratory disease may exhibit increased symptoms 
when the levels of sulfur dioxide and particulates 
both reach 250 µ.g/m3 (particulates measured by 
high-volume samplers). Higher frequencies of upper 
respiratory symptoms, increased prevalence of lower 
respiratory tract disease, and lower levels of pulmo
nary function may be found in children living in 
areas where the annual average levels for smoke and 
sulfur oxides are both above 100 µg/m 3

• 

The visual range, sometimes called visibility, is 
reduced by air pollutants. Such changes occur when 
sulfur oxide and particulate concentrations are in 
excess of 100 µg/m3 in the presence of a relative 
humidity of 50 % or greater and warm ambient 
temperature. One survey indicated that in areas 
where the annual geometric mean level of total 
suspended particulates was 80 µg/m3 30 % of persons 
reported awareness of reduced visibility and 10 % 
reported annoyance. Similarly, 20 % of people living 
in areas where the average level was 120 µg/m3 also 
reported annoyance. The Committee recognized that 
in the future annoyance may become a critical issue. 

The above-mentioned levels of suspended parti
culates and sulfur oxides at which effects appear may 
vary in different localities depending on the chemical 
and physical characteristics of these pollutants and 
the presence of other pollutants. More refined meth
ods for measuring and characterizing sulfur oxides 
together with suspended particulate matter-as well 
as other pollutants-are needed in addition to the 
procedures currently in use and should be developed. 

Different methods of measuring sulfur dioxide and 
suspended particulate matter have been used in the 
various studies on health effects, making comparison 
difficult. The results of the high-volume samples and 
the results from spot samples are a case in point. In 
the present report, concentrations of suspended par
ticulate matter are expressed in terms of the British 
Standard Method based on the soiling of filter 
paper (34) because it was used in several studies that 
have been considered by the Committee, but this 
does not imply that it should be accepted as the 
standard reference method. The Committee recom
mended that steps be taken to develop standard 
reference methods as soon as possible in order to 

facilitate comparison of the results obtained with the 
various techniques in use. 

CARBON MONOXIDE 

The principal source of carbon monoxide (CO) is 
vehicles powered by petrol engines. Industrial plants 
and other operations that result in incomplete com
bustion of carbonaceous fuels are also important 
sources. Other significant and often forgotten 
sources of the gas are cigarette smoke (mainstream 
smoke contains up to 4 % of CO) and domestic 
heating appliances which, if poorly flued, can pro
duce high and often lethal CO concentrations in
doors. 

Kinetics of the carbon monoxide haemoglobin reaction 

When inhaled, CO combines with haemoglobin, 
whose vital function is to transport oxygen. Since 
CO has an affinity for haemoglobin some 240 times 
that of oxygen, the prime result of this reversible 
combination is to decrease the capacity of the blood 
to transport oxygen from the lung to the tissues. 
Oxygen transport capacity is further reduced by the 
fact that the presence of CO in the blood impairs the 
dissociation of oxyhaemoglobin. 

The relationship between the concentrations of 
carboxyhaemoglobin (COHb) and oxyhaemoglobin 
in the blood and air can be derived from the 
Haldane equation, using the constants obtained by 
Forbes et al. (36). In practice, carboxyhaemoglobin 
concentrations in the blood depend on the CO 
concentrations in the air breathed, duration of expo
sure, and pulmonary ventilation, which in turn is 
determined largely by the activity of the subject. 
When the concentration of CO in the ambient air is 
below that which would be in equilibrium with the 
blood, the subject of course exhales CO. Similarly, in 
a person absorbing CO, the time required to reach a 
given level will also depend on the initial concentra
tion in the blood. About 3 hours are needed at rest 
for the COHb to reach 50% of the equilibrium 
value, but the rate of elimination is increased by 
exercise and by raising the partial pressure of oxygen 
of the inspired air. Table 2 indicates the relationships 
between selected ambient concentrations of CO, 
time of exposure, and blood levels. The assumption 
is made that initial CO saturation is virtually zero or 
" basal " and that the subject is engaged in light 
activity. 
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I 
Table 2. Relationship between ambient CO 
concentrations, exposure time, and levels of 

carboxyhaemoglobin a 

Ambient CO Carboxyhaemoglobin level (%) at 

mg/m3 ppm 1 hour 8 hours equilibrium 

117 100 3.6 · 12.9 16.0 

70 60 2.5 8.7 10.0 

35 30 1.3 4.0 5.0 

23 20 0.8 2.8 3.3 

12 10 0.4 1.4 1.7 

· a Assumes an average individual engaging in light. activity 
and with an initial "basal "value. 

In any discussion of the relevance of CO as an air 
pollutant, note must be taken of the fact that the gas 
is naturally present in the blood in concentrations up 
to • 0.8 % of carboxyhaemoglobin as a result of 
catabolic processes (37, 38) and is often present in 
high concentrations in the blood of smokers who 
inhale tobacco smoke. Lawther & Commins (39) and 
Goldsmith (40) have discussed the influence of air 
pollution and cigarette smoking on blood carboxy
haemoglobin levels. CO concentrations of over 15 % 
saturation have been found in smokers. It is impor
tant to realize that exposure to CO in the air does 
not necessarily raise the level in the blood. For 
example, continuous exposure to 25 ppm of CO will 
eventually result in 4 % saturation, irrespective of the 
initial concentration in the blood: a person with an 
initial saturation of less than 4 % will absorb the gas, 
while a smoker with an initial saturation greater 
than 4 % will excrete it until he has reached equilib
rium at 4 %, provided he does not continue smoking. 

Effects on man 

Effects on psychomotor function 

The biological effects of CO were intensively 
reviewed at a meeting held under the auspices of the 
New York Academy of Sciences (41). Many subtle 
b1ochemical effects were discussed, but for the pur
poses of the present discussion it is sufficient to 
consider the acute and chronic effects that may be 
due simply to the relative hypoxia caused by the gas. 

Early . work was concerned with the forensic 
aspects of exposure to CO and with the definition of 
its toxic effects in industrial situations. It has been 
established conclusively that 20 % carboxyhaemo-

globin saturation levels may cause symptoms and 
impair performance. In general, symptoms such as 
lassitude and headache are not reported until satura
tions are considerably in excess of 10 % (42). 
Headache and impaired coordination, for example, 
have been noted with concentrations exceeding 10 % 
saturation (43). Ih addition, considerable attention 
has been given to the possible relevance of carboxy
haemoglobin concentrations too low to cause symp
toms. McFarland et al. (44) showed that visual 
threshold at low levels of illumination was increased 
at 5 % saturation. Later work by Schulte (45) and 
Beard & Wertheim (46) reportedly demonstrated 
impairment of perception and performance at 
these levels. These studies, although widely quoted, 
were marred by technical defects in experimen
tal method. Bender et al. (47), using a single
blind technique, exposed volunteers to either 
100 ppm of CO or ambient air for 21h hours, 
followed by a battery of psychological tests. At a 
saturation of 7.2 % a significant decrease was 
claimed in visual perception, manual dexterity, and 
the ability to learn and perform certain " intellec
tual" tasks. Guest et al. (48), using a double-blind 
technique, studied critical flicker fusion and auditory 
flutter fusion thresholds after the administration of 
500 ppm of CO for 1 hour (or 8 % saturation) to 
20 volunteers and found no effect, although these 
thresholds were increased by 60 mg of phenobarbital 
alone. Stewart et al. (43) investigated the effects of 
various levels of carboxyhaemoglobin on many per
formance and perception tests and demonstrated 
that values of 15-20 % saturation were associated 
with headache and impairment of manual coordina
tion. Studies by Rosko (49) have shown that visual 
evoked responses are modified when carboxyhaemo
globin levels exceed 20% but that spontaneous EEG 
activity remains unaffected until saturation ap
proaches 33 %. 

In assessing the significance of these tests of 
psychomotor function, one must remember that it is 
unwise to consider CO in isolation. Concentrations 
too I.ow to yield measurable results when adminis
tered alone may in future studies be shown to exert 
effects on subjects who have previously taken alco
hol, sedatives, antihistamines, or hypotensive drugs. 

Effects on cardiovascular system 

The effects of CO on the cardiovascular system 
and on the oxygenation of tissues other than those of 
the central nervous system may be important. Che
valier et al. (50) studied the reactions of healthy 
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nonsmokers to CO and demonstrated an increase in 
oxygen debt with exercise at saturations of 
about 4 %. Decreased arterial and mixed venous P02 

in men with about 9 % carboxyhaemoglobin satura
tion levels has been reported by Ayres et al. (51, 52), 
who claim that this might explain cardiac changes 
and the observed increase in oxygen debt. Ayres et 
al. (53) found that coronary arteriovenous oxygen 
differences were uniformly increased and coronary 
artery blood flow was accelerated when carboxy
haemoglobin was raised to 5-10 % saturation; in addi
tion, significant myocardial changes were seen in 
patients with carboxyhaemoglobin above 6 % satura
tion. Obviously, the general population contains 
patients with already impaired myocardial function 
to whom a lowering of oxygen saturation would be 
harmful. Extrapolation on a quantitative basis is 
difficult but, in view of these acute effects, it must be 
conceded that there are patients with many dis
eases who obviously would not tolerate any further 
hypoxia. 

Thus far, there has been no discussion of the 
possible role of CO in the genesis of disease, as 
opposed to the exacerbation of existing illness or 
impaired function. The work of Astrup et al. (54) on 
rabbits may be of great importance in clarifying the 
etiology of some cardiovascular diseases. These 
investigators found an increased incidence of athe
roma in cholesterol-fed rabbits that were also ex
posed to CO, and the changes produced in the vessel 
walls led them to suggest that the observed relation
ship between cardiovascular disease and cigarette 
smoking may well be explained in terms of chronic 
or repeated exposure to CO. Subsequent to these 
animal studies, an examination of 1000 factory 
workers chosen at random in Copenhagen (55) 
disclosed a clear relationship between high carboxy
haemoglobin concentrations after smoking and the 
occurrence of arteriosclerotic disease. 

Effects on vegetation 

CO has no adverse effects upon vegetation at the 
concentrations usually measured. 

Evaluation 

While it is generally agreed that individuals should 
be protected against continuous carboxyhaemo
globin levels of approximately 4 % or over, the 
formulation of an air quality guide is fraught with 
difficulties. Many members of the population al
ready have blood levels in excess of 4 % as a result of 

Table 3. CO concentrations required to reach 4% 
carboxyhaemoglobin levels a 

Ambient CO b 

(mg/m3 ) 

29 

35 

117 

(ppm) 

25 

30 

100 

Time 

(hours) 

24 

8 

a The Committee specificaliy urged that this table should not be 
considered independently of the accompanying text (see above, 
Evaluation). 

b Light activity at sea level with initial " basal " values is 
assumed. Above 4 % carboxyhaemoglobin levels, there may be 
increased risk for patients with cardiovascular disease. 

smoking. Other smokers have concentrations 
under 4 % but could reach this saturation level on 
relatively brief exposure. Since equilibration at 4 % 
would be produced by constant inhalation of 
25 ppm, this concentration is obviously undesirable. 
Usually, however, there are marked spatial and 
temporal variations in CO concentration and, as has 
already been stated, time is needed to reach equilib
rium if the initial blood CO is low. Table 3 lists 
3 levels of ambient CO and the time required for the 
blood to reach 4 % saturation. A saturation level 
of 4 % has been selected since levels above this 
appear to increase the risk for patients with cardio
vascular disease. 

It can be seen that the time required to reach 
equilibrium depends to a large extent on whether the 
subject has acquired CO from smoking or other 
sources before his exposure to ambient air. Whether 
susceptible persons or smokers are the proper sub
jects for protection is difficult to decide. One is 
confronted by a similar dilemma when defining the 
fraction of the population that must receive absolute 
protection at all costs, for it is obvious that in any 
urban community there will be some patients in 
extremis to whom any stress will prove ultimately 
intolerable. 

PHOTOCHEMICAL OXIDANTS 

The oxidizing type of air pollution is found in 
many urban areas. It results from the chemical 
combination of reactive hydrocarbons with nitrogen 
oxides in the sunlight, producing ozone, peroxyacyl 
nitrates, aldehydes, and other complex chemical 
compounds. The hydrocarbons originate primarily 
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in petrol and motor vehicle exhaust, while the 
nitrogen oxides are emitted not only from motor 
vehicles but from stationary combustion sources as 
well. The photochemical oxidants considered are 
ozone (03), peroxyacyl nitrates (PAN), and other 
oxidizing products of the complex atmospheric reac
tion that are measured by various methods but 
expressed as 0 3• As with other pollutants, epidemio
logical methods are usually needed to determine 
whether photochemical oxidants, in the concentri:l.
tions that occur in communities, have any adverse 
effects on human health. 

Effects on man 

Acute effects: mortality 

No causal association was demonstrated in studies 
in Los Angeles between: increased mortality and 
"alert days " when oxidant levels ranged from 0.50 
to 0.90 ppm (79). 

Acute effects on respiratory system 

A statistically significant association was demon
strated between asthmatic attacks and days on which 
oxidant levels were above 500 µg/m3 (0.25 ppm), but 
no such association could be detected for days with 
mean levels of 260 µg/m3 (0.13 ppm) (56). The 
number of persons who had attacks on days on 
which plant damage occurred at official monitoring 
stations was significantly greater than on other days. 
There was no significant correlation between the 
number of persons affected and levels of carbon 
monoxide and particulates. 

Persons with chronic pulmonary disease were 
found by Motley et al. (57) to have a decrease in 
pulmonary function when exposed to photochemical 
smog. The measured oxidant levels were in the range 
of 390-1370 µg/m3 (0.2-0.7 ppm). An improvement 
in pulmonary function was obtained when filtered 
air was administered, but function again decreased 
upon re-exposure to unfiltered air. In a similar study, 
Rokaw & Massey (58) found that exposure of such 
individuals to an oxidant level of 120 µg/m3 

(0.06 ppm) produced no further impairment of pul
monary function. 

Schoettlin (59) studied males over 60 in the Los 
Angeles area. Half of the study population had 
chronic respiratory disease and were matched by age 
and smoking categories with control males. It was 
found that in the respiratory disease group 11 % of 
the variation in symptoms (cough, sputum, shortness 
of breath, wheezing) could be accounted for by the 

variation in mean oxidant levels, while 17 % could be 
explained by the variation in maximum oxidant. In 
the controls, these values were 8 % and 4 % respec
tively. When the amount of oxidant precursors was 
determined by passing the ambient air through an 
irradiation chamber, 30 % of the variation in symp
toms could be explained by this parameter as com• 
pared with 4 % for the controls. The threshold 
oxidant levels for the above associations ranged 
from 60 to 1350 µg/m 3 (0.03-0.69 ppm). 

Three other studies failed to demonstrate any 
effects of oxidants on health (60, 61, 62). These 
negative results may be valid, but it is also possible 
that they may have been due to the insensitivity of 
the tests, inadequate sample size, and the limited 
range of relatively low oxidant levels studied. 

Athletic performance 

The effects of oxidants on athletic performance 
were investigated by Wayne et al. (63), who com
pared the change in running times of long-distance 
runners over their previous competition times in the 
Los Angeles area. They found that if during the hour 
before the event the oxidant level was above 
200 µg/m3 (0.1 ppm) a significant number of the 
runners had increased running times, that is, poorer 
results, whereas the oxidant values 3 or 2 hours 
before the competition, or during the event, had no 
such association. Other air pollutants, such as oxides 
of nitrogen, carbon monoxide, and suspended parti
culates, were also measured but did not show any 
association with decreased performance at the levels 
recorded. 

Smith (80) studied the effect of PAN on oxygen 
consumption in 32 male college students at rest and 
during a 5-minute exercise on a bicycle ergometer. 
Only one level of PAN was used, 1480 µg/m3 

(0.3 ppm), which is rather high compared with the 
usual ambient levels; the workload was 900 kg/m2 , 

per min. He found that oxygen uptake was increased 
over the control value at work but not at rest. 

Annoyance 

The acute effects of the oxidizing type of air 
pollution are well known to anyone who has been 
exposed to photochemical oxidants. Eye, nose, and 
throat irritation is evident. Reasonably precise dose
response curves have been developed for eye irrita
tion (64) but attempts to establish curves for the 
other symptoms have not been very successful, per
haps because of the complex nature of this type of 
pollution and its mechanism of action. 



CRITERIA AND GUIDES 45 

Chronic effects on man 

Although acute changes in concentration have 
been shown to affect man, the association of chronic 
respiratory disease with oxidant levels has yet to be 
demonstrated. 

Experimental studies 

In laboratory studies based on human subjects, 
the inhalation of ozone at a concentration of 
1180-1570 (.Lg/m3 (0.6-0.8 ppm) for 2 hours has 
produced a decrease in diffusing capacity for CO, 
decreased dynamic compliance, decreased vital capa
city and decreased FEV0 . 75 (see p. 38), as com
pared with pre-exposure values (65, 66). 

Animal experiments in which several species were 
pre-exposed to ozone in concentrations that occur in 
ambient air (160 µ.g/m 3

, i.e., 0.08 ppm or above) 
have shown that such exposure enhances the suscep
tibility of the animals to infective aerosols (67, 68). 

Although such effects have not been reported in 
human beings, they should be taken into account in 
establishing guides, since the basic mechanisms 
affected by ozone and possibly the other oxidant 
gases are common to all mammalian species. 

Whether human beings are capable of developing 
tolerance to ozone, as has been reported in ani
mals (69), is not known. In this connexion, however, 
a distinction needs to be made between acute and 
chronic effects. Recent evidence suggests that toler
ance to ozone in laboratory animals may be chiefly 
instrumental in preventing death from acute pul
monary redema, whereas the subtle alterations of 
pulmonary defence as well as the occurrence of 
chronic lesions from low-level exposure over long 
periods of time are unaffected by tolerance (70). 
Since these are the changes that may be expected 
from exposure to ambient levels of oxidant, it would 
be unwise at this point to rely on the tolerance 
mechanism for human protection. 

Effects on vegetation 

Sensitive vegetation is damaged at levels below 
those known to cause annoyance and eye irritation, 
but over longer exposure times. 

Evaluation 

Table 4 presents the Expert Committee's judge
ment concerning the levels associated with various 
effects on human beings that are appropriate for use 
as air quality guides. 

Table 4. Expected health effects of photochemical 
oxidants on vulnerable groups a 

Increased Increased Pulmonary Annoyance and 
mortality asthmatic dysfunction eye irritation attacks 

Not 250 µg/m3 b 200 µg/m 3 200 µg/m3 
reported to 1 hour 1 hour 1 hour 
date 

a The Committee specifically urged that this table should not 
be considered independently of the accompanying text. 

b Oxidant as measured by neutral buffered Kl method and 
expressed as ozone. 

NITROGEN DIOXIDE 

Nitrogen dioxide (N02) and nitric oxide (NO) are 
often referred to collectively as nitrogen oxides, or 
NOx. NO is emitted by both motor vehicles and 
stationary combustion sources, while N02 originates 
in chemical and nitration industries and occurs in 
conjunction with the photochemical oxidant process. 
Most studies on the effects of the oxides of nitrogen 
have focused on N02, as the activity of NO is not yet 
well defined. Future studies may well reveal that it is 
more important than N02• 

It should be emphasized that N02 may have 
distinct biological effects apart from those associated 
with the photochemical pollution complex. The gas 
can exist as a primary pollutant in areas unaffected 
by photochemical oxidant pollution and should 
therefore be considered as a discrete pollutant re
quiring independent criteria and guides. 

Effects on man 

A study of second-grade (6-8 years of age) school
children in Chattanooga, TN, USA, comparing 2 
" low " control areas and 2 " high " pollution areas 
(one for N02 and one for suspended particulates) 
showed that the reported FEV0 . 75 values were signifi
cantly higher in the control areas than in the " high " 
N02 area. The levels of suspended particulates and 
SO. did not seem to account for the health effects. 
An~ther finding was that the incidence of acute 
respiratory illness in the schoolchildren, their sib
lings, and their parents was significantly greater in 
the "high" N02 area (71, 72, 73). This area also 
had an increased occurrence of lower respiratory 
tract infections in the sample of neonates who had 
been exposed 2-3 years; those exposed one year or 
less did not show such an increase. 
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The average N02 level of 190 µg/m 3 (0.10 ppm) in 
the " high " area was exceeded on 40 %, 18 %, and 
9 % of the days respectively at the three monitoring 
stations; in the control areas this level was exceeded 
on 17 % of the days at only one station. 

Experimental studies 

Exposures of selected animal species to the levels 
of N02 occurring in. ambient air have been followed 
by cellular alterations and changes in . structural 
elements in the lungs as well as increased mortality 
from infectious aerosols (74, 75, 76, 77, 78). 

Evaluation 

The published data on the effects of nitrogen 
oxides on.human health are limited. While biological 
activity in animals and plants at low concentrations 
has been demonstrated, the Committee believed that 
there is insufficient information upon which. to base 
specific air quality guides at this time. 

ADMINISTRATIVE USE OF 
AIR QUALITY CRITERIA 

AND GUIDES 

Basic concepts 

The relationship between human disease and 
exposure to pollution is neither simple nor fully 
understood. Death and disease represent only the 
extreme end of a whole spectrum of responses 
(Fig. 1). Further, some groups within the population 
may be especially sensitive to environmental factors, 
particularly the very young, the very old, those 
afflicted with disease, and those exposed to other 
toxic materials or stresses. 

When using air quality criteria and guides to 
evaluate risks and set standards, one should ideally 
have available a complete set of dose-response 
curv~s for the different air pollutants, for different 
effects, and for the different types · of populations 
exposed. This requirement, however, has not yet 
been satisfied for any single substance, and it is even 
further from being met for combinations of sub
stances often found in the ambient air. 

Despite this drawback, the Committee did agree 
that certain levels of air pollutants, in their best 
judgement, were associated with adverse effects on 

Fig. 1. Schematic spectrum of biological response to 
pollutant exposure a 
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1 
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Effects 

___ J 
I 
f 

----- Proportion of PopulatiOn Affect~d ___ ___.._ 

a Based on a diagram in United States Congress 
Document No. 92-241, 1972. 

heatth. Owing to the uncertainty of the dose-re
sponse relationships, the use of a. safety factor is 
prudent even when standards are derived from air 
quality guides. The magnitude of such a safety factor 
will depend upon many consider.:ttions. These may 
be political considerations with the main emphasis 
on cost-benefit analysis; they may be .related to. the 
significance and reliability of the data, including 
whether the experimental evidence was obtained 
from animals or human beings; or they may depend 
on the specific effect against which protection is 
sought-mortality or some lesser effect. 

Such standards may vary from country to country 
and within a country over the course of time. The 
development of national air pollution s.tandards a 
should include both standards to be met in a few 
years and long-term goals. In some countries in the 
immediate future, it may be necessary to base stan
dards on tolerable levels, with intermediate goals of 
preventing illness and death in susceptible subgroups 
of the population. Certainly, the long-term goal 
should be to protect .against all effects relevant to 
human health, including somatic and genetic change, 

a Standards of environmental quality are guides that.have 
been adopted by governments and other competent authori
ties and therefore have legal force. In some contexts, 
however standards may i.nclude recommendations that need 
not be 'rigidly enforced (WHO Technical Report Series, 
No. 439, 1970, p. 37). 
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Fig. 2. Schematic representation of degree of health 
protection as a function of cost of air pollution control 
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and a safety factor should be adopted to ensure such 
protection. This means that pollutant levels should 
be as low as possible and the number of persons 
exposed as small as possible. It should be pointed 
out, however, that the concept of a standard to 
protect the population from significant harm is a 
statistical one, necessarily based on an aggregate of 
individual cases of significant harm. Obviously, the 
adoption of such a standard may not confer such 
protection on every individual. 

Health protection and air pollution control costs 

Fig. 2 is a schematic diagram presenting several of 
the principal factors in the decision-making process 
concerning air pollution control. It indicates that the 
degree of health protection attained is a function of 
pollution control costs. The minimum acceptable 
level of health protection is, at the very least, that 
level necessary to protect from death; and, as stated 
above, the intermediate standards adopted for air 
pollution control should certainly protect from ill
ness as well. 

The degree of health protection to be selected 
above the minimum acceptable level is a matter for 
political decision. The appropriate authorities must 
decide on the level of health protection desirable for 
their society. Increments of health pro,ection above 
the minimum acceptable level are generally pur
chased at ever-increasing increments in control costs. 
Furthermore, the costs of the control programme are 
directly related to the deadline by which it is to be 
operational; for example, it is more expensive to 

achieve the desired goals in 3 years than in 10 years. 
The zone in which increased health protection (bene
fit) is obtained at increasing control costs (the cross
hatched area in Fig. 2) is also the region of social 
decision-making. The level of protection desired 
must of course take into account the existing air 
pollution effects, but other considerations are also 
important, including general social, cultural, and 
economic factors, as well as the magnitude of other 
health problems. 

Another issue faces environmental administrators 
responsible for making recommendations for the 
control of sulfur oxides and suspended particulates: 
the ratio between these pollutants varies from coun
try to country, and there is no information docu
menting equivalent effects for the various concentra
tions of the two pollutants. 

Relationship between standards with different 
averaging times 

In this report, effects are described as related to 
pollutant concentrations measured over short 
periods and over longer periods, indicating that 
different exposure times may be associated with 
different effects. This raises a problem for the air 
pollution control agency, for it must be sure that the 
air quality standards adopted will protect from the 
effects of both short-time and long-time exposures. 
To solve this problem one must know, for example, 
the relationship between the annual mean 24-hour 
value and the daily 24-hour values. If the effects 
against which protection is sought are known to be 
produced by exposure for 24 hours or less, then any 
control measure stipulating an annual mean 24-hour 
value must take note of the variations expected and 
state the number of days per year on which the 
specified concentrations may be reached. Similarly, 
if the undesirable effect is caused by exposure to the 
annual mean 24-hour value, then the stipulated 24-
hour value must make allowance for the expected 
variations so that the annual mean is not exceeded. 
Further study of this question would be desirable. 

The development of national air quality standards 
requires that work on air quality guides be con
cerned not merely with tolerable levels of pollutants 
but with desirable air quality as well. Although in 
the immediate future it may be necessary to base 
standards on tolerable levels, the long-term goal 
should be to achieve a desired air quality. Man 
should be able not only to survive but also to enjoy 
life. 
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Table 5. Recommended long-term goals a 

Pollutant and measurement method 

Sulfur oxides b - British Standard Procedure c 

Suspended particulates b - British Standard 
Procedure c 

Carbon monoxide - nondispersive infrared c 

Photochemical - oxidant as measured by neutral 
buffered Kl method expressed as ozone 

annual mean 
98 % of observations a below 

annual mean 
98 % of observations a below' 

8-hour average 
1 hour maximum 

8-hour average 
1-hour maximum 

Limiting level 

60 µ,g/m3 
200 µ,g/m3 

40 µg/m• 
120 µ,g/m• 

10 mg/m3 
40 mg/m3 

60 µ,g/m3 
1~0 µ,g/m3 

a The Committee specifically urged that this table should not be considered independently of the 
accompanying text (see below, Long-term goals). 

, b Values for sulfur oxides and suspended particulates apply only in conjunction with one another. 
c Methods are not those necessarily recommended but indicate those on which,these units have been 

based. Where other methods are used an appropriate adjustment may be necessary. 
a The permissible 2 % of observations over this limit may not fall on consecutive days. 

SELECTION OF SHORT-TERM 
AND LONG-TERM GOALS 

Short-term goals 

The terms of reference for the Committee were 
primarily to formulate air quality criteria and guides 
for some urban air pollutants. These data have been 
presented in the preceding sections and may be used 
by countries wishing to set air quality standards. The 
general philosophy for the interpretation of air 
quality criteria and guides with a view to developing 
standards has been discussed on pp. 46-47, and it 
has been stressed that standards, particularly those 
chosen as short-term goals, may evolve differently in 
different countries depending on the exposure condi
tions, the socioeconomic situation, and the impor
tance of other health problems. On the basis of 
present knowledge, the Committee felt that it could 
only make the general statement that severe effects 
are obviously to be avoided. 

Long-term goals 

The situation is somewhat different for long-term 
goals. Without giving priority to the adverse effects 
of air pollutants over other health problems, the opin
ion of the Committee was that exposure to the air 
pollutants discussed in the report should be kept as 
low as possible, as the subthreshold levels are not 
well defined at present and probably will not be 
defined with any great degree of certainty for a long 
time to come. 

Since knowledge concerning the health effects or 
the pollutants discussed above decreases sharply as 
their concentrations drop, any forecast of the pos
sible effects of levels below those given in the 
preceding sections must necessarily be speculative. 
Drawing on the information available, however, it is 
possible to set a level between these concentrations 
and the natural background level that the Commit
tee would like to see adopted as an ultimate goal, 
with the hope that this intermediate level would be 
unlikely to produce any ill effects at all. Taking into 
consideration all the evidence available to it, the 
Committee reached the consensus that, in the light 
of present knowledge, a number of recommenda
tions could be offered as long-term goals intended to 
prevent undesirable effects from the air pollutants 
under discussion (Table 5). It emphasized, however, 
that these are tentative recommendations subject to 
change as and when, more data on dose-response 
relationships within different populations become 
available. 

RECOMMENDATIONS 

Among the recommendations made by the Com
mittee the, following are of general importance in 
relation to air quality management. 

(1) Governments should establish and keep under 
review national air quality standards as part of their 
programmes for air pollution control. The air qua
lity standards should aim primarily at the protectipn 
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of health; in the Committee's opinion, the levels of 
air pollutants and the corresponding effects dis
cussed in the present report may provide useful 
guidance toward the attainment of this objective. 

(2) Long-term goals along the lines of those sug
gested in Table 5 should also be set, and the progress 
made towards achieving them should be periodically 
reviewed in the context of socioeconomic develop
ment and other public health problems. 

(3) In establishing air quality standards, in addi
tion to health effects governments should give con
sideration to the impact on climate, vegetation, 
animal life, and materials, as well as on the aesthetic 
quality of the environment. These effects have signi
ficant social, cultural, and economic implications, 
and are sometimes more sensitive indicators of air 
quality than are the effects on health. 

(4) In addition to stating the concentration limit 
for the pollutant, air quality standards should speci
fy methods of measurement, the average time over 
which concentrations should be measured, and the 
frequency with which the limit may be exceeded. A 
detailed plan for the implementation of standards 
should be developed at the same time, including 
appropriate monitoring schemes to permit assess
ment of the exposure of the population. 

(5) In view of the inadequacy of presently avail
able data, more studies should be performed on 
specific populations subject to comparatively high or 
low exposure to pollutants, using comparable study 
design~ and uniform methods for measuring pollu
tant levels and biological response. It is also recom
mended that WHO stimulate international coopera
tive research in those parts of the world where 
unusual air pollution patterns now exist and assist 
Member Countries in conducting epidemiological 
studies to obtain comparable data on the health 
effects of air pollutants. 

(6) Further experimental work should be con
ducted on human volunteers and animals in order to 
clarify the mechanism of action of environmental 
pollutants and to develop new and more reliable 
indices for use in epidemiological studies. 
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INTRODUCTION 

The concept of ambient air quality standards is an 
essential part of the so-called air resource manage
ment or air quality management approach to air 
pollution control. This approach stems principally 
from the Federal Republic of Germany, the USA, 
and the USSR. The idea of air resource management 
was clearly expressed for the first time in the 
American Clean Air Act of December 1963, and its 
first application was in the establishment of ambient 
air quality standards by the state of California (]). In 
the Federal Republic of Germany an important step 
forward was made in 1964 by the issue of the 
Technische Anleitung zur Reinhaltung der Luft [Tech
nical guide to air quality control] (2), in which 
ambient air quality standards for 5 pollutants were 
established ai1d precise rules for the application of 
these standards specified. In 1964, Stern (3) referred 
to USSR standards and subsequently, in 1967, a 
technical regulation for air quality management was 
issued in the USSR (77). This regulation is in close 
agreement with the German technical guide. The 
United States Air Quality Act of 1967 (4) stressed the 
importance of detailed implementation plans. 
Unfortunately, much was said about deadlines and 

a State Office for Air Pollution Control and Soil Pro
tection, Essen-Bredeney, Federal Republic of Germany. 
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little about concrete measures of implementation. As 
a result of criticism (see, in particular, Sussmann (5)) 
a new concept in air pollution strategy-namely, 
emission standards based on the best available con
trol technology, was incorporated into the 1967 Act 
by the Clean Air Amendments of 1970 (6). 

In the German technical guide emission as well as 
ambient air quality standards are defined. In addi
tion, however, unlike the American legislation, the 
German regulations contain strict rules for the 
granting of permits for each individual new plant, 
and these rules are so framed that they can be 
applied in an objective manner. This means that no 
plant may be set up if the existing ambient air 
pollution already exceeds the standard; if it does 
not, restrictions for the new plant are evaluated from 
the difference bet,veen the existing air pollution level 
and the ambie2.t air quality standard. Emission 
standards in the sense of " best practicable means " 
are applied in any case. 

Several conclusions can be drawn from experience 
,vith these various pieces of legislation and can very 
suitably serve as an introduction to the definition of 
ambient air quality standards and the application of 
such standards in air management programmes. 

(1) Vague reco!l',mendations, which are often dis
guised as " goals", are of doubtful value in a field 
where individual freedom, especially in the sense of 

51-
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economic free enterprise, has to be restricted by 
measures for environmental protection. A stringent 
system with a sound underlying philosophy is the 
method of choice in most cases. 

(2) It is more effective to concentrate on future 
sources of emission, for example, in connexion with 
land use planning, than to attempt to control exist
ing sources, where economic and other restrictions 
hinder the application of comprehensive measures. It 
must be borne in mind that on account of obso
lescence and renewal in industry, the position with 
regard to air pollution often tends to improve, al
though the rate of improvement may be slow. 

(3) All measures for active air resource manage
ment must be objective, i.e., all persons responsible 
for the application of management measures should 
be able to reach the same conclusions, given the 
same input of data. On the other hand, the system 
should also be clearly understandable so that, for 
example, the designer of a new plant can take 
measures for controlling air pollution into consider
ation along with all the other design factors such as 
the number of workers available, road and rail 
connexions, and the supply of energy. 

(4) All air management activities must be capable 
of diminishing the adverse effect. of air pollution. 
The usual basis for action is to estimate by means of 
diffusion formulae the pollution that will be caused 
by any proposed emitter, and then to consider the 
sum of this level and existing levels of pollution in 
relation to the ambient air quality standards. These 
standards are therefore the key to whatever action 
has to be taken and they must be established with 
very great care. 

(5) In addition to the application of air quality 
management to individual emitters, measures to 
control emissions from motor traffic and area 
sources such as domestic heating are also needed. 
Ambient air quality standards will again be the basis 
of judgement in these cases. 

(6) All measures to be taken under an air resource 
management programme must be realistically related 
to.their feasibility. Exaggerated demands that cannot 
be carried out in practice cause a loss of prestige and 
bring the law into disrepute. · 

Starting from these principles, the remainder of 
this chapter contains a more detailed discussion of 
the methodology of defining ambient air quality 
standards and implementing them within air man
agement programmes. 

CONCEPTUAL BACKGROUND FOR 
THE APPLICATION OF AMBIENT 

AIR QUALITY STANDARDS 

In the past it has been emphasized that there are two 
different approaches to air pollution control-name
ly, the "best practicable means" and air manage
ment (7)-and that one or other approach should be 
followed. This view may have had its origin in the 
fact that the legislation in some countries is based on 
only one of these approaches; in the United Kingdom, 
for example, it is the "best practicable means" (8). 
According to Persson (9) and the report of a WHO 
Interregional Symposium on Air Quality Criteria 
and Air Quality Guides (10), the best strategy of air 
pollution control should combine both approaches. 
Applying only the best practicable means approach 
in. the sense of best available and economically 
feasible control technology does not necessarily 
guarantee satisfactory air quality. Fig. 1 shows. that 
even applying the best practicable means concept, 
sooner or later, depending on source, density, cli
mate, and topography, a situation may be reached 
where the air quality standards or any other safety 
level are exceeded (Fig. 1, point B). This point will, 
of course, be reached sooner when abatement tech
nology is less developed. At point B, at the latest, the 

Fig. 1. Application of "the best practicable means" 
approach to emission control • 

Fact~.rs leading to increased pollution (source density, climate, topography) 

• If this approach to emission control is used the 
air quality will vary with various area characteristics 
such as density of pollution sources, topography, and 
climate. In large urban areas and industrial agglomer
ations there is a risk that pollution levels will exceed 
air quality standards. For other a~eas it is possible to 
achieve higher air quality than that defined by the stan
dards. According to Persson (9). 
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concept of air quality management has to be brought 
into action; for example, the siting of new industry 
in the area must be prevented. 

According to Persson (9) the best programme 
combining the advantages of the two approaches of 
air pollution control strategy should include the 
following steps: 

(1) control of new stationary sources by a permit 
and/or registration system stipulating minimum con
trol requirements based on the " best practicable 
means" approach; 

(2) control of existing stationary sources within a 
fixed period of time, applying the same approach as 
that for new sources; 

(3) control of urban air pollution by adopting the 
air quality management approach. 

In the overcrowded countries of Europe the dis
tinction between " urban " and " non-urban " is 
tending to become blurred; each new industry of any 
size sited in a rural area is followed very soon by the 
development of residential areas in the vicinity. It 
should also be added that points 1 and 2 of the 
control strategy apply equally to the larger non
industrial emitters. 

The basis of action by the air quality management 
method is to avoid, at any time and in any place, 
pollution in excess of the established standards. The 
quantitative aspects of this statement are discussed 
later together with a review of the restrictions neces
sary for the practical realization of air pollution 
control. The question then arises, what means are 
available to reach this goal besides the application 
of the best practicable means, which is undertaken 
almost as a matter of routine whatever the existing 
ambient air pollution? The catalogue of measures 
that can be taken includes (see the introduction to 
this chapter) measures to deal with existing sources, 
projected sources about which immediate decisions 
must be made, and sources that may come into 
existence when long-term plans for an area are 
eventually realized. Measures to be taken may con
centrate on single sources at specific sites or may be 
applied in a collective manner to a whole region. 

Measures for correcting the effects of lack of 
control in the past may be initiated by complaints of 
damage supported by specific chemical or physical 
measurements, or they may stem from the results of 
general surveys of air pollution. Clearly, these survey 
systems must cover the areas concerned in sufficient 
detail (see, for example, references 11, 12, and 13). 

If pollution exceeds the air quality standards in 
any area it is in most cases impossible to prove that 
one or more specific sources are responsible. Even if 
this is possible, however, very often the only action 
that can be taken is to control these emissions by 
economically feasible technologies, or, in other 
words, by the best practicable means. If, on the 
other hand, pollution in a whole area, such as parts 
of the Ruhr in the Federal Republic of Germany, is 
in excess of the air quality standards the government 
can improve the situation by subsidizing abatement 
measures in those branches of industry that are 
causing the worst pollution or where the chances of 
success are greatest. This goes further than the best 
practicable means approach because with the aid of 
public funds the development of new control techno
logies is advanced or obsolete plants are replaced by 
new ones with modern abatement equipment (14). 

To make such a procedure as effective as possible 
a detailed systems analysis must first be made. This 
covers, besides air pollution surveys, emission inven
tories and the preparation of a prognosis for further 
industrial and control technology development. 
Larsen (15) and similarly Heller et al. (1) have 
proposed the following steps for an air management 
programme: 

(1) measurement and evaluation of ambient air 
pollutant concentrations; 

(2) calculation of the overall source reductions 
needed to achieve selected ambient air quality stan
dards; 

(3) measurement or estimation of emissions from 
each source type in an area; 

(4) decision about how much pollution each 
source type may be permitted to emit without ex
ceeding the selected ambient air standards; 

(5) selection or development of means to achieve 
the necessary emission reduction; 

(6) decision on the date after which each source 
type should be controlled; 

(7) setting of emission standards; 

(8) enforcement of emission standards; 

(9) continuing monitoring of sources and the 
ambient atmosphere to ensure that adequate air 
quality is being achieved. 

Points 7 and 8 in this list can be replaced by 
" enforcement of emission control by setting emis
sion standards and/or subsidizing appropriate gen-
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eral control activities ". The term " emission 1 stan
dard " is used here in the sense that the amount of 
pollutant emitted, expressed in proportion to a unit 
such as " total amount of effluent gas ", is limited. It 
therefore depends greatly on the available abatement 
technology and is, in general, independent of the 
ambient air pollution level and the total amount of 
effluent. 

The method of calculating the overall reduction in 
pollutant source strength needed to conform to the 
ambient air quality standards is simple. According to 
Larsen (15, 16), and Zimmer & Larsen (17) the 
following formula may be applied: 

R = 100 x gc - q ' 
gc-b' 

where R is the required percentage reduction, g is the 
expected growth factor up to some future year, c is 
the . present pollutant concentration, q is the air 
quality standard concentration, and b is the back
ground concentration. Schuenmann et al. (18) have 
shown how this reduction in relation to arbitrary 
chosen percentiles of a cumulative frequency distri
buti'on can be calculated by plotting the frequency 
distribution on log-probability paper. Latterly, more 
elaborate systems have been developed, stimulated 
by the philosophy of cost-benefit analysis and using 
the techniques of linear programming (19, 20, 21) 
and other mathematical methods (23). 

Air management by means of a permit system for 
new plants seems to be much simpler and more 
effective than attempting to improve an existing 
unsatisfactory situation. Since the required reduction 
of emission is determined by the well defined emis
sion figures of the new establishment and the gap 
between the existing ambient air pollution and the 
standard, it is a matter of calculation rather than 
subjective assessment. Furthermore, the calculated 
emission data may be entered in the permit licence 
and can be checked afterwards as often as necessary. 
In addition, the government is less subject to pres
sures arising from the economic. aspects of the 
problem and with respect to the burden of proof; 
much more of the work can be delegated to industry. 

Certain rules for the effective application of a 
permit system are very important. Lunche et al. (24) 
emphasised the need for consistency and uniformity 
in the treatment of all applicants. Each applicant, 
therefore, must submit the same data and informa
tion, follow the same procedures, use the same 
forms, and comply with the same rules and ordi
nances. A very useful by-product of a strict permit 

system is the compilation of an inventory of equip
ment and emissions of air contaminants. 

Air management measures extending well into the 
future are in most cases applied in conjunction with 
land use programmes. Two main questions have to 
be considered in this connexion. Munn & Bolin (25) 
have pointed out that the atmosphere has a very 
great, but nevertheless limited, capacity for diluting 
and destroying pollutants. If this capacity is reached, 
tall .stacks prescribed by a permit system to solve 
local problems are no longer of any use from the 
point of view of the region as a whole. Further 
industrialization in such a region should be stopped 
immediately. The question of chimney height as 
opposed to reduction of total emissions was dis
cussed extensively by Clark et al. (26). In this 
connexion it is interesting to note that the average 
height of a power plant chimney completed in 1960 
in the USA was 73 m and in 1969 183 m (27). 

A second question related to land use practice 
concerns the establishment of buffer zones between 
industrial and residential areas. A summary of pro
posals for buffer zones in relation to various types of 
industry was given by Dreyhaupt (27). Not much is 
known, however, about the methodology of defining 
these zones according to the size of the industrial 
region, the climatic conditions, etc. In the regulation 
for air pollution control for the USSR (77) the 
distribution pattern of wind direction is taken into 
account. 

The air quality standard to be chosen as the basis 
for considerations of buffer zones should be the 
frequency of sensory irritation by odour or noise 
that is· to be tolerated. Since information about 
future emissions is usually not closely defined, only a 
very rough means of taking them into account is 
justified in the earlier stages of planning. That 
means, for example, that it is sufficient to treat 
industrial zones as area sources when applying diffu
sion models. Clarenburg (78) has made comprehen
sive studies of the quantitative aspects of designing 
buffer zones so as to avoid complaints of unpleasant 
smells. His reports show that this problem can be 
dealt with, to some extent at least, without any 
knowledge of the source strength. 

A question often arises as to whether air quality 
standards should be uniform over a whole country 
or should differ from region to region. As early as 
1964, Stern (3) stated that the application of the 
zoning concept to ambient air quality standards 
appeared to be fundamentally unsound because of 
its social consequences. This opinion was also held 
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by Dreyhaupt (27). Later, in accordance with the 
United States Air Quality Act of 1967 the concept of 
air quality control regions was much emphasized 
(29, 30). Today in the USA, air quality standards are 
promulgated by the Administrator of the Environ
mental Protection Agency, and these standards apply 
to all states and to all regions of that country (6). 

It would also be desirable, on account of the 
strong economic pressures involved, for ambient air 
quality standards to be uniform for different coun
tries when all the factors on which a standard is 
based are the same. At present, industry can exert 
pressure on governments by threatening to move to 
neighbouring countries where the restrictions in 
respect of environmental protection are less severe. 

Finally, it should be mentioned that a fundamen
tal misunderstanding of air quality management 
appears to exist in some quarters (31). The aim of air 
quality management is to minimize emissions in an 
area while taking care that tolerable standards of air 
quality are nowhere exceeded; it is never the aim of 
management to allow pollution to creep up to a 
value just short of the limit throughout the region. 

DESCRIPTION OF AIR QUALITY 
FROM A STATISTICAL 

POINT OF VIEW 

Ambient air pollution concentration is a function 
of space, with the coordinates x and y, and of time, t, 
so that 

c = c (x, y, t), 

if a thirq spatial dimension, height, is neglected. A 
representation of this function as a " snapshot" at 
the time t0 and as a time function at the site (x0 , Ye) is 
given in Fig. 2. Since the people who are affected by 
air pollution can be assigned to certain specified 
sites, the time function aione, c = c (t), is discussed 
in the following paragraphs. 

The function has two characteristics. First, each 
curve, such as that in Fig. 2, is influenced by the 
resolution of the measuring equipment, which acts as 
a statistical filter. Data from different instruments are 
only comparable if the concentrations are first aver
aged over specific averaging times and then dealt 
with as single values. The selected averaging time 
depends on the instrument with the poorest resolu
tion. The difference between the real but unknown 
time function and the figures finally evaluated is 
dependent, naturally, on the source/site relationship. 

Fig. 2. Representation of ambient air pollution con
centration in space and time 
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In the vicinity of a single source very high peaks of 
concentration, so-called whiffs, may be expected, 
and these are smoothed out by any instrument 
(32, 33). On the other hand, the ratio P/M "" 1, 
where M is the mean concentration of a pollutant 
over a given hour and P the peak concentration 
measured over a few seconds within the hour, is used 
as a criterion for background concentration uninflu
enced by local sources (25). 

The second characteristic relates to the fact that 
the concentration values are not independent of each 
other, and this applies to variations in time as well as 
in space. Statistically, such functions are called 
stochastic processes, which may be described by the 
frequency distribution and by the autocovariance 
(acv): 

1 
acr (k) = ----

S - k - 1 

N-k 

\1 (ct - c) (Ct+ k - c), 
LJ 

i = 1 

or the autocorrelation (ar): 

acv (k) 
ar(k) = --- . 

acv (0) 

Here, k is used as a moving time lag and c is the 
arithmetic mean value over the whole time (33). 

By application of fixed time averaging, the 
ambient air pollution may be described solely by its 
frequency distribution. Further, provided that the 
frequency distribution is of the defined type, a set of 
parameters such as the logarithmic mean value and 
the logarithmic standard deviation is sufficient for its 
complete description (17, 35), Very often, the maxi-
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mum value is thought to have significant importance 
for evaluating a risk from air pollution (36). The 
maximum value, however, is defined only for whole 
and finite populations and not for statistical samples 
on which actual survey systems are often based. 
More exactly, the maximum value of a sample is a 
rather complicated function of sample size (37), so 
that a description of the distribution by use of 
statistics is mathematically more valuable than the 
maximum concentration (38). 

The assumption that air pollution concentrations 
follow a lognormal distribution cannot be taken to 
be correct in every case. This applies particularly to 
concentrations in the vicinity of single sources, 
which often fit quite different types of distribu
tion (39). It may, therefore, be appropriate to dis
regard the assumption of a specific distribution and 
instead describe the statistical population of air 
pollution data by its arithmetic mean, as one para
meter, and by a certain percentile, for example the 
95 % value of the cumulative frequency distribution, 
as a second parameter. Both parameters are of 
importance in a consideration of the effects of air 
pollution on health; they are independent of sample 
size and, if directly determined, also independent of 
the type of distribution. An algorism for an objec
tive interpolation of plotted cumulative frequency 
distributions is still lacking. This method should 
converge to a lognormal distribution if the appro
priate conditions hold true. Brasser et al. (40) have 
shown that percentiles give a realistic picture of air 
pollution. 

The comparison of statistical parameters based on 
different averaging times is more complicated. The 
arithmetic mean is the only one that is independent 
of sampling or averaging time. For the rest, several 
proposals have been made that depend on empirical 
results (17, 36, 38). The following equation describes 
the relationship between the standard geometric 
deviation SGD and the averaging or sampling 
time fs: 

In SGD = In K + u In ts, 

K and u in this equation are constants that differ 
from place to place and are characteristic of the 
site/source relationship. 

A more theoretical approach makes use of the 
autocorrelation of the time series. The result of such 
a calculation for a site in Dtisseldorf compared with 
directly evaluated values of the standard deviation 
for different averaging times is shown in Fig. 3 (41). 
It would be of very great interest to determine, in 
addition to the other statistical parameters, the 

Fig. 3. Standard deviation calculated directly and by 
means of the autocorrelation (41) 
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autocorrelation at selected sites. This function gives 
a precise description of the statistical behaviour of 
the air pollutant with _time. 

In defining air quality criteria and air quality 
standards one or at the most two parameters should 
be used. This conclusion agrees with Stern's recom
mendation (3) that these standards should be defined 
in as simple terms as possible. A further step is the 
development of combined pollution indices. These 
may be derived from source categories by applica
tion of multivariate statistical techniques (42, 43) or 
from effects (15, 44, 45, 46) by a suitable weighting in 
relation to the criteria. 

The last step in describing air pollution is the 
application of biological measurement techniques. 
For fluoride, for example, the fluoride content of 
plant material or the degree of leaf necrosis may be 
taken as quantitative criteria (48). Lichens seem to 
be very suitable biological indicators since they are 
significantly injured by air pollution when most 
higher plants, if affected at all, show no visible 
changes although they may have suffered cryptic 
damage (49). The number of "needle years" a of 
certain conifers such as Picea abies may be used in a 
similar way (76). In North Rhine-Westphalia a 
monitoring system based on special effects has been 
started (79), and the inclusion of an epidemiological 
survey yielded interesting results about lead from air 
pollution in the bodies of newborn children (80). 

Reviewing the original task of describing air 
quality in relation to observable facts or presumed 
risks, it is clear that statistical parameters should 

a The needle-year is determined by the age of the twig 
with the oldest needles found on a tree. 



AIR QUALITY STANDARDS AND THEIR APPLICATION 57 

form the basis of whatever method is used. To 
describe air quality in terms of concentration and 
exposure time, as is often done (50, 51), seems to be 
unrealistic because this simplified situation will never 
occur naturally since random fluctuation is always 
occurring. The same criticism applies to certain 
standards in the USA, which are still defined as " a 
maximum 24-hour concentration not to be exceeded 
more than once per year " (52), because it is impos
sible to relate such a standard to the data collected in 
any normal survey. 

A common basis for assessing the risk of air 
pollution should be the arithmetic mean, which is 
very similar to the air pollution dosage (53) for long
term effects, and a percentile describing short-term 
risks. The averaging time of the single values that are 
used in obtaining the percentile should be roughly 
one-tenth of the " biological half-life " a of the spe
cific contaminant (54). 

QUANTITATIVE ASPECTS 
OF RESPONSE TO 

AMBIENT AIR POLLUTION 

The first approach to the question of biologica 
response to air pollution is to construct diagrams 
showing response in relation to concentration of 
pollutant and exposure time (Fig. 4 and 5). This 
type of diagram was used in the first edition of Air 
quality criteria for sulfur oxides in March 1967 (81). 
(In the later edition (55) of this document, however, 
the diagrams have been omitted.) This approach has 
both advantages and disadvantages; it takes account 
of the fact that, besides concentration, the duration 
of exposure is also of significance. On the other 
hand, by using the term "exposure-time" the com
plex time pattern of fluctuating concentrations of air 
pollutants is oversimplified. 

A more serious disadvantage, however, arises 
from the failure to take account of the gradation of 
effect with increasing concentration and exposure, 
which is one of the basic aspects of the situation as 
observed in the field. The system also reduces the 
government's flexibility in defining air quality 
standards. Another approach should therefore be 
chosen, based on the concept of risk. 

Postponing for the moment any consideration of 
the difficult problem of describing appropriately 

a The time needed for an organism to eliminate half the 
quantity of introduced contaminant. 

ambient air pollution, a diagram can be constructed 
to show the proportion of affected persons in rela
tion to the degree of air pollution. The proportion of 
affected persons may be replaced by the average 
reduction in yield of crops or by another parameter 
of that kind. 

Closely allied to this problem is the question of 
the chance of an effect being detected at any parti
cular air pollution level. Jensen (56) showed that 
theoretically (see Fig. 6) this can be represented by a 
curve which approaches zero if the pollutant dosage 
is zero and approaches 100 % if the pollutant dosage 
is sufficiently high. The reason for this is the natural 
biological variability of individuals expressed as 
susceptibility or insensitivity. Shabad (57) studied 
experimentally induced lung tumours in relation to 
different doses of 3,4-benzpyrene applied to rats 
and obtained the following results: 

Dose of 
3,4-benzpyrene (mg) 

25.0 
2.5 
0.5 
0.1 

Percentage of animals 
with lung tumours 

80.0 
46.1 
28.1 
14.3 

If these values are plotted on log-probability paper 
a straight line is obtained, which demonstrates the 
validity of the hypothesis of natural variability in 
this case. Relationships of this kind in the field of 
toxicology have been used to build up a complete 
system of statistical methods called " probit ana
lysis " (58). 

A similar relationship was obtained when the 
percentage of a panel detecting an odour was plotted 
against the logarithm of the concentration of the 
substance (15), as shown in Fig. 7. This relationship 
was confirmed by Lindvall (59). Larsen (15) also 
deduced a similar type of relationship from studies 
of excess deaths attributed to air pollution episodes 
in London and New York. 

Stern (60) interpreted this phenomenon in terms of 
a " physiological reserve " that varies from in
dividual to individual, being less in some (the very 
young, the very old, and persons chronically im
paired) and greater in others. This view is, however, 
not shared by all, and the question of an absolute 
threshold limit, which can be defined for the effects 
of air pollution and should at the same time be the 
ambient air quality standard (61), has been often 
discussed. But supporters of this latter concept often 
forget that while such threshold limit values certainly 
exist for individuals they can never be valid for a 
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Fig. 4. Effects of sulfur dioxide on health (81) a 
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Fig. 6. Probable relationship between pollutant dosage 
and cumulative percentage of studies in which a health 

effect is detected ( 56) 
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random population. Because of the unquestionable 
statistical variability the observed threshold will fall 
inversely with the size the population, considered in 
accordance with Fig. 6. 

It would be very easy, at least theoretically, to 
study the right-hand side of Fig. 6. This is often done 
in toxicological appraisals of drugs in animals, and 
very significant data are obtained. Epidemiological 
studies cover the shaded area of Fig. 5; the y-axis is 
then the percentage of affected people. Anything on 
the right hand side of this area will indicate the 
beginning of a catastrophe situation. On the left of 
this area a health effect is not detectable because of 

Fig. 7. Percentage of panel members detecting odour 
at various concentrations of hydrogen sulfide (15) a 
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the " background noise " of all the other factors 
influencing health. As more elaborate epidemio
logical methods are used the investigations can be 
extended farther to the left of the diagram. The 
hypothesis expressed by Fig. 6 provides the only 
motive for demanding air quality standards for 
pollutants that have proved noxious in toxicological, 
but not yet in epidemiological, studies. 

The relationship between the level of air pollution 
and the degree of response is in reality, however, not 
as simple as might appear from Fig. 6. First, there 
are different risk functions for different sets of 
individuals-adults, children, and certain types of 
plants and of materials, for example. It is also 
known that there is often interaction between the 
influence of ambient air pollution and a number of 
other factors. Epidemiological studies show that 
there is interdependence between high temperature 
and health effects when excess mortality is con
sidered (62), and between low temperature and 
health effects in chronic bronchitis (63). The best 
methods for eliminating such perturbations are 
either to standardize the results according to quan
titatively known relationships or to sample in a 
statistically randomized manner with respect to these 
factors. 

It must be concluded that the question of ade
quately representing the level of air pollution by 
some quantitative measurement still remains to be 
solved. It has already been indicated (p. 56) that 
the choice will involve the dosage (arithmetic mean 
multiplied by time) or arithmetic mean value and a 
suitably selected percentile. The decision about the 
kind of measure to be adopted depends, in principle, 
on the following considerations. 

Conclusions about the effect of air pollution on 
living entities may be very different according to 
whether dosage or percentile a is used as an index of 
the intensity of pollution. Van Haut (64) exposed 
plants to the same dosage of sulfur dioxide but with 
different concentration-time ratios (Fig. 8) and dis
covered a progressive increase in leaf damage with 
increasing concentration. However, according to 
Hill ( 48) and contrary to the results just quoted for 
sulfur dioxide, fluoride is a cumulative toxicant. 
Plant injury by fluoride is usually associated with its 
accumulation over a period of weeks or months. 
This is especially true for the so-called cryptic 
damage leading to decreased growth owing to an 
apparent decrease of photosynthesis. 

a Percentile as a statistically defined measurement of 
peaks. 
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Fig. 8. Progressive increase in leaf damage to radish 
plants exposed to sulfur dioxide (64) 
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The points mentioned above correspond to the 
results of epidemiological studies. Nobody would 
try, for example, to correlate the mortality rates for 
serious smog episodes in London (55) with the yearly 
arithmetic mean value. On the other hand, it is 
hopeless to associate cancer mortality, which has a 
latency time of several decades (65), with short 
periods of excessive ambient air pollution. 

If it is also recognized that epidemiological studies 
may be cross-sectional or longitudinal (i.e., spatial 
comparison within a short time period or temporal 
comparison within a small region) (10), the following 
very rough classification may be applied. 

Effect Cryptic damage or 
chronic disease 

Visible damage or 
acute disease 

Study Cross-sectional study Longitudinal study 

Parameter Dosage or arithmetic Percentile or other 
mean value " episode " descrip

tion 

This classification is, of course, not more than a 
general outline providing some ideas about ways of 
dealing with concrete problems. It is important to 
take into account the effect of averaging or sampling 
time or percentiles. The concentrations at which 
biological effects are observed must also be con
sidered in relation to exposure times. This problem 
can best be dealt with if, on the basis of sound 

experimental data, an unequivocal relation between 
the severity of effect or extent of risk and the 
concentration and exposure time can be established. 

DEFINITION OF AMBIENT AIR 
QUALITY STANDARDS AND 

POSSIBLE IMPLEMENTATION PLANS 

Because of widespread differences in resistance 
and susceptibility to the adverse effects of a pollutant 
between species and within species, it would appear 
impossible to find an unequivocal and exact quan
titative basis for the derivation of ambient air quality 
standards. The problem can still be dealt with in a 
logical way, hmvever, and some of the more inter
esting aspects are discussed below. 

According to Stern (60), the main issue in setting 
air quality standards is the extent to which advan
tage should be taken of a physiological re
serve-variable in man, animals, and plants-to 
achieve economic and social benefits. This philoso
phy is expressed in Fig. 8, which shows in an 
idealized way risk and cost functions as the main 
factors involved in air pollution strategy . .It would be 
wrong to try to quantify this diagram; it is no more 
than a generally valid representation of the main 
principles to be taken into consideration in setting 
air quality standards. 

As already stated, on theoretical grounds the risk 
function representative of all ambient air quality 
criteria tends to zero as the corresponding level of 
air pollution aiso approaches zero. In agreement 
with Stern (60), this might be taken to imply that no 
air pollution at all should be tolerated. Although this 
might well be the ultimate goal of air pollution 
control, it cannot be achieved in the foreseeable 
future, the reason being that the cost function 
becomes infinite if all pollution; even the smallest 
amount, is to be prevented. 

With an appropriate choice of risk and cost scales 
(r and c in Fig. 9) a weighted sum, a = a 1 r + a2 c, 
may be derived, the minimum value of which gives 
the optimum solution for the establishment of 
ambient air quality standards, where the least con
flict may be expected in the compromise between 
prosperity and health protection. 

It is the function of politicians to decide which 
weights should be adopted for this weighted sum. 
Stressing the importance of a safe environment will 
result in increasing a1 and, therefore, in shifting the 
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Fig. 9. Derivation of ambient air quality standards 
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optimum to the left; emphasizing the need for 
economic development is equivalent to a demand for 
a larger value of a 2 and to shifting the standard to 
the right. Thus, any significant ambient air quality 
standard will depend greatly on the political climate 
and public opinion in the country. This philosophy 
does not differ from other legislative restraints such 
as speed limits for traffic or the limitation of the 
tolerated blood alcohol level for drivers of motor 
vehicles. Again, in these examples the risk can only 
be reduced to zero if the tolerance levels are also set 
at zero. 

Since each ambient air quality standard is a 
compromise between opposing interests, before 
a.ction .is taken it is necessary to make a careful 
review of the existing air pollution, situation to avoid 
the adoption of unrealistic proposals. Since very 
large numbers of chemical compounds can be pre
sent in polluted air, it is also necessary when estab, 
lishing standards to select the most important com
pounds that occur in the highest concentrations, 
present the greatest hazards, or are most frequently 
encountered (60). 

Once a decision has been made to set the ambient 
air quality standards in terms of statistically defined 
parameters, use should be made of statistical tests of 
significance. For example, a confidence limit for the 
arithmetic mean value of the air pollution data may 
be used instead of the arithmetic mean value itself, 
and this may be checked against the corresponding 
standard (2). A similar method is applicable to 
percentiles, in which case the resulting values are 
called "tolerance limits'' (66). By means of this 

technique a guarantee can be given that, even when 
statistical sampling is used, the population living in 
the area concerned will always be protected to the 
same level of significance. In other words, the 
chances of errors of judgement are sharply limited 
and are independent of sample size, reliability of 
measuring equipment, and spatial and temporal 
variability. 

If a permit system is used that relies on the 
difference between ambient air pollution and the 
corresponding standard, the elimination of meteoro
logically induced long-term variation presents diffi
cult problems. In the Federal Republic of Germany 
a partial solution has been adopted (2) by the 
exclusion of episodes with low mixing depth and 
high atmospheric stability. The use of regression 
models for the standardization of the measured data 
has .also been proposed (67, 68). However, a uni
formly applicable solution seems still to be lacking. 
The permit system should in any case make use of 
the prognosis of future air pollution by an appro
priate dispersion model. The problem is to super
impose the contribution of the new source or group 
of new sources on the existing air pollution so that 
within a certain area and a " normal " year the 
standards are met with a certain statistical security. 

In the special case of a permit for a single source 
the following method may be applied. At the site of 
the new source the ambient air pollution concentra
tion is monitored over a sufficiently long period of 
time and a certain percentile, cp, is determined. The 
emission from the new source is then calculated so 
that the maximum concentration value introduced 
by the new source in conformity with standardized 
meteorological conditions and the determined per
centile equal the appropriate standard. That means 
that under the worst possible conditions-namely, a 
constant wind direction causing the point of maxi
mum concentration to remain in the same place-the 
standard will not be exceeded, apart from the stati.s
ticalerror 1-P. 

One of the great advantages of this method is the 
fact that the ground level concentration in the 
neighbourhood of the new plant may be obtained 
from a sampling network within a certain radius 
around the plant. Such a sampling network may be 

I part of a statistically planned survey system which is 
applied in advance as a matter of routine (2). A 
comprehensive discussion of the quantitative aspects 
of permit systems can be found in references 6 and 9. 
The method described here is part of the USSR 
regulation on air pollution control (77). According 
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to this regulation, the emission from a new plant and 
the chimney height must be such that c0 + Cmax < 
MPC, where c0 is the existing level of air pollution 
before the plant comes into operation, Cmax the 
calculated maximum concentration from the new 
plant, and MPC the air quality standard. Any 
calculation, however precise it may appear to be, 
suffers from the uncertainty of meteorological prog
nosis. Each permit system, therefore, should make 
provision for special alerts. These alerts are often 
based on combined pollution indices for describing 
hazardous episodes (45, 46). Clarenburg (70) used 
sulfur dioxide concentrations for the detection of 
periods of high atmospheric stability, and for each 
monitoring station he evaluated the ratio of the 
actual concentration and the average value cor
responding to the specific wind direction, time of 
year, and time of day over a long period. If this ratio 
exceeds a certain level greater than unity the crite
rion for an alert is fulfilled. 

Apart from the question of suitable indices, the 
basic problem of an alert system is not to define a 
threshold for the undesired episode but to predict 
the values of another system of parameters that are 
highly likely to be followed by the critical episode. 
The time lag between the prediction level and the 
appearance of the predicted episode should be at 
least 24 hours to allow sufficient time for initiating 
the necessary control measures. The system of pre
diction is mainly a matter of the meteorology of air 
pollution potential (71); statistical methods based on 
spectral filtering techniques may also be appli
cable (34). 

With respect to land-use planning, decisions have 
often to be made about the siting of many large 
plants within a limited region. In such cases, accord
ing to Reiquam (72), the problem is to calculate the 
optimal distribution of sources that will, with a given 
standard of ambient air quality, minimize the like
lihood of concentrations occurring that exceed the 
standard for the limited region and the particular 
climate. Many dispersion models are now available 
and may be used for this purpose. Most of them (see, 
for example, Martin (73)) are modifications of the 
well-known Gaussian diffusion equation for an ele
vated continously emitting point source. Three 
major restrictions-steady state conditions, total re
flection at the surface of the ground, and unlimited 
extension in height-make the reliability of these 
models most uncertain for long distances (25). 

An interesting new approach applicable to long
distance transport of air pollution in connexion with 

land-use planning has been described by Reiquam 
(72, 74). His model consists of an array of boxes and 
depends entirely on the assumption that there is 
homogeneity within each of the boxes. 

At, already mentioned, the use of buffer zones 
between industrial and residential areas is a second 
problem in land-use planning. Because of the un
certainty of all data in the earlier phases of planning 
this problem can be dealt with only in a more or less 
generalized manner. The sin1plest solution, which 
has already been adopted in some countries, is to 
define fixed distances between industrial and residen
tial areas. This is better than nothing but does not 
take account of the size of the industrial area and the 
magnitudes of emissions to be expected, or the 
climatic and orographic conditions. A second pos
sible procedure is to treat the industrial regions as 
area sources with suitable assumptions about rela
tive source strengths. Then, by the application of a 
dispersion model, topographical and meteorological 
detail can be taken into consideration without the 
specific emissions being known and air quality stan
dards applied. 

The most stringent measure within the preventive 
phase of air pollution control is the international 
limitation of emissions. Up to the present, this 
concept has merely been a topic for academic discus
sion-in connexion with Scandinavian complaints 
about air pollution from the continent and the 
United Kingdom, for example. However, with the 
rapid expansion of industry in the last few decades 
it has now come within the bounds of feasibility. 
Ultimately, a point will be reached where only 
uniform standards within communities larger than 
states or nations can solve the problems of air 
resource management. 
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AN ECOLOGICAL 
APPROACH TO URBANIZATION 

Urbanization 

Everywhere in the world there is a movement of 
population from the country to the towns and cities, 
which expand and link together to form conurba
tions. This enlargement can occur in two different 
ways~namely, by continued growth on the periph
eries of existing cities or expansion into areas located 
outside the conurbations at some distance from 
existing large cities. 

The first way of growth strengthens the position of 
the existing big cities but will probably lead to 
greater traffic congestion, more er::Yircnmental prob
lems, higher living densities, and greater pressures on 
parks and open green spaces. On the other hand, 
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these disadvantages will be offset by prospects of a 
more intense city life and better public facilities. 

The second \vay of growth may weaken the city, 
decentralizing development and resulting in more of 
the countryside being urbanized and developed for 
residential and recreational purposes. In this model 
of decentralization people can live closer to the 
existing green areas and at a much lower population 
density, but at a greater distance from the various 
city facilities. The main problem of town and coun
try planning is to make a choice between these 
models or attempt an effective integration of the two. 

In the Netherlands, after the publication in 1966 
cf the second. Govenunent memorandum on town 
and country plan:r.ing (], 2), the choice fell on a 
decentralization model in which developments origi
nating from the main centres were to be removed 
and reconstructed elsewhere in such a way that the 
ne\\. towns would not be too large. This attitude was 
again made clear in the 1971 State memorandum on 
the planning de,0elopment of the South-West 
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Netherlands (3). This concept of decentralization 
should act as a brake on the trend towards increas
ing population concentration within existing conur
bations. As a result, it is expected to produce savings 
in time and money, which, in turn, means that more 
attention can be devoted to improving the quality of 
the old city centres, residential 'areas, industrial 
estates, and the traffic and transport network, and to 
providing recreational facilities and green spaces. 

The need for this form of development can be seen 
in all industrialized countries where, as a result of 
rapid industrialization and motorization, population 
growth, higher wages, and the greater need for living 
space, the following adverse conditions have arisen: 

(1) water and air quality have deteriorated 
rapidly; 

(2) dense traffic flow has degraded the quality of 
city centres and residential areas; 

(3) nature is being banished from the cities. 

In general, the living climate of man has tended to 
deteriorate during the last few decades, in spite of 
the good intentions of planners. A summary of the 
changes in climate and living conditions resulting 
from urbanization and industrial development has 
been given by Conrads (4) and is reproduced in 
Table 1. One remedy, referred to above, involves 
decentralization coupled with a reduction in the 

Table 1. Changes in climate caused by urbanization 
and industry a 

Climatic Parameter Change factor 

Pollution sulfur dioxide in.crease 20-200 times 
carbon monoxide increase 5-200 times 
hydrocarbons increase 1-20 times 
dust increase 5-30 times 

Cloud increase 5-10% 

Fog winter (specially at 
edges of towns) increase 100% 

summer increase 30% 

Rairi total increase 5-10% 
days with < 5 mm increase 10% 

Snow decrease 5% 

Relative 
humidity decrease 5% 

Solar energy total decrease 15-20% 
ultraviolet decrease 5-30% 

Sunshine hours decrease 5-15% 

Temperature annual average increase 1-1.5 deg C 
short-term average increase 6-7 deg C 

Wind speed annual average decrease 20-30% 

a See also references 5, 6, 7, and 8. 

growth of existing big conurbations. Another, is a 
different, more integrated, approach to living based 
on ecological principles. 

The ecological approach 

On the basis of the science of ecology, which 
evolved from biology, patterns and processes in the 
lives of plants and animals can be recognized and 
related to the environment in which the particular 
life-form exists. Certain plants, for instance, are 
indicators of particular types of pollution in the 
environment and certain groups of plants give indi
cations about the quality of the environment. Even 
though it is now possible to a certain extent to 
identify these relationships for plants and for many 
animals, and even to rectify some undesirable pro
cesses, ecological principles are much more complex 
where man is concerned because, apart from the 
more complicated physical and social relationships, 
psychological factors are also important. In spite of 
this complexity human society is now being exam
ined for ecological patterns, processes, and adjusting 
mechanisms (cybernetics). Before any progress can 
be made, the systems concerned must be identified 
and analysed. Two examples may be considered. 

First, as a result of the growing population in the 
Netherlands many large new extensions of cities 
have to be constructed within a short space of time. 
This is no simple task on clay and peat soils where 
the provision of adequate foundations for buildings 
is difficult and which support few trees, as is the case 
in and around the West of Holland conurbation 
(Randstad). High prices for land, the high cost of 
soil improvement work, the need to build on steel or 
concrete pile foundations going down to depths of 
20 m, and a great housing shortage give rise to high 
population densities based mainly on high-rise flats, 
which can be built fairly quickly. 

This style of building in the cities bears all the 
characteristics of a monotonous, poorly differen
tiated, pioneer vegetation. First of all, sandy deserts 
are produced by means of the sandpumping process 
(Bijlmer-meer, Schiedam), then 15-storey blocks of 
flats are built on them with little variation in design, 
and finally, a little late in the day, an environment 
has to be created with public facilities and parks, 
which have difficulty in becoming established on the 
desert soil and in the stormy climate. 

When people move into these new development 
areas they will come into conflict with their physical 
environment and undertake collective creative activ-
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ities in order to improve, i.e., differentiate, it. To 
begin with they will form action groups; this is a 
good sign for the future since man should always 
search for more variation and attempt to replace a 
uniform system by a more complex one. However, 
biology shows that this process can take a long time; 
therefore, it is better not to construct uniform 
deserts but start with a more differentiated environ
ment. If growth were slower, i.e., if the rate of 
increase of population were less, decentralization 
and an ecological approach would lead to an im
provement in the quality of living. A more gradual 
transition from urban to rural zones could then be 
created, which would be advantageous to both envi
ronments, visually, climatically, recreationally, and 
in other ways. The sudden shock effect of placing 
high-rise blocks of flats on open stretches of country 
is aesthetically disastrous. The environment has to 
be incorporated into the city system and there must 
always be a striving towards an integrated system of 
town and country, of civilization and nature. 

The second example concerns the effect of new 
industrial developments on living conditions. This is 
clearly to be seen in and around the Rijnmond 
(Rhine estuary) area of the Netherlands, where, 
within a short space of time (20 years), a port and 
industrial complex has been developed that is prob
ably the biggest and most concentrated in the world. 
This has created a high level of employment and 
great prosperity, but has also resulted in the rapid 
growth of the residential areas of Rotterdam and its 
surroundings with a corresponding adverse effect on 
nature, including a big drop in the numbers of 
certain varieties of plants, much pollution of land, 
water, and air, and probably also a sort of" mental 
pollution " of many of the inhabitants. The conflict 
between the advantages and disadvantages of eco
nomic growth (greater material prosperity) has be
come more clearly defined during the past few years, 
and it is hoped that the following improvements will 
result from a resolution of the conflict: 

(1) a decrease in the disproportionately explosive 
growth of the type of industry that requires a very 
large area but a small labour force per unit of area; 

(2) a "clean-up" of existing industrial areas by, 
for instance, combating pollution at the source 
(using filters, better production methods, and cyclic 
processes (re-use) in the production system so that 
waste materials are not discharged into the environ
ment but are collected and used as raw materials for 
new processes); 

(3) increased attention to the wellbeing of man 
and nature, expressed in the form of more efficient 
nature protection, more parks and landscaping, the 
creation of better living environments, and the 
encouragement of better public transport to replace 
the unbridled growth of the use of private cars; 

(4) the application of ecological principles in 
drawing up economic programmes aimed at increas
ing prosperity. 

The latter point serves as a conclusion for this 
section. It is possible that such a re-evaluation of 
economic principles may also lead to a different type 
of town and country planning; for example, the 
development of more small communities, each of 
which forms an entity although together they remain 
part of a bigger system. 

SOURCES OF AIR POLLUTION 

The principal sources of air pollution are industry, 
domestic fuels, and transport. One set of pollu
tants-combustion gases-arises from all three 
sources, but the composition of the gases and their 
harmful characteristics depend on the particular 
fuel. The growing use of natural gas, which contains 
practically no sulfur, is very satisfactory from the 
point of view of air pollution and in general the use 
of fuel that is poor in sulfur must be encouraged. In 
determining relationships between the prices of vari
ous sources of energy, governments should take the 
problem of air pollution into consideration. Other 
forms of pollution from industry are dealt with in 
the next section. 

Serious problems of air pollution by gases and 
noise from public and private transport on highways 
and streets are still increasing, and are particularly 
troublesome in towns and residential areas. The 
pollution must be overcome by technological means 
(use of electrically powered cars, for example) and 
by planning the network of roads with due regard to 
the living conditions in town centres and urban 
areas. The different planning authorities must inte
grate motorways and trunk roads into the towns and 
countryside in a satisfactory manner (see p. 77). 

Another problem is the air pollution and noise in 
the vicinity of airports (21). Developments in the 
sphere of aviation and the establishment of airports 
must be closely followed and assessed with regard to 
noise. This is very necessary because once an airport 
has become established the cost of making changes 
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will be very high. In this connexion, governments 
should consult all the planning bodies before alloca
tions of land are made; Further, bodies such as 
advisory committees on noise from aircraft must be 
consulted on measures to be adopted to reduce the 
noise nuisance in the .vicinity of an airport. These 
measures concern the operational use of aircraft ,and 
the airport (e.g., restrictions on the use of certain 
runways at various times, the angles of approach for 
aircraft, etc.). In addition, by consultation with the 
local authorities it must be ascertained what can be 
done to reduce the noise nuisance by the application 
of development and building regulations. 

CRITERIA FOR LOCATION 
OF INDUSTRY 

Environmental effects of industry 

Environmental effects caused by industry are to be 
found in the air, water, and soil. Water and air are 
polluted by dust and gases, water by liquid waste 
effluents, and soil by solid waste materials. There are 
also defects and accidents in production processes 
and transport (leaks, explosions, fires). 

All activities to control air pollution start with the 
analysis and assessment of the emissions, and both 
c~ntral and local government legislation and regula
tions must concentrate on the source of the pollu
tion. It must be recognized, however, that the very 
high cost of preventive measures may render the rate 
of progress far from rapid. Only through collective 
efforts by the public, industry, local and national 
government, and international agencies,' and increas
ed research at the universities, is there a chance to 
achieve a new ecological balance. 

Methods for the abatement of air pollution 

, At the source of pollution equipment may be 
installed to absorb noxious or unpleasant gaseous 
components from the chimney gases, or to. remove 
grit and dust. It is a simple matter to remove the 
larger particles, which may make up 95 % by weight 
but only 5 % by number of the total grit and dust 
burden of the gases, but it is much more difficult, 
and therefore more expensive, to remove very small 
particles less than 0.1 µm in size, which may consti
tute only 5 % by weight but 95 % by number of the 
total burden, since electrostatic precipitators, or spe
cial filters have to be used. High chimneys may also 
be used to decrease local pollution-a tall chimney 

at Petnis in the Netherlands, for example, is 213 m 
high-but it must be remembered that such chim
neys may spread malodorous emissions or very fine 
dust particles over a wider area. 

The best solution at the source is to change the 
manufacturing process so that no .unpleasant or 
harmful emissions are produced. , Alternatively, 
advantage may be taken of the instability of the 
atmosphere by locating heavy industry in districts 
with much wind and turbulence so that the air is well 
mixed in a vertical plane. Coastal regions in general 
offer the best opportunities for this action. All coun
tries should undertake a classification of industries 
and industrial areas in relation to the possibilities for 
good dispersion of pollutants, as described below. It 
is also possible to stimulate atmospheric instability 
by the use, for example, of closed or half-open 
barriers formed by ,earth banks, stone walls, build~ 
ings, and trees. In this way, the rapid sedimentation 
of dust particles can be promoted. 

Classification of industries and industrial areas 

A tentative classification of industries from the 
point of view of air pollution, with special reference 
to the Netherlands, is given in Table 2 (9, JO, JI, 12). 

Types 1 and 2 are characterized by their very large 
areas, small labour force per unit of area, relatively 
few different forms of activity, and weak connexions 
with the central and residential areas of towns, and 
also by the great effects their processes may have 
on the natural environment. They can be located 
at distances of 3 km or more from living areas. 

Types 3 and 4 are smaller in size and more 
differentiated in kind, have closer relations with the 
cities or urban districts nearby, and less influence on 
the natural environment. The cleanest industries can 
be located on the fringes of towns and the some
what less clean industries at greater distances. 

Types 5 and 6 comprise those industries and 
trades that require small amounts of land, show a 
great variation in character, have close relations with 
the central town facilities and the living areas, and 
have a very small.effect on the natural environment. 
Because of its creative and artistic character, type 6 
has close connexions with neighbourhood and town 
centres. Types 5 and 6 however, must be carefully 
integrated into the living areas. 

In the Netherlands this classification has, .as yet, 
no legal basis but it is used in regional planning. 
There is still considerable discussion about the width 
of the buffer zones. In the last column of Table 2 the 



Table 2. Classification of industries 

Area of Total Situation and Transport Raw materials Nuisance produced Buffer zone 
Type Industry Examples each work distance to facilities and products 

works force/ town centre or required to be Air Noise Hazards Type Width (ha) ha housing areas transported pollution 
-------

Heavy industry Oil refineries, >500 <25 Outside the Deep water- Large quanti- Maybegreat Moderate Explosion Forests to > 2 km 
chemical urban area ways, seaports, ties of raw (S02, H2S, and fire risk produce an 
works, (> 3 200 m) railways, materials and H2S04, HF, economic yield; 
metallurgical regional main products of a NH3) agricultural 
and seaport roads, conduit limited number land; isolation 
industries, pipes 
nuclear 

of types greenery 

reactors 
-------

2 I loavy i11dustry Machine 200-500 50 Outside or Waterways Considerable May be May be Explosion As above but > 1 km 
manufacture, within the (big rivers, amounts of raw rather less consider- and fire including parks, 
ship-building, urban area canals, materials and (CO, S02) able; risk allotments, and 
big harbour (1 600-3 200 m) harbours), products of a includes sports fields 
industries, railways, more varied traffic 

.., 
0 power stations regional and nature noise ::8 city main z roads 

----- -------------· ~ 3A Medium-lwavy Manufacture of 100-200 100 Urban .Jre.J Railways, Large quanti- Not very Consider- Fire risk Screening 500 m or t:I 
industry witli straw-board, (1 600-3 200 rn) main roads, ties of raw much able parkland more 
rnuch .iir mtificial 1 ibres, canals, and materials (S02, HF, traffic () 

pollution and ceramic rivers and products dust) but noise 0 
c::: products, with much may include z 

cement works variation in type malodorous 

~ ···------ emissions 
3[J Medium-heavy Manufacture of Urban area 

industry with cars, lamps, (± 1 600 m) 200 m or ... 
little air foods, and or city more t"' 

> pollution textiles z ----- -----~·--- - -·-"-·-· ~ 
4A Light industry Tanneries, 50-100 200 Near town or Main and Smaller Not very Moderate Fire risk Screening 50-100 m z 

with some air textile and city quarter minor roads, amounts of raw much but plants (mainly 0 
pollution food industries centre perhaps materials and may include 4A), trees of a 

------- --------------- (400-1 600 m) railways products with malodorous decorative 
4B Liuht indu,;try Manufacture of much variation emissions nature for 

with little electronic in type screening 
air pollution apparatus and parkland 

domestic 
machines 
----

5 Service industry Printing works, 10-50 400 Near town or Main and Small quanti- Little Little None Decorative < 100m 
bakeries, film district centre minor roads ties of raw plants, 
laboratories (< 800 m) materials and parkland 

products with 
much variation 
in type 

__ , ---------

6 Workshops, Fashion studios, 1-10 800 Near town or Main and Very small None Little None Decorative < 50 m 
handicrafts, photo-printing neighbourhood minor roads quantities of plants 
etc. shops, potteries centre manufactured 

(< 400 m) products with 
some variation 
in type 

-l ,_ 
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Fig. 1. Model for the construction of a zone with industries, parks, and residential areas (12) a 

Industrial and harbour 
zone 

"~@~~~~~~~~§~~~~~~~~~~~~~~Railway er Motorway Park zone 
,-..;.~·lr'-r.-rb~~- 1,.,.e.~~,.,,.,._,,-.,......~-=...-;i;-;-,.s-,-+-+---t---t--l(2 km minimum width) 

~IIIIH*gkJ;T~=~High density residential 
zone 

••1e·ilway 

I, basic industry 

II, heavy industry 

A, 25 inhabitants/ha 

Illa, medium-heavy industry 

B, 50 inhabitants/ha 
C, 75 inhabitants/ha 

lllb, 
(causing considerable inconvenience) 
medium-heavy industry 
(causing little inconvenience) 

D, 100 inhabitants/ha 

!Va, 
!Vb, 

light industry (causing a relatively great amount of inconvenience) 
light industry (causing relatively little inconvenience) 

a Scale: 1 small square = 1 km 2 • Industrial environment, total area = 6 700 ha; residential environment, total 
number of inhabitants = 650 000. 

minimum width given is that considered necessary in 
the Netherlands for different types of buffer zone 
(see Fig. 1 and 2). A width of at least 2 km around 
heavy industry of type 1 is required by the regional 
plan for the " Noordzeekanaal " region, west of 
Amsterdam. For the Rijnmond region near Rotter
dam the Regional Planning Office has forbidden the 
building of new residential areas nearer than 3.5 km 
to the great chemical and harbour complex (13). 
In the recent National Planning Reports (3) buffer 
zone widths of 3.5-5 km are suggested for situations 
where large riew industrial and residential areas are 
to be built. 

Another method of considering types and loca
tions of industrial installations in the urban environ-

ment has been described by Juchser (14) using 
4 primary factors-namely: 

(1) weight of materials to be transported per 
worker year; 

(2) size of factory, including traffic area 
(m2/worker); 

(3) number of workers in factory; 

( 4) distance over which the nuisances produced 
are greater than can be permitted. 

The effects from these four factors are taken into 
account for classifying the installation concerned 
into one of 10 classes (Table 3). 

The method is not very exact but it at least 
demonstrates the effects of the different factors in 
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Fig. 2. Model for the cof)struction of a green buffer zone between a residential and an industrial area (12) a 

200m 

Motorway a Agriculture 

••••••• ••••••• 
Residential area with approx. 75 inhabitants/ha 

Residential area with approx. 100 inhabitants/ha 

Basic industry 

p 

cg 

g 

Picnic grounds 

Camping grounds 

Gardens 

,,mmmmm, Heavy industry 

w1 

wz 

Poplar woods 

Woods with great differentiation 

~ Water 

urban planning. Classes I, II, III, and IV together 
need buffer zones of only 300 m. Works in these four 
classes occupy 40 % of the total industrial area and 
give employment to 75 % of all workers in industry. 
They can, therefore, be well integrated in the cities. 

A classification of shops and industries is also 
given for England and Wales in The Town and 
Country Planning ( Use Classes) Order 1972 (15). 
Shops and light industries are classified in classes 
I - V; heavier and special industries are arranged in 

s Sports fields 

Recreation fields 

·., ........... .., Green belt (20 m wide) 

Green belt (10 m wide) 

the special industrial groups A (class VI), B (class 
VII), C (class VIII), and D (class IX). 

Buffer zone standards in the Federal Republic of 
Germany, Israel, Poland, and the USSR 

Buffer zone standards in North Rhine-Westphalia 

In 1972 the Government of North Rhine-West
phalia, Federal Republic of Germany, gave instruc
tions for the establishment of buffer zones between 
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. Table 3. Width of buffer zones 

Width of Relationship 
Class buffer zone Possibilities of siting to types given 

(m) in Table 2 

0 residential area 6 

II 100 centres of urban areas 5 

Ill 200 industrial area for light 
industry of a type that 48 

IV 300 produces no nuisance 

v 600 industrial area for 4A 
VI 800 industries that produce 38 

VII 1 500 nuisance 3A 

VIII 2000 special industries in 
IX 2000 isolated situations 1,2 
x 2000 

industrial plant and residential . areas ~arying in 
width from 2000 m to 300 m (18). 

Buffer zone standards in Israel 

Donagi (16) has described the buffer zone stan
dards that are used in Israel. A comprehensive list of 
industries and trades was drawn up and classified 
into 6 groups according to the minimum distance 
required between the plant concerned and the closest 
designated residential area. These groups and pro
tective distances were. determined by an interminis
terial committee that studied each type of trade and 
industry existing, or planned for the near future, in 
Israel. Each industry was considered in relation to 
the potential nuisance that might be suffered by its 
neighbours as a result of its activities and this served 
as the basis for setting buffer distances; these ranged 
from O to 2000 m but could be doubled or tripled in 
special cases. Not only air pollution but also noise 
and the explosion risk are taken into account as 
nuisance factors in regional planning. As early as 
1948, Reichow (17) drew up such lists and proposed 
buffer zones ranging from 50 m to 3000 m in width. 
These lists, and the lists from USSR and Poland (see 
below), are to be found in a paper by Dreyhaupt & 
Bresser (18). 

Buffer zone standards from USSR ( 1957) 
and Poland ( 1967) 

Industries are classified into 5 classes with buffer 
zones of basic widths of 1000, 500, 300, 100, and 

50 m. However, the width of the zones must be 
increased by a factor of 1.5-2 when special residen
tial areas such as hospitals could be at risk or when 
residential areas are located downwind of the indus
trial areas. Where it. is technically difficult to reduce 
emissions sufficiently, new industrial plant must be 
located at distances of 6-15 km from residential 
areas. These are legal standards. In addition, it is 
also a requirement in the USSR that plantations of 
trees and bushes and recreational facilities should be 
established in the buffer zones. Small, non-polluting 
industries, garages, etc., are allowed in these zones. 
Rather similar standards are in force in Hun
gary (14). 

Summary of requirements for buffer zones 

A tentative summary classification of industries 
and buffer zones is given in Table 4. 

Table 4. Tentative classification of industries and 
buffer zones a 

Minimum width 
Class of buffer zone Industry 

(m) 

6 2 000 large chemical complex, explosives facto
ry, nuclear reactor, airport, aircraft factory, 
composting by open method, metallur
gical combine, pesticide works, cement 
works, large shipyards, glue production 
from animal wastes (skins, bones), 
bitumen factory 

5 1 000 large iron and steel works, large motor 
works, large works for the manufacture 
of machinery, some chemical industries, 
large paper mills, sugar refining, large 
zinc works, asbestos works, small ship
yards, large sewage works, large food 
and oil factories 

4 500 textile works, glass works, various 
types of works for the manufacture of 
metal and leather goods, electrical 
equipment, and building materials 

3 150 small works making building materials, 
soap works, motor vehicle assembly 
plants, works for the production of 
ceramics, tobacco, and various food 
products including coffee and chocolate 

·2 50 manufacture of shoes, finished textiles, 
wooden articles; printing works, bakeries 

various small works producing no 
pollution 

a Based on lists in references 14, 16, 17, and 18. 
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Research on the distribution and control 
of concentrations of pollutants in the ambient air 

In 1965 the Untermain Regional Planning Com
mission (RPU) was set up for the region around 
Frankfurt, Federal Republic of Germany, and since 
1967 it has been preparing to conduct fundamental 
research on the meteorological conditions and the 
air quality in the area (19). This research pro
gramme, which has great scientific resources, is 
directed towards finding the relationships between 
emissions, meteorological data, and ground level 
concentrations of pollutants as a basis for locating 
residential and industrial areas. One of the long-term 
goals is the construction of a mathematical model 
for simulating alternative possibilities. The research 
is divided into three sections: (1) an emission inven
tory with the development of a mathematical model; 
(2) meteorological aspects of pollution, including air 
chemistry and air quality monitoring; and (3) 
ecology, including the influence of vegetation on 
climate and the influence of pollution on vegetation. 

Fortak (20) developed a mathematical simulation 
of the pollution climatology for the town of Bremen, 
but this will have to be extended to deal with the 
more differentiated (in terms of topography and 
climate) Untermain region. When the results of this 
research and the data from the monitoring system, 
become available in the next few years they should 
together provide valuable support for a system of 
town and country planning in the region based on 
sound ecological principles, and should serve as a 
pattern for planning in other regions. 

Air pollution is also a very serious problem in 
North Rhine-Westphalia; Dreyhaupt and Bresser 
(18, 21) are carrying out a corresponding scientific 
research programme for that region. Using a suitable 
mathematical diffusion model, data from an emis
sion inventory, and the necessary wind data the 
distribution of pollution throughout the area is 
calculated. Not only average ground level concentra
tions for each pollutant but also the frequency of 
occurrence of higher concentrations are obtained 
and, after research on the maximum allowable con
centrations, standards for acceptable emissions and 
buffer zone widths are arrived at. As an example, a 
buffer zone 1700 m wide should surround an oil 
refinery with a capacity of 107 tonnes of crude oil a 
year. 

In the USA Mahoney and Egan (22, 23) are also 
working on mathematical models for improving the 
analysis of urban and regional air pollution and are 

currently concerned with problems arising from the 
great variability of meteorological parameters in 
urban areas in relation to both position and time. 
Differences in roughness and temperature result in 
increased instability of the lower atmosphere and 
alterations in the vertical structure of both wind and 
diffusivity. Numerical simulation models are useful 
in studies where significant variation in the meteoro
logical inputs with time and position are important. 
For urban studies this includes problems involving 
changes in flow pattern associated with local air 
circulation or with the break-up of inversions, as 
well as smaller scale effects near the ground. 

A complete atmospheric dispersion model treats 
four phenomena affecting pollutants in the atmo
sphere: their transport, dispersion, transformation, 
and removal. At the present time (24) most disper
sion models treat only the first two phenomena. 
Some models take account of transformation and 
removal by using a half life factor for the pollutants, 
but these models have not yet been generally well 
developed. 

Other criteria for the location of industry 

Environmental planning has consequences for the 
environment that reach far into the future and it 
must therefore be based on a long-term policy. 
Research on the physical basis of such policy has 
been described above, and it is clear that good 
research along these lines will take a long time to 
come to fruition. Meanwhile, the wishes of the 
people may change, and it is very important that the 
views of people living in or around an industrialized 
region should always be known. Danger and harm 
can be described more or less objectively and stan
dards for protection can be defined. Nuisance has a 
more subjective and changeable meaning, and is 
therefore hard to define. For instance, the psycholo
gical reaction of people to bad smells in the air is a 
great problem. In the year 1970 the central super
visory network on air pollution in the Rijnmond 
area near Rotterdam received 20 000 complaints by 
telephone from the local population (25, 26). This 
central network analysed the complaints from Vlaar
dingen and Hoogvliet (cities adjoining Rotterdam) 
in 1968 and 1969 and found a linear relationship 
between the number of complaints per 1000 inhabi
tants and the distance from the industry concerned. 
A similar analysis of the pattern of complaints 
around a point source gave a line with a different 
slope, suggesting that not only the size of the plant 
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but also the process giving rise to the unpleasant 
pollutants affects the resulting pattern of complaints. 

A mathematical model of an industrial area was 
developed by Clarenburg on the assumption that a 
very large number of small leaks are. the source of 
the nuisance. This model was used to interpret the 
pattern of complaints quantitatively and calculate 
for any residential quarter the proportion of inhabi
tants living in a highly polluted atmosphere. If the 
acceptable limit of environmental damage by air 
pollution is defined as a percentage of the population 
suffering from the effects of such nuisance, the width 
of the zone around the industrial area that must be 
preserved as open space can be calculated. 

Noise nuisance can be treated similarly. 

DEVELOPMENT OF BUFFER ZONES 

Significance of green areas for environmental control 

Within conurbations, parks usually form transi
tional environments between nature and the coun
tryside on the one hand and the city area on the 
other. The size of parks and open spaces and the 
facilities provided within them is related to the 
function of the park and its location within the city 
area (see table 5 in reference 2). The National Office 
for Physical Planning in the Netherlands has pro
duced a guideline for a system of parks in town and 
country planning. These vary from very small public 
gardens and " neighbourhood " parks with a recre
ational and environmental function for people living 
within a short (5 min) walking distance of them, to 
parks of 1000 ha or more. The standards for urban 
parks are intended particularly for new towns and 
new city areas; in older towns and urban areas it is 
generally impossible to plan on such a generous 
scale. 

The various kinds of park together determine the 
structure of a city or urban area; they can create its 
atmosphere and can bring harmony to neighbouring, 
but differing, urban elements. As the parks and the 
trees mature, the beneficial effect becomes greater. 
This increasing value of green spaces with age 
involves not only aesthetic values, but also their 
effectiveness in environmental control. In determin
ing the structure of cities and urban areas more 
attention must be paid to this method of environ
mental control with green spaces (12, 21, 27, 28, 
-29). Plants not only extract pollutants directly 
from the air but also, by stimulating turbulence, 

increase the sedimentation of dust and aerosols. 
Noise levels and the effects of explosions are also 
reduced by mature plants, which interrupt sound 
and shock-waves. At the same time, the plants 
release oxygen, humidify the air, and influence the 
climate. Green strips also help to isolate fires. 

Green areas in towns and urban regions can 
influence the microclimate, especially when they are 
arranged radially to allow fresh air from the country 
to penetrate into the town. This effect occurs at a 
low level through the cooler green zones under the 
rising layer of warm air from the heat island. In 
towns, green areas have a different microclimate 
from that of the paved and built-up areas, particu
larly in relation to temperature, moisture, and wind 
velocity. The air is cleaner and fresher in the green 
space itself and also immediately downwind of it. 
The effect of green areas increases with their width 
and a more differentiated lay-out-woods, woodland 
rides, clumps of trees, both deciduous and conifer
ous, and small open spaces, including meadows and 
sheets of water, with different surface levels. These 
areas exert a highly beneficial psychological effect by 
screening prominent and ugly buildings and separ
ating residential and industrial areas. The natural 
colours-green and blue (water, sky)-are soothing, 
and there is a sense of free space. 

Older green areas form the most attractive parks. 
People like them and wish to protect them against 
encroachment; thus industries cannot expand to
wards residential areas. The importance of green 
areas for environmental control is much greater than 
that of water or open fields, and where these natural 
features occur in buffer zones they should be devel
oped .into parks as described above. Green spaces 
also offer very valuable opportunities to build up a 
richer environment ecologically with many species of 
plants and animals. 

Buffer zones in the Netherlands 

In the Netherlands, for reasons given above, in
creasing attention is being devoted to green buffer 
zones between industrial and residential areas. Some 
of these buffer zones have a recreational func
tion-the parks separating Hoogvliet and Spijke
nisse from the great chemical complexes of Pernis 
and Botlek, for example. The park area of the 
Brielse Maas and its surroundings, situated between 
Europoort and the residential, recreational, and 
scheduled country area of Voorne, is even larger. 
This. recreation and park area is already very valu-
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able to the inhabitants of Rotterdam and the Rijn
mond area, and its importance will certainly increase 
as it matures. 

Big urban parks can also act as buffer zones 
between highways and residential areas, as well as 
between residential areas and scheduled country 
areas. In general, new towns should never be built 
immediately adjacent to important scheduled nature 
reserves; they should always be situated at a distance 
of at least 2-4 km. The area in between will then 
evolve into a park that will act as a buffer between 
the town and the protected area. It may also be 
useful in urban zones to separate the various resi
dential centres from one another by buffer zones 
within which parks can be created. 

AIR POLLUTION BY TRAFFIC 

Traffic in urban and rural areas causes many 
serious problems; apart from the danger and noise, 
and its isolating effect in residential areas if the road 
network is not properly planned, it also gives rise to 
air pollution (21). Mahoney & Patterson (30) re
ported in 1972 that 

" Motor vehicles produce an average of 92 % of 
total carbon monoxide emissions, 73 % of hydro
carbon emissions and 51 ~~ of oxides of nitrogen 
emissions in many metropolitan areas ... Al
though major reductions in emissions of these 
pollutants are required to be achieved in 1975 and 
1976 model year vehicles, motor vehicle pollution 
problems will persist into the 1980s in many 
urban areas. This will result from several factors: 
(1) a large fraction of total vehicles in use will be 
pre-1975 and pre-1976 models, until after 1980, 
(2) there is substantial uncertainty about the abil
ity of available technology to meet the federal 
requirements for 1975 and 1976 model vehicles, 
and (3) the effectiveness of emission controls will 
probably decrease as vehicle age increases." 

For the purpose of further research these authors 
described variable emission mathematical models for 
air pollution in the vicinity of urban roads. 

The following are among the measures that can be 
taken to reduce air pollution from road traffic, or at 
least to reduce its effects: 

(1) promoting public transport (taxis, buses, 
trams, underground and surface railways); 

(2) developing technically improved motor 
engines; 

(3) locating highways outside the residential and 
central areas of towns, nature reserves, and recre
ational areas; in these areas only public transport 
should be allowed and footpaths and bicycle tracks 
should be provided; only short roads leading to car 
parks should be provided for private cars, as in 
many new towns in Sweden and the United King
dom (31); 

(4) creating green zones and soil walls between 
highways and residential areas, or, where con
venient, by lowering highways below ground level 
(which also reduces noise); 

(5) taking particular care with proposals for ele
vated road junctions to carry heavy traffic near 
residential and central areas since these junctions are 
very serious sources of noise and air pollution. 

Information about noise control has been pub
lished by the World Health Organization (32), and 
Plowden (33) has attempted to make a financial 
assessment of loss of amenity caused by noise from 
highways. 

AIR POLLUTION IN TOWN 
PLANNING 

Taesler (34), has stated: 

" The urban atmosphere is a vital part of the 
physical environment that directly affects the 
health and well-being of the urban population as 
well as the functioning of single buildings or built
up areas. The properties of this atmospheric envi
ronment are obviously influenced by decisions 
made in the process of town planning and building 
design. However, with the exception of air pollu
tion control, very little, if any, serious attention is 
paid to local or urban climatic conditions or to the 
possible effects on these conditions which will be 
the consequences of the decisions in the building 
process. At present there seems to be a general 
unawareness among planners, architects and 
building engineers of the properties of the urban 
atmosphere and of the possibilities of taking these 
properties into account." 

Givoni (35) concluded that, 

" Systematic research into the effect of town plan
ning on urban climate has started only recently. 
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Most previous studies were confined to registering 
differences between urban and country climatic 
conditions without taking into account specifi
cally, the various planning features of the.towns in 
question. Therefore it is not possible at preient to 
give comprehensive guidelines to town planO:ing in 
relation to climate, but rather to suggest certain 
ideas .based on general principles and the .available 
knowledge from studies in building climatology," 

The main elements of town planning affecting the 
urban climate are as follows: 

(1) the location of the town in the region; 
(2) the size and density of the built-up area; 
(3) the width of the streets and their relation to 

the prevailing wind and position of the sun; 
(4) the height of buildings; 
(5) the nature and reflective power of the external 

"surface" of the urban area; 
(6) the total area and distribution of green spaces; 
(7) details of building design. 

Problems of air pollution in and around buildings 
are referred to by Schlipp (36) and also in Chapter 7 
of this manual. 

In general, towns and urban areas must be built 
with clearly differentiated residential and working 
areas and green spaces. Good examples can be found 
in new towns in the United Kingdom and new 
outskirts of existing cities in Sweden. A planning 
system published by the Netherlands Government 
(1, 2) contains very valuable suggestions. 

The following points deserve special attention. 
(1) In general, most high buildings must be lo

cated in the central parts of towns; low-rise J:\.ouses 
should be built in the residential areas. These houses 
should not be out of scale with trees in the neigh
bourhood. 

(2) . The location of buildings such as hospitals, 
that are at high risk from air pollution must be 
chosen with particular care so as to be well away 
from highways and industrial areas. 

(3) At the design stage a good urban structure 
must be found, particularly in respect of green 
spaces and traffic networks. 

(4) .Good micro- and meso-meteorological condi
tions in the towns should be obtained by careful 
attention to the orientation of streets, location of 
green spaces, the placing of high-rise buildings, etc. 
Full advantage should be· taken of special topogra
phical features. 

(5) A town must not be located downwind of 
large industrial areas; if necessary, adequate buffer 
zones must be provided. 

(6) Careful attention must be paid to ecological 
principles, one of which emphasizes the close rela
tionship between a living system (a town) and its 
environment (earth, water, and climate). In town and 
country planning the bio-ecologist and meteorologist 
must be given places in the planning team. 

(7) Attention must also be paid to cyclic princi
ples in the management of residential and industrial 
areas; for instance, waste materials derived from the 
purification of polluted water, domestic waste, waste 
paper, and scrapped motor cars should be reused to 
provide raw materials for industrial and domestic 
goods, for composting, and landscaping in parks. 
Heat produced by the combustion of waste materials 
should be used for central heating in residential 
areas. 

MODELS FOR TOWN AND 
COUNTRY PLANNING 

IN THE DELTA REGION 
OF THE SOUTH-WEST 

NETHERLANDS 

The Netherlands Government (3) is currently con
sidering three models for planning in the delta region 
of the South-West Netherlands. These are based 
on ecological, economic, and sociocultural prin
ciples. For the ecological model (37), an inventory 
was made (and published as maps of 1: 500 000 
scale) of the flora and fauna, vegetation zones, and 
landscape types for the recent past and the present 
time. The relative values and a balance of profit and 
loss over the last 60 years were thereby obtained. 
This balance and the future trends are both strongly 
on the negative side. The same is true of an inven
tory of cultural richness of the landscape and the 
quality of water and the atmosphere. A model based 
on a new ecological balance is suggested for develop
ment in the near future. The emphasis of this model 
is on a harmonious integration of human activities 
with the natural environment-soil, water, air, cli
mate, and biological richness. Human society 'is a 
part of the totality and not a separate system. 
Ecological management must concern itself with the 
continous functioning of the different relationships 
that make environmental differentiation possible .in 
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town and country. The border areas, including, 
naturally, buffer zones, are of particular significance. 

Excessive growth of population, industries, and 
harbours, an.d also the number of private cars, must 
be limited. Although industry has an important 
place in the delta region, its unlimited and rapid 
growth should not be allowed to go further. A more 
internationally oriented policy on the location of 
industries must ultimately follow, and this will not 
only provide a solution for the delta and Western 
Europe, but also for poorer countries in other parts 
of the world. 
The central goals of this ecological model are as 
follows: 

(1) ecological management of the natural environ
ment; 

(2) care for environmental hygiene; 

(3) a harmonious structuring of human living 
areas and industry; 

(4) the successful integration of human living 
areas and industry into the natural environment. 

This is accepted as one of the three models for the 
development of the delta region by the Physical 
Planning Committee of the Netherlands Govern
ment (3). The other two are an economic model and 
a sociocultural model. 

The central aim of the economic model is the 
further rapid growth of basic industries and har
bours, for which the area is eminently suitable on 
account of its geographical situation. This means 
that from the point of view of economics industries 
requiring deep-sea harbour facilities obtain priority 
in the allo6ation of sites and financial support. The 
following points must, however, be taken into con
sideration and may to some extent tend to limit this 
growth: 

(1) the quantitative need, international as well as 
national, for new industries based on deep-sea har
bours; 

(2) problems created by great industrial com
plexes; 

(3) technical possibilities of constructing new har
bour areas; 

(4) prospects of obtaining sufficient labour. 

The goals of this model have been compared with 
socioeconomic, sociocultural, environmental, finan
cial, technical, hydrological, and organizational 
criteria. 

The environmental criteria and conditions are the 
following: 

(1) very great care must be exercised with respect 
to activities that might disturb the physical environ
ment since the critical limit for the conservation of a 
natural system is unknown; 

(2) when there is uncertainty about any activity it 
is advisable to abandon the activity altogether; 

(3) strict hygiene of the environment must be 
enforced, particular attention being paid to the 
various sources of pollution; 

(4) the speed of growth must be kept in step with 
the development of the urban structure. 

The sociocultural model has 4 central goals, which 
are as follows: 

(1) to pay great attention to the environment for 
living, working, and recreation; 

(2) to give special care to the provision of ade
quate public facilities such as public transport and 
sociocultural facilities in town centres; 

(3) to provide employment in relation, both quan
titatively and qualitatively, to the growth of the 
population; 

(4) to protect man from physical and psychologi
cal assaults on his wellbeing by air, water, and soil 
pollution, noise, bad smells, fire danger, explosions, 
radiation hazards, and poisoning. 

These goals have been compared with the socio
economic and environmental criteria. In this model 
the accent is on the creation of the social, cultural, 
and socioeconomic conditions needed for optimal 
human development. A basis is sought for the 
relationship of man to his immediate environment, 
and one starting point is a modern and open col
laboration between government and population in 
the planning of the region. 

In spite of their different bases and different goals, 
the three models clearly have a great deal in com
mon and the task of the Netherlands Government is 
to integrate the various requirements into a viable 
planning policy for the region. 

SUMMARY AND CONCLUSIONS 

(1) Everywhere in the world there is a tendency 
towards greater urbanization and the growth of large 
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cities. This trend has given rise to very serious 
difficulties with regard to the environment, and the 
question is therefore whether it can be allowed to 
continue unchecked or whether a greater or lesser 
degree of dispersal is necessary. 

In the last few years a plan has been adopted in 
the Netherlands whereby developments originating 
from the main centres of population would be 
removed and grouped together elsewhere in new 
centres on a much smaller scale. This follows the 
pattern of the new town policy that has been very 
actively followed in the United Kingdom during the 
last 20 years. This brake on the uncontrolled growth 
of existing towns and conurbations is expected to 
produce savings of time and money that will permit 
more attention to be devoted to improving the 
quality of old city centres, residential areas, induss 
trial estates, and the traffic and transport network, 
and providing better health and recreational facili
ties. 

This policy can, for instance, lead to : 

(a) a decrease in the disproportionately explosive 
growth of heavy industry; 

(b) a " clean-up " of existing industrial areas 
through the abatement of pollution at the source 
(using the best technical means to prevent the dis
charge of pollutions, processes that do not cause pol
lution, or cyclic processes in which waste materials 
are 'not discharged into the environment but are 
collected and reused as raw materials); 

(c) the devotion of more care to the wellbeing of 
man and nature (the implementation of more effi
cient nature preservation, the establishment of more 
parks and landscaped areas, the creation of better 
living environments, and the encouragement of effi
cient public transport to replace the unbridled 
growth of ownership of private motor cars and the 
proliferation of motorways); 

(d) the application of ecological considerations in 
drawing up economic programmes aimed at increas~ 
ing prosperity. 

(2) The principal sources of air pollution are 
industry, domestic heating, and transport. In gen
eral, the use of fuel with a low sulfur content must be 
encouraged, and in determining the price relation
ships of the various sources of energy, governments 
should take the benefits of avoiding air pollution 
into consideration. Pollution by motor cars must be 
reduced by the application of technological innova
tions and by the correct planning of the traffic 

system in relation to the living conditions in town 
centres and residential and recreational areas. 

Another serious problem is air pollution and noise 
in the vicinity of airports; this also should be tackled 
at the planning stage. While air pollution by industry 
should, in principle, always be attacked at the source 
with all the technical means available, full advantage 
should also be taken of the capacity of the atmo
sphere to disperse pollution. This can be done by 
locating heavy industry at sites where natural venti
lation is good, or, on a smaller scale, by reinforcing 
the instability of the atmosphere, and hence its 
power to disperse pollution, with suitably placed 
walls, buildings, and open spaces. 

(3) For planning purposes, a classification of 
industries is required to show their effects on the 
environment; the demands of industry on the labour 
market and the local transport network should be 
included in the classification. 

A great deal of research is in progress all over the 
world on the relationships between emissions of 
pollutants and the pollutant concentrations pro
duced by these emissions at ground level. Research is 
also being carried out on the effects of these ground 
level concentrations on human health, vegetation, 
and climate. When all this work comes to fruition it 
will be possible to determine the standards to be 
applied to industrial emissions with very much 
greater certainty than is possible at present. 

The psychological effect of bad smells on the 
inhabitants of an industrial area poses very serious 
problems. The Central Supervisory Network on Air 
Pollution in the Rijnmond area near , Rotterdam 
received 20 000 complaints by telephone in 1970. For 
Vlaardingen and Hoogvliet they found a relationship 
between the number of such complaints per 1000 in
habitants and distance from the offending industry. 

(4) Buffer zones between basic industries and 
dwelling areas should, in many instances, have a 
width of more than 2 km. If the residential areas are 
located downwind of large industrial areas, buffer 
zones of twice this width might be desirable. The 
effect of these zones . will become greater as the 
vegetation in them matures and they assume a park
like character. 

The value of green spaces in environmental con
trol can be great. The vegetation can extract pollu
tants from the air, stimulate turbulence (thereby 
aiding the dispersion of pollutants), and interrupt 
sound and shock waves. Green spaces can have a 
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beneficial effect on the microclimate of towns and on 
the psychological state of the inhabitants. In addi
tion, their aesthetic appeal is considerable. 

Big urban parks can also act as buffer zones 
between highways and residential areas, as well as 
between residential areas and scheduled country 
areas. In general, new towns should never be situ
ated immediately adjacent to important scheduled 
nature reserves but always at a distance of, say, 
2-4 km; the intervening area will then evolve into a 
park zone, which will at the same time act as a buffer 
zone around the town. 

(5) Traffic in town and country presents many 
problems, and the following points are worth 
noting: 

(a) development of more efficient motors would 
solve the air pollution problems at the source; 

(b) highways should be located outside the resi
dential and central areas of towns, and the in
creased use of public transport within these areas 
is to be encouraged; 

(c) elevated motorway junctions are an important 
source of nuisance; when they are required they 
should be constructed at some distance (500 m) 
from residential areas; 

(d) a green buffer zone about 200 m wide between 
highways and residential areas is highly desirable. 

(6) At present, planners seem to be generally 
unaware of the properties of the urban atmosphere 
and the meteorological conditions necessary for a 
healthy physical environment in towns. Systematic 
research has started only recently. The main ele
ments of town planning that affect the urban climate 
are: 

(a) location of the town in the region; 

(b) size and density of the built-up area; 

(c) width of the streets and their relation to the 
prevailing wind and the sun; 

(d) height, orientation, and design details of 
buildings; 

(e) extent and distribution of green areas. 

Generally speaking, there should be a clear differ-
entiation of function and form between the various 
parts of towns. Some other suggestions for tmvn 
planning are that: 

(/) high-rise buildings should normally be placed 
in the central parts of towns; 

(g) high-risk buildings, such as hospitals, should 
not be placed near highways or industries; 

(h) towns should not be. situated downwind of 
great industrial areas unless a very wide buffer 
zone is established. 

(7) Research is still in progress on the best ways 
of integrating polluting industries, etc., into urban 
areas. 

PROPOSALS FOR 
RESEARCH PROGRAMMES 

(1) Climate is, generally speaking, a neglected 
parameter in town and country planning. At the 
present time, with increasing air pollution and the 
extension of urban areas into the countryside, it is 
becoming all the more necessary to incorporate 
meteorological considerations into the planning pro
cess. For air pollution control there is a need for 
diffusion models to study different types and quanti
ties of emissions and alternative locations for indus
tries in relation to the climatic conditions. In indus
trialized regions a research programme based on 
quantitative diffusion models should be set up. 

(2) Research on the increasing demand of the 
population for clean air would be a very useful 
activity. 

(3) More research is needed on: 

(a) water supply and water purification systems; 

(b) reuse of domestic and other waste materials 
( organic waste material--composting-manuring 
of parks without the use of fertilizers); 

(c) industrial cooling and combustion processes in 
relation to central heating systems. 

(4) In town and country planning there is need for 
a generally acceptable classification of industries and 
industrial areas in relation to the nuisance they 
produce and the demands for transport, land, and 
labour. Research is needed on the width of buffer 
zones for the various types of industry. 

(5) The park and buffer zone systems in an urban 
region or city have important functions in relation to 
human health and wellbeing, and there is need for 
systematic research on the best environmental arran-
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gement of the vegetation zones provided for in town 
planning for different topographical and climatic 
situations. 

(6) There is also urgent need for more fundamen
tal research on different traffic systems and their 
consequences for air pollution and the city climate. 
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INTRODUCTION 

In the final analysis, it is the demand for goods 
and services that provides the driving force of the 
economy and leads to industrialization, air pollution, 
and other kinds of environmental degradation. Pol
luting substances are unintended coproducts of the 
basic processes of production and use (incorrectly 
termed " consumption "). There has been some 
debate in recent years about whether these undesir
able residues are inevitable, given the growing pres
sure on the environment resulting from population 
growth and per capita consumption, or whether they 
are rather the result of misapplied or faulty techno
logy. In this chapter it is assumed that the problem 
of air pollution is principally a technological one and 
that it is capable of a technological solution. 

Pollution does not affect only the air. However, 
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the atmosphere has some special characteristics, 
derived principally from its size and corresponding 
ability to dilute, disperse, absorb, and deactivate 
contaminants. Rainfall acts as a" cleansing" mech
anism which can transfer pollutants from the 
air to water. Moreover, the atmosphere has no 
international boundaries and from an economic 
point of view it functions as the ultimate " common 
ground ". Smoke from a chimney belonging to a 
certain factory that derives a specific economic 
advantage from the discharge of residuals at the least 
cost to its production process may affect thousands 
of widely dispersed people without inconveniencing 
anyone who has a role in the decision-making 
process of the factory management. 

Air pollution, taken by itself, can already be 
controlled if there is the will to do so. In cases where 
a satisfactory control technology is not at present 
available national bodies must undertake the re
search and development, alone or in cooperation 
with other countries. Even if the technology is 
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available, however, it will be applied only when there 
is adequate inducement. Although some residuals 
may have an economic value, this is not always 
sufficient to warrant the cost of recovery. Therefore, 
residuals must be handled as cheaply as possible in 
relation to the production process. Since their dis
charge into the natural environment may, in an 
unconstrained situation, involve the lowest cost, the 
only way to control the level and manner of pollu
tion is to set up an enforceable system of incentives 
against pollution. 

Different economic systems in different coun
tries-control of prices, wage rates, the cost of 
borrowing money, the legal structure (e.g., property 
rights), methods of redress, the tax structures, and 
social and political traditions-and the size of the 
country and its location will all have a bearing on 
action taken with regard to air pollution. Other 
factors are the degree of industrialization and the 
availability of capital. The collective values and 
standards of the people will influence national pol
icy on air quality. Because so many factors are 
involved it is not possible to· propose a simple 
formula for dealing with the economic aspects of air 
pollution. Rather, the application of economic prin
ciples to the challenge of air quality management is 
discussed in this chapter. 

Some countries may be willing to tolerate pol
lution as the price of rapid economic expansion. 
From their point of view, the environment is a 
" capital resource " that can be utilized and depre
ciated initially in exchange for longer-term gains in 
economic development. However, one problem in 
the use of the air as a capital resource is that 
pollution may travel across national boundaries and 
force a neighbouring country to pay some of another 
country's production costs. Another complicating 
factor is that one country may find it nec~ssary to 
allow a high level of emission of pollutants in order 
to compete economically with others where such 
levels of pollution are permitted. This problem is 
serious but not limited to environmental issues; 
labour laws, wage levels, and health and safety codes 
also vary from country to country, affecting prices, 
costs, and competitiveness in international trade. 

Simply stated, the rationale for allowing.pollution 
ceases to operate if either of the following conditions 
is present. 

0) The economic costs of the damage caused by 
air pollution are higher than the cost of avoiding 
such damage. 

(2) The public demands cleaner air than would be 
justified under condition 1 as a way of maintaining 
or improving the quality of life and achieving a 
greater sense of wellbeing. (This could be where, for 
instance, a particular management strategy has given 
rise to a decision to locate a polluting industry in an 
otherwise unpolluted· area.) 

THE ECONOMIC RATIONALE 
FOR CLEANING-UP 

POLLUTION 

One reason for reducing the level of air pollution 
is, of course, to reduce the extent and nature of the 
damage that results from the pollution. In this 
context, damage is meant in the broadest. sense and 
includes not only effects on human health, but also 
disruptions of the ecosystem, deterioration of visi
bility, and any other aspect of air quality that society 
chooses to value. The current concern for air quality 
is probably due to the absolute increase in air 
pollution, as measured by some parameters; in the 
past few decades and to increased expectations of a 
high quality of life associated with progress. Viewed 
strictly from an economic standpoint, however, there 
are two principal reasons for limiting the way in 
which the air is used as a dumping ground for the 
waste products of various activities; they are (1) effi
cient allocation of resources, and (2) equity. 

Efficient allocation of resources 

Unless the full cost of all the. inputs used in a 
process is calculated and included in the cost of the 
final product, the final product will be underpriced. 
The environment (use of the air) is included as an 
input. If the price is too low, the demand will be too 
high; this leads in turn to greater production and 
increased environmental damage. As long as any 
tangible damage resulting from the production pro
cess is not accounted for in the cost of the product 
there will be a misallocation of resources. 

Thus, two costs have to be computed separately 
and then added-namely, internal costs, i.e., the 
normal production costs, and external costs, which 
are costs imposed on society but not normally 
included in the price of the product. By including the 
external costs in the cost of production, commonly 
referred to as " internalizing the external cost ", the 
cost of production is raised, the demand for the 
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product is restricted, and the amount of pollution is, 
in turn, reduced (assuming that there are no alterna
tive means of reducing pollution without increasing 
costs). 

Equity 

The case for internalizing externalities has nothing 
to do with any particular economic system, but is 
always a basic consideration if a country is to 
allocate its resources efficiently. By definition, the 
external costs fall on parties who are not necessarily 
beneficiaries of the polluting process. Internalizing 
the external cost will require either the payment of 
compensation to the injured or a change in the 
process to eliminate the cause of damage. 

It is sometimes argued that since society as a 
whole is at one and the same time a beneficiary of 
most production (of electricity, for example) and a 
victim of pollution, it is not necessary to internalize 
external costs. This is, however, fallacious reasoning 
because, as stated above, if the cost of generating 
electricity, for example, does not include damage due 
to the air pollution, electricity will be priced too low 
and the demand will accordingly be too high. There 
is also no reason to assume that the damage result
ing from power plant emissions, to continue the 
same example, will be distributed in the same way as 
the power. Large consumers of electricity may be 
located far from the power plant and small users 
may be living in the zone of greatest pollution. 

Another fallacy is that economic efficiency should 
not be a primary consideration because " in the end 

the consumer always pays ". Granted that the cost of 
production will often (but need not always) increase 
when externalities are internalized, it does not follow 
that all of these costs can be passed on to the final 
customer. The proportion of the costs that can be 
passed on will depend on an economic reality known 
as price-elasticity, which is defined as the ratio 
between the percentage reduction in demand follow
ing a 1 % increase in price. As the price increases as a 
result of including previously uncounted external 
costs, fewer units will be demanded by the market. 

The actual value of this ratio between price and 
quantity depends on factors such as the availability 
of substitutes and the importance of the item in the 
budget of the consumer. Thus, if pollution control 
costs are shifted to the consumer, the consumer will 
have the option of buying similar goods from a 
supplier whose costs have not increased to the same 
extent, or buying a satisfactory substitute, which 
becomes more competitive in price (e.g., using alu
minimum instead of copper for electrical conductors). 
In this manner, internalizing the externalities in
volves a reallocation of resources, and since not all 
manufacturers will be faced with the same cost 
increases (because some processes are cleaner than 
others), consumption will shift to the products of 
cleaner activities. 

The ratio between the costs to be passed on to the 
consumer and those that the producer will have to 
bear is directly related to the elasticity of demand for 
that item. Two examples are illustrated in Fig. 1. In 
these examples an identical price increase (from P 1 

to P,) causes quantity demanded to fall by signifi-

Fig. 1. Curves for price and demand elasticity: inelastic (A) and elastic (B) demand schedules 
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cantly different amounts (from Q1 to Q 2). Elasticity 
is defined as: 

dQ P Q1Q2 OP 
~ x -or-- x --. 
dP Q P1P2 OQ 

Clearly, activity A (Fig. 1) can pass on the full cost 
increase incurred in meeting a given standard with 
less loss of demand than can activity B. 

Factors that will affect the elasticity of demand 
are. as follows. 

(1) The overall importance of the activity or 
products; the demand for wheat, for example, may 
be less elastic than the demand for strawberries. 

(2) The relative fraction of the consumer's budget 
devoted to a particular activity or product; in many 
parts of the world the demand for table salt, for 
example, will be less elastic than the demand for 
meat. 

(3) The availability of suitable substitutes; the 
demand for lead will be less elastic than the demand 
for aluminium, for example, because lead is used 
principally as a petrol (gasoline) additive and in 
electrical storage batteries, where there are no practi
cal substitutes, whereas aluminium is used princi
pally in electrical equipment, whl)re it competes 
with copper, and for structural and automotive 
applications, where it competes with steel. 

ASSESSING THE COST 
OF CONTROL 

Any economically efficient strategy for managing 
the quality of the air will need to take into account 
the relationship between the cost of attaining each 
increment of improvement and the benefit obtained 
from that increment in terms of improved health or 
visibility, or any other reduction in damage due to 
air pollution. Although there are a number of practi
cal difficulties in the application of this theory, the 
principle is incontrovertible. Assuming that control 
equipment is available for a fairly continuous con
trol efficiency, a relationship can be derived between 
the cost and degree of control over the range of values 
being analysed. Then, in turn, a relationship must be 
developed to show how the ambient conditions at 
ground level relate to the emission from a particular 
source. The two analyses will have to be made within 
a particular framework; for example, a metropolitan 

area or an industrial region, either an airshed (natu
ral entity) or a community or township (political 
entity). 

Unfortunately, this two-step analysis will be very 
difficult in practice. One reason is that control 
equipment is not usually available for a continuous 
range of performance but follows certain discrete 
.characteristics. Another reason is that technology is 
not a constant; in fact, an important part of an air 
quality control strategy should be to improve and 
expand the basic technology. A third reason is that 
the nature and volume of residuals generated will 
depend on a complex interrelationship between the 
types of raw material used as input-for example, 
high-sulfur coal against natural gas; the particular 
technology of the production process; the nature or 
characteristics of the final product output-produc
tion of different grades of steel, for example, will 
generate different types and quantities of pollution; 
the operating level or rate of production-some 
processes may generate greater quantities of pollu
tion during start-up or shut-down periods while 
others may depend on whether the process is operat
ing at part-load or at full-load; and finally the 
environmental constraints required for the produc
tion process. Thus, the output of residuals can be 
varied by varying any or all of these factors. 

Different production approaches in terms of raw 
materials, technology, product output mixes, etc., 
can offer various production advantages in addition 
to reduced pollution, thus complicating the cost allo
cation problem. If a piece of equipment that is simply 
added on is involved, an electrostatic precipitator, for 
example, the costs can be computed directly, but where 
a scrubber removes both particulate matter and sulfur 
oxides the costs will have to be allocated jointly to 
the two pollutants. The use of fluidized bed combus
tion, for example, could eliminate the need for some 
of the control equipment and the substitution of 
electric furnaces for fossil fuel combustion might be 
another alternative for industry to consider. If elec
tric furnaces were used the need for pollution control 
at the furnace might be virtually eliminated but the 
energy costs would increase and the pollution probe 
lem would be passed on to another sector of the 
economy. Even so, there are no clear guidelines for 
the allocation of costs under such vastly differing 
strategies. 

In view of the complexity of the analysis and the 
range of possible actions that can be taken, it is clear 
that the public officials responsible for setting stan
dards must be as knowledgeable as the polluters since 
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informed judgment will be required at each stage of 
the decision making process. 

New controls and retrofitting 

Ideally, the costs allocated to meet a particular air 
quality standard should be only incremental costs, 
i.e., the difference between the cost incurred in 
meeting the standard and the production cost in the 
absence of the pollution control constraint. In prac
tice, this is easy to do only if the required equipment 
is to be added (retrofitted) to an already existing 
plant. Thus, where the facility needs to be modified in 
order to conform to a particular emission standard, 
the " before-and-after " computation is relatively 
straightforward. Three cost components that have to 
be considered are (1) the capital cost of the additional 
equipment; (2) operating costs, including the possi
bility that overall output efficiency may be reduced 
(or possibly improved) by the modification; (3) loss 
in production caused by the period of stoppage 
(down-time) needed for installing the control equip
ment. In other words, the cost to be attributed to 
pollution control is the difference in net cost of 
production before and after the imposition of the 
environmental constraint (where net cost equals the 
gross cost minus any savings from recovered mate
rials and/or by-product-that is, reuse and produc
tion that would not have occurred in the absence of 
pollution control). Many pollutants, including sulfur, 
mercury, and fly ash, have a potential economic 
value. 

The principle of cost allocation for a new plant 
is identical, but the analysis is rather more dif
ficult because the data available will apply to the 
design of the entire plant without differentiating 
the costs of meeting the environmental standards. 
To complete the before-and-after analysis, therefore, 
a knowledge is required of what the " optimal " 
design of the plant would have been in the absence 
of the particular environmental standards. As previ
ously stated, there is substantial room for judgement 
about what would have been done in the absence of 
the specific control. It is important for the control 
agency to know as much as the plant managers 
about the industry and its production possibilities. It 
is not axiomatic that industry is the best judge in 
these matters. 

Consider the simple case of a very high (300 m) 
chimney to be built at a new plant to disperse the 
pollutants and prevent high concentrations at 
ground level. What kind of chimney would have 

been built in the absence of the particular control 
standard? One cannot assume that no chimney 
would have been built and then allocate the entire 
cost of the high chimney to air pollution control. 
Should it be assumed that the stack would have been 
120-150 m high, charging only the cost of the ad
ditional height to the cost of meeting the standard? 
Even without any specific requirement some invest
ment would surely have been made in installations 
for discharging the plant's effluent. As the scale of 
operations increased something more than a low-level 
discharge would probably have been provided. 

Additionally, there are some distortions in every 
economic system that hinder the analysis. For exam
ple, there is the problem of controlled prices. 
Where prices are controlled they do not reflect 
the total cost of goods and services but are to 
some extent arbitrary. Particular tax advantages for 
certain kinds of equipment or a particular advantage 
in utilizing some inputs represent another kind of 
distortion; for instance, there may be a subsidy for 
using a certain fuel. Import tariffs and export sub
sidies also make it difficult to determine real costs. 
Interest rates may be established by the administra
tion rather than by the market, in which case the 
relative competitiveness of capital investments in 
relation to operations will be distorted. Finally, 
special depreciation allowances may be established 
that affect the economic life of the investment. 

Uncertainties in extrapolating the cost 
of control technology 

Owing to the reconstruction, industrial growth, 
and employment opportunities needed after the 
Second World War, together with the prevailing 
low prices for energy and other raw material inputs, 
there was little incentive to modify industrial pro
cesses so as to minimize the production of unwanted 
residuals. Pollution control research lagged by com
parison with the attention given to explanding out
put. Expectations in the emerging field of nuclear 
energy and the increasing availability of oil and 
natural gas further discouraged improvements in 
fossil fuel combustion technology. As a result of 
the research lag, much of the pollution control equip
ment now being installed is not well tested, and 
manufactures are often unwilling to offer their equip
ment on a firm performance and cost basis. As 
improved technology becomes available over the 
next few years the uncertainties will diminish, but, 
for the present at least, policy makers must consider 
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interim technologies as a stimulus to progress and 
not as a basis for long-term projections. 

An example of an interim technology that is recog
nized as being a temporary expedient, is seen in the 
area of sulfur oxide control, where there are a large 
number of competing processes. In the short .term, 
control processes will concentrate on removing sulfur 
after combustion but in the longer term there will 
be il move towards fuel desulfurization (i.e., pre
combustion removal of sulfur), an approach that 
promises many advantages the over stack gas clean
up systems now being contemplated. Similarly, in 
the area of automobile emissions control in the short 
term most emphasis will be placed on cleaning the 
exhaust gases after combustion through the use of 
a catalytic converter. This approach has many dis
advantages but the equipment will be available sooner 
than that for the other technologies. Later, it is 
likely that this approach will be replaced by the use 
of different types of engine such as stratified charge 
and diesel engines. In both cases, since interim tech
nologies are involved, the pollution control agency 
will have to make a sequence of assumptions about 
future cost and performance trends where the current 
data cannot serve as a true guide. 

Comparing capital costs and operating costs 

Another example of the effects of uncertainty in 
assessing costs arises where one strategy involves 
higher operating costs, the .other higher capital costs. 
In the case of sulfur emission standards, a decision 
could be made either to burn desulfurized fuel or to 
install stack-gas scrubbing and continue to burn 
high-sulfur fuel. 

The economic methodology for comparing these 
alternative strategies is straightforward.· The, main 
difficulty lies in obtaining the essential data within 
the range of probability necessary to give policy 
results to the degree of confidence desired. For 
instance, the oil might have to be imported, in which 
case balance of payments, security of supply, and 
other national policy considerations would certainly 
influence the decision. The desulfurization process at 
an oil refinery would itself generate a series of 
residuals and a decision would have to be made 
about including the pollution emitted at the oil 
refinery in the analysis. There is considerable uncer
tainty about future trends in the price of oiL Assum
ing that the economic life of a power plant or other 
industrial facility is as long as 30 years, the price of 
oil would also have to be projected that far into the 

future. The application of an appropriate discount 
rate could limit the significance of the more remote 
part of this period, but even predictions about prices 
during the next 10-15 years are liable to be very 
uncertain. 

Still another uncertainty is the price trend for 
fuel. If the source of low-sulfur fuel is domestic, 
balance of payments difficulties and security ques
tions will not apply. The cost of the domestic fuel 
will however be related to the price of foreign 
supplies and will thus bear some of the same un
certainties. At the same time, uncertainties exist 
with respect to the performance of scrubbers and 
future price trends for some of the recoverable 
residuals such as sulfuric acid or elemental sulfur. 
Because of these uncertainties, a range of estimates 
must be presented and the assumptions underlying 
the estimates made explicit. Only in this way can it 
be determined how sensitive a particular decision 
will be to changes in the various parameters. Much 
attention will have to be given to the boundary 
where two alternatives appear to compete (see man
agement strategies, p. 91). 

Although this list of pitfalls will be unsatisfying to 
engineers and decision-makers, who like to have the 
alternatives clearly stated, one purpose of this chap
ter is to point out that the field of environmental 
quality management is technologically very dynamic 
and interacts with many other areas affecting the 
economics of production. Thus, public decision
making will of necessity consist of approximations 
subject to different sets of assumptions. 

Conventional wisdom holds that it always costs 
money to clean up. Yet, it is worth noting that a 
" dirty " process is not always the cheapest means of 
producing goods and providing services. Indeed, 
there are circumstances in which the "clean" pro
cess should be selected on economic grounds alone. 
In other words, environmental improvement is not 
always achieved at the expense of production effi
ciency. One example, of this is the development of 
the bypass fan-jet engine, which replaced the older 
version and gives increased power at reduced noise 
levels and a reduced fuel consumption. Until that 
time, it was claimed that any form of noise suppres
sion, whether by add-on device or exhaust modifi
cation, would reduce the efficiency of the engine. The 
discovery of the fan-jet principle changed that view. 
In this case, the discovery was made as a result of 
a search, not for quietness but for greater power 
output. 

In a similar way, fluidized bed combustion of fuel 
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may produce both an environmental advantage and 
a gain in efficiency, while the stratified charge variant 
of the automobile engine gives promise of improved 
environmental performance with apparently no loss 
in efficiency. Two recent developments that have 
been publicized by the aluminum and copper indus
tries similarly promise improved production efficien
cies with lower discharges of gases containing sulfur 
oxides and fluorides in relation to output. 

Since technology is not constant, some incentives 
must be given to industry to take the risk attendant 
on any new investment. In some industries, including 
computers, semiconductors, and electronics, market 
competition, both national and international, may 
suffice. In older, longer established industries, out
side forces are probably needed to stimulate innova
tion. The new emphasis on air quality may well 
provide that stimulus. 

Disincentives to innovation in capital 
intensive industries 

Capital intensive industries, of which electricity, 
generating plants and oil refineries are among the 
more notable, tend to be extremely conservative 
technologically. Because they are capital intensive, 
the cost of an investment error will be extremely 
high. In view of the great economies due to the scale 
of these capital intensive industries, even small trial 
plants will be very expensive and the " salvage 
value " of unsuccessful technology will be almost nil 
since most of the resources cannot be converted to 
another use. One of the earliest nuclear breeder 
reactors in the USA, the Fermi nuclear plant, had to 
be abandoned because of engineering problems. 
Furthermore, since technical factors do not stay 
constant as :Jlant size increases, relatively large-scale 
experiments will be required. The success of a small
scale trial Viill not automatically guarantee that 
scaling up to full size can be achieved in a single 
step. 

In addition, the fact that electricity and petrol are 
essential components of the economy and the 
demand for them is price-inelastic, at least in the 
short run, means that reliability, i.e., an assured 
supply, wili command a premium. This, in turn, will 
tend to make industry reluctant to take the risks 
inherent in new, u;-itested technology. The challenge 
for management is how to maintain efficient pro
duction in view of the uncertainties that accom
pany any change in procedure. Another challenge 
is how to incorporate this kind of risk-taking into 

the management framework, i.e., how to develop 
incentives to encourage the investment necessary to 
bring a new and improved technology to a commer
cial stage. 

MANAGEMENT STRATEGIES 

The principal objective of any air quality manage
ment strategy should be to maximize overall net 
benefits given the fact that there will be multiple 
sources of pollution affecting multiple receptors. 
Basic requirements for this· optimization objective 
are: 

(1) information about emissions; i.e., a complete 
inventory of sources; 

(2) knowledge about the relationship between the 
volume and nature of the discharges and the cost of 
control; i.e., the cost of control functions; 

(3) knowledge about the transportation and the 
diffusion of the pollutants and the resulting ground 
level concentrations at various locations in the air 
shed; i.e., atmospheric models to relate sources and 
receptors; 

(4) an understanding of the environmental and 
health effects of varying concentrations of the pol
lutants, both singly and in combination; i.e., environ
mental models relating dosage to damage (damage 
function). It is clear that damage cannot always be 
measured in monetary terms but can usually be 
quantified in some way. 

To develop a strategy thus requires an analytical 
and data gathering phase, an articulation of the 
options, i.e., elaboration of benefit-cost relation
ships, and finally when the social objective is agreed 
and the relative urgency of action established, the 
formulation of a management strategy to attain the 
specified goal. The strategy, in turn, should (1) specify 
the set of actiyities needed to achieve the desired 
air quality, and (2) develop an implementation 
procedure. 

Important considerations in the development and 
formulation of an air qu2Jity management strat
egy are: 

11) a specific timetable ::or implementation (one 
facet of tl:.e social objective); 

(2) assumptions about the likely growth in gener
ation of residuals with time: 
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(3) equity; how the cost of control is to be 
allocated between the various polluters and the rest 
of society ( another facet of the social objective); 

(4) external economic considerations such as 
employment and impacts on other sections of the 
economy (part of the cost function). 

Some of these considerations are discussed below. 

Timetable for implementation 

It'. is virtually axiomatic that the faster the manage
ment strategy is to be implemented the more costly it 
will be. Offsetting this, there is the political require
ment to retain credibility by advancing the pro
gramme at a tempo in keeping with social needs and 
expectations. One reason that rapid implementation 
costs more is that at any stage a number of plants 
need to be retrofitted in order to conform to new 
standards, and retrofitting is generally (or often) 
more costly than the construction of a new plant 
that meets the standards. The plant may have to be 
taken off line for a certain period, causing a loss in 
production, unless the installation can be made 
during a scheduled maintenance period; however, 
this is seldom possible. The value of lost production 
during this period is part of the cost of meeting the 
environmental requirements. In addition, a number 
of the construction costs are also non-productive. If, 
for example, old plants do. not have adequate space 
between the chimney and the furnace to permit the 
installation of scrubbers, an expensive modification 
to, or replacement of, the chimney may be required. 

Since any new technology may not have been 
fully tested, there will be some risk of disappointing 
performance. On the other hand, if implementation 
is unreasonably delayed and old plants are exempted 
from compliance with the requirements, there will be 
a disincentive to the construction of new plants and 
the life of old, polluting equipment may, therefore, 
be unintentionally extended. Furthermore, some new 
production processes and control technologies may 
themselves cause a new set of problems that will 
have to be taken into account. The comparison of 
emissions must be made over the full operating cycle 
of the equipment from start-up to shut-down with 
normal random variations in the generation of resid
uals hourly, daily, weekly, etc. The comparison 
should also make some allowance for the suscepti
bility of the different control strategies to accidental 
releases of pollution. These factors all complicate the 
analysis but have to be taken into account. 

Planning also depends on the dynamics of the 
industry. If the industry is expanding rapidly, the 
importance of single older plants will be far less than 
if the industry is fairly static. Retrofitting as an 
option in management strategy may be more appro
priate in a static or declining industry than in a fast
growing one. 

Assumptions about the growth rate 
in polluting industries 

The electrical power industry in some countries 
has been experiencing a 10% annual growth rate, i.e., 
a doubling time of about 8 years. In the absence of 
new standards the total quantity of emissions will 
also double in 8 years, assuming that the technology 
for power generation remains essentially the same 
over the period of analysis. On the other hand, if the 
polluting industry is in decline then the .absolute 
volume of residuals it generates will probably be 
reduced accordingly, even without specific regula
tion. 

Equity 

One facet of an air quality management strategy 
could be to require a certain level of pollution 
reduction from each party contributing to the pollu
tion problem, regardless of the polluter's ability to 
pay. In one sense it would be fair but in practice it 
would not be good policy because certain activi
ties-thanks to economies of scale or production 
technology-might be able to adapt more easily than 
smaller, older firms. If 50 % of the sulfur dioxide in a 
particular area comes from one large power plant, 
while the remaining 50 % is produced by 100 small 
plants, it may be economically more efficient to 
require the large power plant to make most of the 
reduction in output needed to conform to the stan
dards. Although this would be the most efficient 
strategy, its impact would not fall equally on all 
polluters. 

Similarly, for urban air pollution caused by motor 
vehicles all vehicles might be required to conform to 
a certain standard. A more efficient alternative 
would probably be to require taxi cabs, buses, and 
commercial vehicles to meet very high standards of 
emission control and to be more lenient with pri
vately owned motor cars. The reason is that a rela
tively small proportion of the total number of motor 
vehicles may account for a disproportionate amount 
of fuel consumed and distance driven within. the air 
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control region. Furthermore, commercial vehicles are 
replaced relatively frequently and are maintained on 
a stricter maintenance schedule than are privately 
owned motor cars. Finally, since they are commer
cial, a share of the costs incurred by commercial 
vehicles can be passed on to the customers. More
over, the pollution caused by the private motor cars 
could be controlled by restricting their access to the 
city, particularly during periods of air stagnation. 

External considerations 

Environmental policy is not made in isolation; it 
is linked to other social objectives such as full 
employment and balance of payments. Increases in 
the cost of some products, such as energy, can have 
consequences throughout the economy. Thus, one 
objective of an environmental strategy will certainly 
be to minimize negative effects on the economy. 

However, short-term dislocations are probably 
inevitable. After all, a primary purpose of environ
mental management is to achieve an optimum allo
cation of resources, which will mean that some 
activities become relatively disadvantaged by com
parison with others; for example, private motor cars 
versus public transport. Similarly, some regions may 
require more expensive emission controls than 
others. 

It is a complex task to evaluate even the short
term economic adjustments to a change in produc
tion costs caused by newly imposed environmental 
constraints. Costs of production are always fluctuat
ing on account of changes in wage rates, costs of raw 
materials, levels of production, interest rates etc. 
Environmental controls will only add to the complex 
and dynamic process of determining production 
costs. A comprehensive economic model of the 
economy is required to enable planners to trace the 
effects of a change in output price of one com
modity, electricity or steel, for example, through the 
other sectors of the economy, to the final demand 
for all goods and services. Part of the reason for the 
difficulty is that while an attempt in being made to 
follow the effect of a particular change in the matrix 
of relationships between various sectors of the eco
nomy other factors are also changing. Negative 
consequences for one sector are often offset by 
positive gains in a competing sector, thereby compli
cating the calculation even more. A loss to steel may 
be a gain for the concrete or aluminium industries, 
and, of course the production of environmental 
control systems itself employs resources. It is the 

change in national income (or possibly regional 
income) that is important from the public sector 
point of view, and therefore transfers between sec
tors of the economy should not be counted as gains 
or losses to society. 

In the same way, pecuniary externalities should 
not be counted as gains or losses to the economy 
(pecuniary externalities being defined as changes in 
prices or costs to one producer caused by the actions 
of another producer). For example, if, as a result of 
environmental requirements, users of oil and coal 
are required to curb their emissions of sulfur and 
choose a process that will yield marketable elemental 
sulfur, the total supply of sulfur to the market will 
increase and the price will fall accordingly (depend
ing on the price elasticity of demand). The existing 
sulfur producers will thus suffer a loss as a result of 
the new competition but this loss will benefit the 
consumer. From a social point of view, such comple
mentary effects cancel out one another. 

The long-run economic consequences of pollution 
control, as the following hypothetical example illus
trates, are harder to predict. Assume that an inert 
gas is required in the manufacture of electronic 
vacuum tubes, and that the production of that gas 
by another industry entails a serious pollution prob
lem. The implementation of environmental con
straints on the gas industry would cause an increase 
in the price of the gas and might seriously affect the 
vacuum tube industry, and through it the electronics 
sector of the economy (radio, TV, computers, etc.) in 
which vacuum tubes were used before the invention 
of transistors. However, this kind of reasoning 
would grossly exaggerate the "long-run economic 
consequences " of the environmental decision, since, 
for reasons entirely unrelated to the environmental 
issue, the vacuum tube has virtually ceased to be 
used in the electronics industry (and transistors are 
not made with an inert gas). Thus any prediction 
would have been wrong. 

Similarly, although healthy firms should be able to 
adapt to new requirements, marginal firms may not 
survive reduced net incomes and their managements 
may prefer to cease operations entirely rather than 
meet the additional expense of compliance. In these 
cases, the environmental constraint is the final bur
den, hastening the closure that was already pending. 
The economic losses, unemployment, and other 
social effects of the closure should not, however, be 
debited entirely to environmental policy. On the 
contrary, the best way of evaluating the " cost " of 
the policy is to make a " with-and-without " analy-
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sis:, what would have happened, and for what length 
of time,. in the absence of the regulation? 

Clean-up costs, as previously mentioned, may add 
to the efficiency of resource use, where the environ
ment is seen as an economic resource. However, the 
reallocation of resources can lead to economic dis
locations during the .adjustment period, especially 
where resources, labour for .example, are. not readily 
transferrable to areas with new opportunities. Public 
action may be needed to provide compensation in 
the form of re-training and/or re-location assistance 
for displaced workers, as well as aid to regions during 
the period of transition. However,. problems of this 
kind are not caused uniquely by environmental poli
cies; they are part of a continuous process induced by 
changes in the economy, such as automation, new 
inventions, and changes in foreign trade relations. 

Implementing management strategies 

From an economic point of view, government 
requirements for emission control must relate direct
ly to the extent of the damage caused, orlikely to be 
caused, by the emissions. As previously stated, there 
is some flexibility in the way the assimilative capacity 
of the atmosphere is allocated to the various sectors 
using it. When the optimal strategy for a particular 
region in a " physical " or technological· sense has 
been determined, the next step is to select the 
implementation measures necessary to· induce the 
optimal set of responses. These measures can be 
either direct, for example, specific mandatory pro
scriptions requiring compliance, or indirect, for 
example, effluent charges, taxes, or subsidies. If the 
damage caused is extreme and the control techno
logy is easily available, outright prohibition may be 
justified. Such prohibition would force the activity 
either to comply or shut down. 

In theory, an emission charge or tax provides the 
greatest flexibility and diversity in implementing a 
strategy for certain types of activity. The problem is 
how to establish the correct level of tax so that the 
desired ambient air quality· is achieved. If all pol
luters choose to pay the tax rather than clean up, the 
.tax level is too low. Conversely, if firms are able 
neither to pay the tax nor to clean up, and therefore 
cease operating, the tax is too high. The setting of 
the proper tax level is further complicated by the fact 
that a given level of effluent tax will affect manage
ment decisions. 

Whatever strategy is selected, it is highly desirable 
to announce in advance the levels of control that will 

be required at different periods in the future. Retro
fitting, as stated earlier, is very costly, and for this 
reason industrialists need to know the emission 
requirements well in advance of their own planning. 
An early announcement of environmental policy can 
also influence the development and design of equip
ment and provide an important incentive to re
search. In this respect, the flexibility of the emissions 
tax can be particularly advantageous because a 
schedule of tax levels can be developed, starting 
from a low base and increasing over a period of 
years in a manner that will stimulate technological 
developments to reduce discharges. 

There are two basic ways to reduce emissions; one 
is to utilize the existing polluting process and 
attempt to capture the harmful by-products; the 
second option is to modify the production process, 
the raw materials, or the nature of the output. Coal
burning technology, for example, has come to re
quire that the coal should be finely pulverized before 
combustion. With existing processes, this leads to 
efficient burning ,.but creates severe technical prob
lems in capturing the fine particulates that are forced 
through the furnace. Some of these particles are 
smaller than a 1 µmin diameter. The most common 
technique for trapping fly ash is to use an electro
static precipitator, and these have evolved to a high 
state of technical efficiency where they can capture in 
excess of 99 % by weight of the fly ash. Unfortu
nately, since a very large number of small particles 
still pass through the precipitator, it is claimed that 
99 % collection efficiency by weight still permits 
about half the particles by number to escape .. (This 
raises the question as to whether the measurement of 
efficiency in terms of weight is necessarily the correct 
criterion.) 

An alternative combustion process which would 
not require the coal to be pulverized would result in 
very little fly ash and substantially more bottom ash, 
largely eliminating the problem of particle pollution. 
The point of this example is that one technology, 
such as pulverized coal combustion, may require 
compensating emission controls which, in turn, will 
become progressively more expensive for each unit 
of pollutant captured. At some stage, a change in the 
process may totally alter the economic pattern to the 
point where nearly complete control can be obtained 
with no basic increase in cost. The argument that the 
cost of control must rise steeply at higher removal 
efficiencies, therefore, only applies to a given techno
logy and may not hold true if a different method is 
selected. 
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ECONOMIC EFFICIENCY, 
THE COST FUNCTION, 

AND THE DAMAGE FUNCTION 

Economic efficiency requires that investment for 
improving the quality of the air in a region should be 
made as long as the value of the net increment of 
environmental improvement is greater than, or equal 
to, the cost of that increment. As long as the 
improvement, i.e., reduction in damage, is quanti
fiable in monetary terms, the matching of benefits 
and costs is straightforward and can be carried out 
objectively. 

When the benefits in terms of damage reduction 
cannot be expressed in monetary terms, subjective, 
informed judgment will be needed and the choice 
will then be determined by prevailing social values 
and public willingness to pay the price. 

Assume first that sufficient data are available to 
derive both a damage function (i.e., the relationship 
between the cost of the damage averted and the 
degree of reduction in emissions) and a cost func
tion (i.e., the relationship between the cost of control 
and the degree of reduction in emissions). This 
assumption is illustrated in Fig. 2. In this example, 
the economically efficient control level is e1 at a 
cost c1. The general shape of the two curves is 
typical. 

In cases where the data are based on probabilities 
and are not exact, a region rather than a point will 

Fig. 2. Curves for the relationship between cost of 
control, value of reduction in damage ( = benefit), and 
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be described by the curves shown in Fig, 3. The 
choice of a specific control level will then l;ave to be 
made on a judgement basis. It is to be noted that 
both the shape (i.e., nature of the relationship) and 
level of the curves are important. Curves ,vill tend to 
the shape of curve 1 in Fig. 4 when there are strong 
economies of scale in pollution control wherea; 
curve 2 exhibits a more constant relation to scale 
(i.e., the industry is less capital intensive). Similarly, 
the damage function represented by curve 3 shows a 
higher return (improvement) for the initial incre
ments of emission reduction than that represented by 
curve 4, in which the relationship is more linear. 
Curves can also display a" kink" or a discontinuity. 
For a damage function this would indicate a thresh
old effect, while for a cost function it would indicate 
that two separate technologies are available. Radia
tion damage functions and possibly those for certain 
air pollutants exhibit an S-shaped curve (Fig. 5). 

If the cost curve takes the form of that in Fig. 6, 
with a comparatively abrupt increase in cost at a 
given level of control, a sin1ple solution could be to 
choose that le;-el of control, e1 , because up to that 
point reductions in emission can be achieved for 
only modest increases in cost, whereas at all levels 
above e1 further improvement increases the costs. 
disproportionately. 

It should be noted that new technology can affect 
either the shape or the level of the cost function. 
Assume that curyes 1, 2, and 3 in Fig. 7 represent 
new improvements on the original control techno
logy. Method 1 is preferable to the original up to 
level e1 , method 2 is advantageous above control 
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Fig. 4. Curves for pollution control under different conditions • 
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• Curve 1, strong economies of scale operating in pollution control; curve 2, pollution control where industry 
is not capital intensive; curve 3, damage function showing a higher return for initial increments of emission reduc
tion; curve 4, damage function showing a lower return for initial increments of pollution control. 

Fig. 5. Curves for radiation damage and possibly certain 
a.ir pollutants that exhibit a "threshold " effect 
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Fig. 7. Cost curves for various new improvements on 
original control technology over a range of control 

efficiencies 

0 

u 

L--~//i I 
· e 1 e

2 

Degree of control 

level ei, while method 3 is less expensive above 
level e2 • The least-cost relationship is thus repre
sented by the outer envelope of the curves abutting 
on the shaded portion of Fig. 7. 

SULFUR CONTROL: A CASE STUDY 
IN AIR QUALITY MANAGEMENT 

Sulfur is one of the most pervasive air pollutants, 
especially in industrialized countries. Much of the 
sulfur released into the atmosphere comes from the 
combustion of oil and coal for the generation of 
energy and steam. Since power plants are usually 
state owned, or at least state regulated, are basically 
standardized in design and operation, and have 
extremely long lives by industrial standards, much 
attention has been given on a worldwide basis to 
finding ways of reducing or eliminating sulfur oxides 
when fossil fuel is burned. Power plants are often 
located fairly close to the load centres, i.e., in 
metropolitan areas, making them an important tar
get for air pollution control activities. Moreover, 
electrical pmver production is one of the fastest 
growing industries in the world, which means that if 
sulfur-removal equipment were commercially avail
able there would be a large and growing market for 
it. 

There are two main approaches to the problem; 
either removing the sulfur from the fuel prior to 
combustion, or removing the sulfur oxides from the 
flue gases. In addition, it is possible to use only fuels 
that are naturally low in sulfur content or to elimi
nate fossil fuels entirely by converting the industry 

to the use of nuclear power (this option is not 
discussed here because it involves considerations 
that extend beyond air quality management). Low
sulfur fuels are extremely limited in supply and 
command a premium price. There is also the risk 
that the extraction of low sulfur fuels would in turn 
generate negative externalities such as strip mining 
and greater ash disposal problems. However, in view 
of the high cost of retrofitting, managers of old 
plants will probably prefer to pay the premium price 
for low-sulfur fuel in order to avoid the heavy 
capital investment in environmental controls that are 
likely to have an economic life exceeding that of the 
plant. Furthermore, older plants are not operated at 
the high load factors of the newer, more efficient 
plants. Their annual fuel consumption will probably 
be greater per kilowatt-hour but less per kilowatt, 
since they are used less. 

Assessment of the balance between using low
sulfur fuel and installing sulfur-control equipment 
has been made nearly impossible by the recent 
increases in the price of oil on the international 
market, which directly affect the cost of coal as well. 
The problem of forecasting the cost of low-sulfur 
oil a decade or more into the future is very great; 
thus sulfur-control technology is likely to receive 
increasing attention. 

In theory, the best approach to sulfur control is 
desulfurization of fuel prior to combustion. Since 
crude oil has to be processed in refineries in any case, 
desulfurization involves only the addition of another 
processing step. For oil, therefore, the application of 
desulfurization technology is only a question of 
economics and supply. The residuals of the desul
furization process must, however, be disposed of 
without creating new problems. Desulfurization of 
coal, on the other hand, unfortunately still has a long 
way to go before it becomes a commercial proposition. 
Processes such as fluidized-bed combustion and sol
vent refining may be available commercially by the 
end of the decade. If so, virtually all of the sulfur 
could be removed. By contrast, flue gas scrubbing 
has already been tested in a number of plants and 
may be available commercially within only a few 
years. In fact, some advocates feel that it is already 
feasible to install the equipment although operating 
experience has so far been very limited. The concen
tration of sulfur in flue gas is very much less than it 
is in the fuel; thus removal efficiencies are lower and 
may be in the region of 70-90 ~/~. 

To illustrate the complexity of making an eco
nomic choice at the present time, a plant manager 

4 
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required to meet a certain sulfur emission standard 
would have to balance the purchase of, for example, 
0.5 % sulfur fuel against the purchase of cheaper and 
more readily available 2.5 % sulfur fuel plus an 
investment in flue gas treatment equipment with an 
80 % sulfur removal efficiency and a corresponding 
commitment to cover the operating cost of the 
equipment in fuel and other inputs: Such decisions 
are made more difficult by a number of uncertain
ties: (1) the supply situation for low-sulfm fuel and 
its price over the period under consideration; 
(2) whether 0.5 % of sulfur in fuel will remain the 
control requirement or whether the standard will be 
raised in future, requiring some commitment for 
sulfur-control equipment anyway; (3) the perfor
mance of flue gas treatment equipment, its'' effect on 
the plant's production reliability, and the availability 
and cost constraints of the inputs such as limestone; 
( 4) the disposal requirements for . the residuals from 
flue gas treatment. 

: A controversial approach is to utilize the assimila
tive capacity of the atmosphere to dilute the sulfur 
oxides to safe levels. The question is whether we 
have enough knowledge at present to understand the 
environmental effects of both long- and short-term 
disposal of vast amounts of sulfur oxides in this way. 
If it were decided to dilute the stack emissions in the 
air, two choices would be open: either to locate the 
plant near the market and to equip the plant with 
very tall chimneys (in locations where this• strategy 
ha~ been selected the chimneys may · be 300 m or 
more high), or to locate the plant' far from concen
trations of population. In that case the added cost 
would represent the transportation of raw materials 
to the plant and finished products from the plant to 
the market. There might also be additional, labour 
costs. 

A policy of remote siting depends as much .on 
prevailing social values as on practical considerations 
arid implies that the country is prepared to accept 
degradation of the quality of the air on a nation
wide scale to a certain uniform level. Areas that :had 
hitherto escaped industrialization and thereby re
tained relatively clean air would become industrial
ized. Certainly, more than just the air quality should 
be taken into consideration in making a decision of 
this kind. Is it preferable to degrade the air in a 
region where 30 000 people might be affected or in 
a metropolitan area with a population of, say, half a 
million? If a suitable control technology exists that 
is simply more expensive, then the decision to select 
remote siting as a solution becomes even more 

difficult to justify. At best, remote siting of industry 
and the erection of tall chimneys should be consid
ered as interim measures until the technology for 
eliminating pollutants at source becomes available. 

Tall chimneys increase the probability that pollu
tants will enter a relatively stable region of the 
atmosphere. This means that the problem, i.e., pollu
tion, is transported over greater distances, possibly 
across national boundaries. The sulfur oxides may 
reappear hundreds of kilometres away as acid rain. 
It has still to be established whether the natural 
dilution and cleansing properties of the atmosphere 
offset the concentrating tendencies caused by pre
vailing wind and weather patterns. 

Much research on short- and long-range transport 
of pollutants in the atmosphere and the different 
types of reaction that occur is still needed. There is 
always a risk that synergistic reactions will occur, 
and from .this point of view tall chimneys could 
actually be disadvantageous. Where power plants 
have been constructed both with tall chimneys and 
natural draft cooling towers, there is a reaction 
under certain meteorological conditions between the 
flue gas, which contains both sulfur oxides and 
particulate matter, and the cooling tower plumes. 
The particulate matter seeds the plume from the 
cooling tower, resulting in increased precipitation 
downwind. These are some of the problems associ
ated with the use of high chimneys. 

, It is important to emphasize that the capture of a 
pollutant does not necessarily mean that the problem 
has been solved but merely that the substance is not 
being .permitted to enter one uncontrolled environ
ment-namely, the atmosphere. A decision has still 
to be made about i what to do with the captured 
material. If the material is sulfur, two options are 
open: (1) to convert the sulfur oxides chemically into 
a .solid form and dispose of the solid in a landfill site 
(in this case the sulfur is basically treated as a waste 
product and the reagents used in the scrubbers must 
be continuously replaced); (2) to opt for a process 
that yields a commercially useful form of sulfur and, 
if possible, to regenerate the various reagents. The 
choice between the two methods hinges on eco
nomics. On the one hand, there is the cost of the 
chemical reagents (limestone, for example) that must 
continuously be replaced and the cost of dispos
ing of vast quantities of solid residuals. On the 
other hahd, the regenerative process will yield a 
commercially useful product, either elemental sulfur 
or sulfuric acid, and will require fewer inputs of raw 
materials. Offsetting this advantage, however, is the 
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fact that more energy is needed and the capital cost 
of the equipment will be higher. The balance 
depends on the market value. of sulfur and sulfuric 
acid in relation to the capital and operating costs of 
the two technologies, taking into account the cost of 
disposing safely of the great quantities of waste 
generated by the former (" throwaway ") process. 

Some basic data on the throwaway and regenera
tive processes are as follows. For 1000 MW coal
burning plant operating for 6400 hours annually, 
i.e., a 73 % annual plant factor, assuming the coal to 
contain 3.5 % of sulfur and 12 % of ash, the normal 
amount of dry ash to be disposed of annually would 
be 422 500 tonnes or about 4 million ma in 20 years. 
If the plant were fitted with limestone scrubbers, an 
additional 1 108 000 tonnes of limestone sludge 
(50% solids) would be generated annually. The 
volume of limestone sludge would be nearly four 
times as great as that of the ordinary coal ash. Using 
lime, rather than limestone, for scrubbing, 842 000 
tonnes of wet slime sludge would be produced 
annually. This amounts to about 10 million ma after 
20 years. 

By contrast, if a regenerative process were selected 
to recover elemental sulfur, assuming a 90 % overall 
recovery rate, 89 000 tonnes could be obtained an
nually. Assuming this to be disposed of as landfill, it 
would amount only to about 85 thousand ma over 
20 years. If, instead of elemental sulfur, 95 % sulfuric 
acid were recovered, 277 500 tonnes could be ob
tained annually or about 3 million m3 in 20 years. The 
278 000 tonnes annual production of sulfuric acid 
would be equivalent to 1 % of the sulfuric acid used 
in the USA in 1971; the value ranged from US S6.00 
to US $8.00 per tonne that year. For long-term 
storage, elemental sulfur is to be preferred because it 
is inert, insoluble, and compact. 

Technically, a scrubber can remove both parti
culate matter and sulfur oxides. However, if a useful 
by-product is to be generated, it will be necessary to 
separate the sulfur oxides from the other compo
nents of the flue gas. On the other hand, if the 
throwaway process is preferred there will be no need 
to separate the particulate matter and other contami
nants from the sulfur oxides; that is, a separate 
scrubber or electrostatic precipitator will not be 
required. Another factor to be considered is that 
managers of electrical power plants are usually not 
experienced in the chemical business. Problems will 
arise in determining the optimum location for the 
power plant whether or not the chemical process is 

included. There will also be marketing difficulties 
since different types of customer will be interested in 
the two outputs. Finally, the demands for the by
products will vary, and since electricity is the pri
mary product, storage and possibly alternative pro
duction facilities for the chemical may have to be 
provided. The values of sulfuric acid, elemental 
sulfur, and liquid sulfur dioxide vary widely between 
different markets and in different countries. Since the 
economic value of the recoverable product will be of 
crucial importance in comparing the two strategies, 
calculations will have to be made for each region. 

The disposal problem associated with the throw
away process is formidable and it is necessary to 
avoid direct or indirect pollution of water by the 
contaminants that have been removed, at consider
able expense, from the air. In some places the 
transportation of vast quantities of sludge could be 
extremely expensive, and once it has been taken to 
the disposal site the liquors associated with the 
sludge, even though the sludge itself may be fairly 
insoluble, can contain as much as 3-15 g of total 
dissolved solids per kg. On the whole, removing 
the sulfur from the flue gases of oil-burning power 
plants may lend itself better to the regenerative 
process, while economics may dictate that, because 
of the associated ash and other solid contaminants, 
coal-burning plants are best controlled by the throw
away process. 

CONCLUSION 

The purpose of public policy is to control the 
quality of the air at ground level within a specified 
area of jurisdiction (air shed). In most cases, the 
quality of the air within that space will be influenced 
by more than one pollution source. The question 
for public policy how to allocate the resource-in 
this case the assimilative capacity of the atmosphere 
for a given pollutant-among the various users. The 
answer is not simple, but some guidelines may be 
follmved. 

From an economic point of view, it would make 
little sense to require each polluter to reduce his 
emission by a certain amount since the cost of such 
reduction vwuld fall very unequally on the various 
emitters. One approach, at least in theory, might be 
to auction the right to pollute up to a certain level. 
Different users would respond differently. Those for 



100 URBAN AIR QUALITY MANAGEMENT 

whom substitutes, such as emission control, are 
available would be prepared to pay less than those 
who, at least in the short run, have no alternative. 

A similar result could be obtained through an 
emissions tax which, when set at the correct level, 
would induce those who can avoid polluting the 
atmosphere to do so rather than pay the tax, leaving 
the limited assimilative capacity of the air for those 
who find it more economical to pay the tax. With 

an emission tax each polluter may determine for 
himself how he will minimize his total cost. Where, 
for various reasons, an emission tax is not feasible, 
a control strategy should be able to stimulate a mix
ture of responses from the different polluters similar 
to the mixture that would have been achieved by 
levying an emissions tax because, from an economic 
point of view, an emission tax comes closest to an 
efficient solution. 
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Air pollution is in the first instance a local prob
lem. However, the boundless atmosphere carries the 
pollution away from towns, over land and sea, and 
around the world. This transport process is both a 
disadvantage and an advantage. On the one hand, 
pollution abatement cannot always be undertaken 
successfully at local levels of government but may 
require regional and international cooperation, 
which is often difficult to achieve. (Photochemical 
oxidant formation, for example, sometimes involves 
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very great volumes of air.) On the other hand, 
pollution is diluted as it expands outward from its 
source, and after a few days a large fraction is 
removed from the atmosphere by precipitation scav
enging and absorption into the ground. These self
cleansing processes (called sinks), which sometimes 
cause undesirable accumulations of pollutants in 
other media (vegetation, soils, lakes, etc.), may occur 
far from the point of emission. 

Over a city, a sharp top to the urban haze layer is 
frequently observed from aircraft. This boundary or 
lid, called the mixing height, separates polluted sur
face air from the clean air above. During stormy 
weather, of course, the cap of polluted air is dis
rupted and pollution may diffuse upwards to great 
heights. There is however another lid, the tropo-

101 -



102 URBAN AIR QUALITY MANAGEMENT 

pause. This barrier to upward ventilation exists at a 
height of about 10 km and separates the troposphere 
from the relatively quiet stratosphere. Observations 
from aircraft confirm that there is a very sharp 
decrease in pollution concentrations at the tropo
pause. 

The hourly rise or fall of urban and regional 
pollution concentrations result from an imbalance 
between pollution production rates and pollution 
dilution and loss rates by (1) vertical mixing through 
the surface layer; (2) transport by wind out of the air 
space; (3) chemical reactions within the air space; 
and (4) ground absorption and precipitation scav
enging. Similarly, global pollution· concentrations 
depend on the relative strengths of the sources and 
sinks; in this case, the appropriate vertical dimension 
is the height of the tropopause, and natural sources 
(oceans, forest fires, volcanoes, etc.) often ,predomi
nate. 

Because European weather varies greatly from day 
to day, air quality also fluctuates. Pollution concen
trations are likely to be relatively high when the 
natural ventilation and' cleansing processes are 
damped down, i.e., when the mixmg height is low 
and winds are light. However,' there is ~o meteoro
logical situation that does not create a dispersion 
problem for .particular configurations of sources, 
certain chimney heights, and a particular t0pogra
phy. 

SOME IMPORTANT METEOROLOGICAL 
CONSIDERATIONS 

Time and space variability; weather versus climate 

Weather is difficult to define, being the sum total 
of a number of atmospheric stimuli to which people, 
animals, plants, and inanimate objects are subjected. 
It .is easy to measure the individual elements of 
weather-temperature, humidity, wind, cloudiness, 
precipitation, visibility, atmospheric pressure and 
radiation, etc.-but difficult to devise a composite 
index that integrates all these factors into a single 
scale; Added to this is the fact that the elements 
fluctuate from day to day or even from second to 
second, and that average values and their standard 
deviations often obscure short-term trends or 
extremes, which may be of most importance for 
receptor response. 

Climate is the synthesis of weather, but here again, 
averages may be misleading. Even during the last 

two centuries there have been anomalies lasting a 
few decades and it is not possible to define an 
absolute average for a weather element. Climatologi
cally, a standard 30-year reference period is chosen 
so that observations made at different locations can 
be compared. 

Weather and climate vary from place to place, 
even on opposite sides of a building or a tree. For a 
human being moving into sunlight and shadow, 
spending part of his life indoors, and wearing pro
tective clothing, the selection of relevant climatic 
indicators is difficult indeed. 

In addition to the variability factor (and the 
variability in response of seemingly similar receptors 
to environmental stresses), there is the problem of 
identifying the particular weather elements that are 
of most importance for particular applications. The 
farmer and the holidaymaker perceive the weather 
in rather different ways, for example. In the next two 
sections special attention is given to weather pro
cesses that relate to air quality management and 
receptor responses. 

The daily cycle during settled weather , 

Over flat open countryside during fine weather 
there is a diurnal weather cycle. At night, the air 
near the ground cools faster than the air at a height 
of a few hundred metres above ground level, creating 
a temperature inversion (an increase in temperature 
with height) (see Fig. 1 (a)). A randomly rising 
bubble of air quickly finds itself in warmer surround
ings and begins to sink.a An inversion suppresses 
vertical mixing, and the result is a stratification of air 
pollutants. An inversion also slows the wind speed 
near the ground and there is a compensating acceler
ation at higher levels. The dispersion of pollutants 
released within the inversion layer is therefore mini
mized both by poor horizontal ventilation and poor 
vertical mixing. However, effluents from tall chim, 
neys are trapped aloft. 

In the daytime (Fig. l(b)) the air near the ground 
warms faster than the air at a height of a few 

a Actually, because air 'pressure decreases with height, a 
rising bubble of air must expand and cool (like gas in a 
refrigerator coil). If the bubble did not exchange heat with 
its environment, it would cool at the rate of 1 deg C for 
each 100 m rise (called the adiabatic lapse rate or neutral 
lapse condition). This is the reference rate for deciding 
whether vertical mixing is suppressed or enhanced. When 
the air is saturated, adiabatic cooling is partially compen
sated by the release of latent heat of condensation: the 
relevant reference is then the moist adiabatic rate, which is 
about 0.6 deg C per 100 m. 
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Fig. 1. Structure of the surface layer of air in settled weather: (a) at night; (b) 
during the day 
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hundred metres. A randomly rising bubble of air 
remains warmer than its surroundings up to consid
erable heights (sometimes a few kilometres over hot 
dry regions). The top of the active exchange zone is 
called the mixing height and it caps the swface mixed 
layer. 

Over open flat countryside in settled weather, the 
mixing height is zero at night but begins to increase 
shortly after sunrise reaching a maximum in mid
afternoon (Fig. 2). Of special significance is the 
morning breakup of the inversion. Strong convective 
bubbles develop upwards until they reach the chim
ney effluents that have remained aloft during the 
night. The plumes then mix downwards to ground 

level, causing a fumigation. This is one of the reasons 
for the typical morning peak in pollution concentra
tions. 

The ideal case described in this section is consider
ably modified by weather disturbances, topography, 
and the presence of built-up areas. 

Large-scale "·eather processes 

Large-scale surface weather maps are drawn in 
forecasting offices on the basis of synoptic observa
tions (simultaneous weather reports made every 3 or 
6 hours by a global network of weather stations 
separated by distances of about 200 km or more). In 
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Fig. 2. Structure of the lower troposphere during a 36-hour period of fine weather (87) 
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addition, upper air maps are prepared twice daily (at 
midnight and midday GMT) from radiosonde 
observations by a smaller number of stations. The 
European upper air network is shown in Fig. 3. 

The synoptic charts reveal well defined patterns of 
low and high pressure areas, frontal systems, wind 
flows, and precipitation areas. European weather is 
characterized by its variability in time and space, but 
there are occasional spells of constant weather that 
last a few days. A number of attempts have been 
made to classify synoptic patterns in order to obtain 
a single daily or annual index for correlation with 
medical and biological indicators and in the investi
gation of climatic change. Lamb (]), for example, 
used 6 weather types in his studies of the climate of 
the British Isles-namely, anticyclonic, cyclonic, 
westerly, northerly, easterly, and southerly, and he 
has shown that the frequency of westerly type days 
declined significantly between the 1920s and the 
1960s. Hess & Brezowsky (2) developed a classifica
tion of 28 European weather types (Grosswetter
lagen) that are frequently used for health and air 
pollution studies. A third classification proposed by 
Pasquill (3) is shown in Table 1. The 6 categories 
(A-F) are based on simple measurements of surface 
wind speed, sunshine, and cloudiness obtained from 
synoptic weather observations and are related direct-

MIDNIGHT 
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ly to the daily weather cycle described above. Cate
gory F occurs when there is a strong night-time 
inversion while category A is the most unstable 
daytime type. The Pasquill classification is widely 
used in air pollution studies when no specific infor
mation is available about local turbulence and wind .. 

In all three classifications described above, there is 
inevitably an element of subjective judgement in the 
selection of the most appropriate categories. Never
theless, useful separations of weather types are pos
sible when large numbers of cases are examined. 

Of particular significance for regional air quality is 
the warm stationary anticyclone. Horizontal ventila
tion is poor and night-time surface inversions are 
strongly developed. In addition, the air in warm 
anticyclones is slowly sinking, creating' subsidence 
inversions. These inhibitors to vertical mixing are 
based at a height of 2-3 km (sometimes only 1 km) 
and may persist for several days. One of the causes 
of the smog problem in Los Angeles is that the 
region is under the influence of the semipermanent 
warm Pacific anticyclone. In this connexion, it 
should be noted that warm anticyclones are gener
ally cloudless (except for ground fog), so that meteo
rological conditions are favourable for photochemi
cal oxidant reactions over large areas (500 km or 
more across) provided that the solar radiation is 
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Fig. 3. Regional basic upper air synoptic network for Europe a 
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a The solid line indicates the boundary of WMO Region VI. WMO map EU-11-7 ed. 1972. 

strong enough. In the 1950s, oxidant smog was 
considered to be a local problem for California. 
Now, smog has been found to occur in summer as 
far north as Canada and Europe. Wisse & Velds (4), 
for example, . found that oxidant concentrations 
exceeded 200 µ.g/m3 on 11 days in the summer and 

autumn of 1968 at Vlaardingen in the Netherlands. 
On 10 of these occasions the duration of sunshine 
was considerable and a subsidence inversion was 
based below a height of 2 km; on 7 other days when 
there was a similar subsidence inversion but negli
gible sunshine, the oxidant level did not exceed 
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Table 1. The Pasquill stability classification (3) 

Daya Night a 
Surface wind speed 

thinly overcast or <3/8 (at 10 m) m/s insolation 
strong moderate I . slight >4/8 low cloud Cloud 

<2 A A-B B 

2-3 :A-B B c E F 

3-5 B B-C c D E 

5-6 c C-D. D D D 

>6 c D D D D 

a The ne~tral category, D, should be assumed for overcas.t conditions during day or night. 

60 µg/m3 • For both groups of days, the Grosswetter
lage was HM, i.e., a high-pressure belt over Central 
Europe. 

Another significant large-scale weather phenome
non is the .advection iAversion, which occurs when 
warm air blows over cold water or over a snow 
surface. Large bodies of water respond slowly to a 
warming trend. while the temperature of melting 
snow and ice surfaces is anchored at 0°C;1 in such 
cases, the temperature at a height of a few hundred 
metres may be 10-20 degC higher than at ground 
level, creating an intense inversion. In the reverse 
situation, i.e., cold air moving over a warmer surface, 
the air is heated from below and becom~s unstable; 
vertical mixing may then extend through a very deep 
]ayer causing showery thundery weather. 

Finally, mention should be made of precipitation, 
which is caused by frontal depressions, cold-air 
advection over warmer water, and orographic lifting 
of air over high ground and mountains. Precipitation 
scavenges pollution from the atmosphere by collec
tion within clouds (rainout and snowout) and by 
collection by falling droplets below the clouds (wash
out). There have been numerous theoretical and 
experimental investigations of scavenging from sin
gle plumes near chimneys (described in some detail 
by Engelmann (5)). Regional studies have been 
difficult to carry out because of incomplete informa
tion on the 3-dimensional distribution of pollution 
and cloud and on precipitation characteristics 
(cloud and raindrop size distributions, precipitation 
intensity, etc.). Nevertheless, synoptic forecasting of 
precipitation scavenging has recently been attempted 
with some success (see p. 120). Climatologically, 
Munn & Rodhe (6) have shown that the trends in 
sulfur deposition by precipitation during the period 

i 

1952-68 in southern Sweden could; mostly be• ex-
plained by secular variations in di;ection of rain
bearing winds; rain with north-easterly winds con
tained much less sulphur than rain associated with 
southerly and south-westerly air flows. 

All the large-scale processes mentioned above 
affect the "ideal" daily cycle described. on p. 102, 
sometimes enhancing and sometimes suppressing the 
capacity of the atmosphere to disperse ppllution. 

I 

Medium-scale weath~r processes 

Whenever there iare significant differences in 
medium scale (5-50 km) surface characteristics, the 
regional weather patterns are substantially _altered. 
Local wind circulations may develop when skies are 
clear and regional winds are light; examples include 
land and sea breezes, slope and valley winds, and 
urban circulations. The structure of the surface layer 
may also be changed considerably with moderate to 
strong winds after the. air has moved across a 
discontinuity in surface roughness, i.e., from water 
to land or from open countryside to forest or city. A 
boundary layer develops at the leading edge of the 
new type of surface and thickens downwind. For a 
city, the boundary layer concept (shown in Fig. 4) 
may often be highly idealized on account of the non
random distribution of buildings, parks, and streets. 
Nevertheless, there is considerable experimental 
evidence for a well-mixed urban surface layer a 

(sometimes up to se".eral hundred metres) even when 
the surrounding rural areas are reporting a strong 
ground-based inversion. Similarly, an advection 

a In the centre of Budapest, for example, the night-time 
urban mixing height averages about 80 m (7). 
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Fig. 4. The urban boundary layer (87) 

inversion passing from sea to land is eroded from 
below but may still be present aloft several kilo
metres inland. In both these cases, mixing within the 
boundary layer is assisted by the inputs of heat from 
the new surfaces (convective atmospheric heating 
inland from a coast; man-made heat releases in 
cities). 

Leahey & Friend (8) have developed a model for 
predicting the depth of the surface mixed layer as a 
function of distance from th~ upwind edge of a city, 
and they have obtained reasonable agreement with 
experimental data from New York City. From lim
ited balloon observations in Liverpool, England, 
Jones et al. (9) have estimated a slope of about 1 in 
30 for the urban boundary layer. 

The medium-scale wind circulations that develop 
during settled weather typically display diurnal 
cycles. Daytime winds blow from cool water to 
warm land, up slopes, and up valleys; at night, the 
directions of flow are reversed. The daily vector 
mean wind may often be small, therefore, with little 
net transport of pollution out of the region. 

Urban meteorology is of particular interest in air 
pollution studies. This topic has been discussed in 
some detail at a recent World Meteorological Orga
nization Symposium (JO). A characteristic feature of 
cities is the urban heat island, which is found even in 
small towns. A typical pattern is shown in Fig. 5, 
which displays the isotherms of minimum tempera
tures in London on a clear night (I 1). The heat 
island occurs also in moderate regional winds but is 
displaced downwind from the urban centre. 

The urban heat island often generates a local wind 
circulation with warm air rising over the centre of 
the city and a compensating drift of cooler country 
air moving into the urban area at low levels. For a 
city on a coast or in a valley, several interacting wind 
circulations may occur at the same time; details are 

often difficult to unravel and require special experi
mental investigations. In this connexion it should be 
noted that the poorest air quality often occurs at 
such times. 

Cities affect the climate in many ways. Compared 
with conditions in the surrounding countryside, 
there is usually less wind in a city (but sometimes 
more gustiness) and less snow but a slightly higher 
total precipitation. Of special interest in health stud
ies is the fact that solar radiation, particularly in 
the ultraviolet wavelengths, is reduced by the urban 
pollution pall. Landsberg (12) has suggested that the 
ultraviolet radiation is decreased by 30 % in winter 
and 5 % in summer by the presence of a city. There is 
also a small but detectable weekly cycle in the 
behaviour of many of the meteorological elements 
owing to the weekly cycle of human activities (13). 

Small-scale weather processes 

Boundary layers develop not only at coastlines 
and the leading edges of cities (Fig. 4) but also over a 
single building and even over a single leaf. Ryde (14) 
has used the term climatological sheath to indicate 
the space around a building, within which there are 
very local anomalies in wind, temperature, humidity, 
precipitation, and soil moisture. A typical flow pat
tern is shown in Fig. 6. Aerodynamic effects in the 
wake of a single cylinder, flat plate, or sphere can be 
reasonably well predicted. In the complex setting of 
a built-up area, or even over farmland dotted with 
trees, fences, and barns, the flow patterns are diffi
cult to forecast. Changing the angle of attack of the 
wind relatiYe to even a simple object such as a cube 
makes a substantial difference in the characteristics 
of the downstream wake. These questions were 
discussed in some detail at a recent symposium on 
architectural aerodynamics (84). Building effects are 
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Fig. 5. Minimum temperature isotherms (°F) in London, England, on 4 June 1959 (11) 
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important in air pollution studies in two respects: 
(1) the diffusion of pollutants from short chimneys 
and ventilation shafts, and (2) in the siting of 
meteorological and air pollution sensors. 

On an even smaller scale, the uptake of pollution 
by .surfaces depends on interface characteristics 
(whether, for example, the stomata of leaves are 
open or closed) and on the rate at which the pollution 
can be delivered to the interface (the flux). The latter 
factor is meteorological and deserves some attention. 

Turbulent mixing above a surface is never com
pletely efficient and becomes a strong limiting factor 
during inversion conditions. a Mixing is also inhib
ited by the boundary layers that develop oyer indi
vidual leaves and small surface obstructions to the 

a On a much larger scale, a chimney plume is trapped 
aloft when there is a surface-based inversion. 

wind. Often there is only a poor rate of exchange 
with the main flow of air above, giving rise to 
boundary layer resistance. As a result, there are 
nearly always vertical gradients of wind, tempera
ture, humidity, and pollutants over surfaces, even in 
ideal conditions such as over a vast prairie. Exam
ples are shown in Fig. 7 and 8, which display the 
variations with height through and above. an alfalfa 
canopy (in a wind tunnel) of wind speed, tempera
ture, light, and a number of gases (carbon dioxide, 
hydrogen fluoride, nitrous oxide, nitric oxide, ozone, 
and sulfur dioxide) (15). Nitrous oxide has the 
smallest vertical gradient, indicating a very small 
uptake rate. In this connexion, it is important to 
note that the flux rather than the air concentration 
above .a surface determines whether a receptor will 
be damaged by pollution. Mukammal (16), for 
example, was able to demonstrate a clear relation-
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Fig. 3. Regional basic upper air synoptic network for Europe • 
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a The solid line indicates the boundary of WMO Region VI. WMO map EU-11-7 ed. 1972. 

strong enough. In the 1950s, oxidant smog was 
considered to be a local problem for California. 
Now, smog has been found to occur in summer as 
far north as Canada and Europe. Wisse & Velds (4), 
for example, found that oxidant concentrations 
exceeded 200 µg/m3 on 11 days in the summer and 

autumn of 1968 at Vlaardingen in the Netherlands. 
On 10 of these occasions the duration of sunshine 
was considerable and a subsidence inversion was 
based below a height of 2 km; on 7 other days when 
there was a similar subsidence inversion but negli
gible sunshine, the oxidant level did not exceed 
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Table 1. The Pasquill stability classification (3) 

Daya Night a 
Surface wind speed 

(at 10 m) m/s insolation thinly overcast or <3/8 
strong moderate slight >4/8 low cloud Cloud 

<2 A A-B B 

2-3 A-B B c E F 

3-5 B B-C c D E 

5-6 c C-D. D D D 

>6 c D D D D 

a The neutral categpry, D, should be assumed for overcast conditions during day or night. 

60 µg/m3
• For both groups of days, the Grosswetter

lage was HM, i.e., a high-pressure belt over Central 
Europe. 

Another significant large-scale weather phenome
non is the advection inversion, which occurs when 
warm air blows over cold water or over a snow 
surface. Large bodies of water'respond slowly to a 
warming trend while the temperature or: melting 
snow and ice surfaces is anchored at 0°C; in such 
cases, the temperature at a height of a few '.hundred 
metres may be 10-20 degC higher, than at ground 
level, creating an intense inversion. In the reverse 
situation, i.e., cold air moving over a warmer surface, 
the air is heated from below and becomes unstable; 
vertical mixing may then extend through a very deep 
layer causing showery thundery weather. 

Finally, mention should be made of precipitation, 
which is caused by frontal depressions, cold-air 
advection over warmer water, and orographic lifting 
of air over high ground and mountains. Precipitation 
scavenges pollution from the atmosphere by collec
tion within clouds (rainout and snowout) and by 
coll.ection by falling droplets below the clouds (wash
out). There have been numerous theoretical and 
experimental investigations of scavenging from sin
gle plumes near chimneys (described in some detail 
by Engelmann (5)). Regional studies have been 
difficult to carry out because of incomplete informa
tion on the 3-dimensional distribution of pollution 
and cloud and on precipitation characteristics 
(cloud and raindrop size distributions, precipitation 
intensity, etc.). Nevertheless, synoptic forecasting of 
precipitation scavenging has recently been attempted 
with some success (see p. 120). Climatologically, 
Munn & Rodhe (6) have shown that the trends in 
sulfur deposition by precipitation during the period 

1952-68 in southern Sweden could mostly be ex
plained by secular variations in direction of rain
bea~ing winds; rain with north-easterly winds con
tained much less sulphur than rain associated with 
southerly and south-westerly air flows. 

All the large-scale processes mentioned above 
affect the "ideal" daily cycle described on p. 102, 
sometimes enhancing and sometimes suppressing the 
capacity of the atmosphere to disperse pollution. 

Medium-scale weather processes 

Whenever there are significant differences. in 
medium scale (5-50 km) surface characteristics, 'the 
regional weather patterns are substantially altered. 
Local wind circulations may develop when skies are 
clear and regional winds are light; examples include 
land and sea breezes, slope and valley winds, and 
urban circulations. The structure of the surface layer 
may also be changed considerably with moderate to 
strong winds after i the air has moved across a 
discontinuity in surface roughness, i.e., from water 
to.land or from ope~ countryside to forest or city. A 
boundary layer develops at the leading edge of the 
new type of surface and thickens downwind. For a 
city, the boundary layer concept (shown in Fig. 4) 
may often be highly idealized on account of the non
random distribution of buildings, parks, and streets. 
Nevertheless, there is considerable experimental 
evidence for a well-mixed urban surface layer a 

(sometimes up to several hundred metres) even when 
the surrounding rural areas are reporting a strong 
ground-based inversion. Similarly, an advection 

a In the centre of Budapest, for example, the night-time 
urban mixing height averages about 80 m (7). 
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Fig. 4. The urban boundary layer (87) 
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inversion passing from sea to land is eroded from 
below but may still be present aloft several kilo
metres inland. In both these cases, mixing within the 
boundary layer is assisted by the inputs of heat from 
the new surfaces (convective atmospheric heating 
inland from a coast; man-made heat releases in 
cities). 

Leahey & Friend (8) have developed a model for 
predicting the depth of the surface mixed layer as a 
function of distance from the upwind edge of a city, 
and they have obtained reasonable agreement with 
experimental data from New York City. From lim
ited balloon observations in Liverpool, England, 
Jones et al. (9) have estimated a slope of about 1 in 
30 for the urban boundary layer. 

The medium-scale wind circulations that develop 
during settled weather typically display diurnal 
cycles. Daytime winds blow from cool \Yater to 
warm land, up slopes, and up valleys; at night, the 
directions of flow are reversed. The daily vector 
mean wind may often be small, therefore, with little 
net transport of pollution out of the region. 

Urban meteorology is of particular interest in air 
pollution studies. This topic has been discussed in 
some detail at a recent World Meteorological Orga
nization Symposium (JO). A characteristic feature of 
cities is the urban heat island, which is found even in 
small towns. A typical pattern is shown in Fig. 5, 
which displays the isotherms of minimum tempera
tures in London on a clear night (11). The heat 
island occurs also in moderate regional winds but is 
displaced downwind from the urban centre. 

The urban heat island often generates a local \Vind 
circulation with warm air rising over the centre of 
the city and a compensating drift of cooler country 
air moving into the urban area at low levels. For a 
city on a coast or in a valley, several interacting wind 
circulations may occur at the same time; details are 

RURAL 
INVERSION 

often difficult to unravel and require special experi
mental investigations. In this connexion it should be 
noted that the poorest air quality often occurs at 
such times. 

Cities affect the climate in many ways. Compared 
with conditions in the surrounding countryside, 
there is usually less wind in a city (but sometimes 
more gustiness) and less snow but a slightly higher 
total precipitation. Of special interest in health stud
ies is the fact that solar radiation, particularly in 
the ultraviolet wavelengths, is reduced by the urban 
pollution pall. Landsberg (] 2) has suggested that the 
ultraviolet radiation is decreased by 30 % in winter 
and 5 % in summer by the presence of a city. There is 
also a small but detectable weekly cycle in the 
behaviour of many of the meteorological elements 
owing to the weekly cycle of human activities (13). 

Small-scale weather processes 

Boundary layers develop not only at coastlines 
and the leading edges of cities (Fig. 4) but also over a 
single building and even over a single leaf. Ryde (14) 
has used the term climatological sheath to indicate 
the space around a building, within which there are 
very local anomalies in wind, temperature, humidity, 
precipitation, and soil moisture. A typical flow pat
tern is shown in Fig. 6. Aerodynamic effects in the 
wake of a single cylinder, flat plate, or sphere can be 
reasonably well predicted. In the complex setting of 
a built-up area, or even over farmland dotted with 
trees, fences, and barns, the flow patterns are diffi
cult to forecast. Changing the angle of attack of the 
wind relative to even a simple object such as a cube 
makes a substantial difference in the characteristics 
of the downstream wake. These questions were 
discussed in some detail at a recent symposium on 
architectural aerodynamics (84). Building effects are 
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Fig. 5. Minimum temperature isotherms (°F) in London, England, on 4 June 1959 (11) 
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important in air pollution studies in two respects: 
(1) the diffusion of pollutants from short chimneys 
and ventilation shafts, and (2) in the siting of 
meteorological and air pollution sensors. 

On an even smaller scale, the uptake of pollution 
by surfaces depends on interface characteristics 
(whether, for example, the. stomata of leaves are 
open or closed) and on the rate at which.the pollution 
can be delivered to the interface (thefiux). The latter 
factor is meteorological and deserves some attention. 

Turbulent mixing above a surface is never com
pletely efficient and becomes a strong limiting factor 
during inversion conditions. a Mixing is also inhib
ited, by the boundary layers that develop oyer indi
vidual leaves and small surface obstructions to the 

a On a much larger scale, a chimney plume is trapped 
aloft when there is a surface-based inversion. 1 

wind. Often there is . only a poor rate of exchange 
with the main flow. of air above, giving rise to 
boundary layer resistance. As a result, there are 
nearly always vertical gradients of wind, tempera
ture, humidity, and pollutants over surfaces, even in 
ideal conditions such as over a vast prairie. Exam
ples are shown in Fig. 7 and 8, which display the 
variations with height through and above. an alfalfa 
canopy (in a wind tunnel) of wind speed, tempera
ture, light, and a number of gases (carbon dioxide, 
hydrogen fluoride, nitrous oxide, nitric oxide, ozone, 
and sulfur dioxide) (15). Nitrous oxide has the 
smallest vertical gradient, indicating a very small 
uptake rate. In this connexion, it is important to 
note that the flux rather than the air concentration 
above .a surface determines whether a receptor will 
be damaged by pollution. Mukammal (16), for 
example, was able to demonstrate a clear relation-
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Fig. 6. Airflow over a building (78) 
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Fig. 7. Vertical profiles of pollutant concentration and 
wind within and above an alfalfa canopy (75) a 
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Fig. 8. Vertical profiles of light, temperature, and C02 
profiles within and above an alfalfa canopy (15) a 
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ship between oxidant fluxes and the appearance of 
damaged spots (flecks) on tobacco leaves. ~arlier 
attempts to correlate oxidant concentrations with 
flecking had been unsuccessful. 

Naturally, the physical and biological .characteris
tics of surfaces are important factors in determining 
uptake rates. , 

The depletion of sulfur dioxide from the .atmo
sphere in enhanced by a limestone surface or a lake 
that is slightly alkaline. Nevertheless, Braun & 
Wilson (17) found that sulfur. dioxide absorption by 
building stones was higher in the laboratory than 
outdoors, presumably because of differences in 
boundary layer resistances. 

AIR POLLUTION WEATHER 
RELATIONS 

Indoor pollution 

Historically, air pollution was an indoor problem. 
Even today, in the native population of the high
lands of New Guinea the high prevalence of chronic 
nontuberculous lung disease has been attributed to 
the high concentrations of smoke, aldehydes, and 
carbon monoxide inside dwellings (18). In modern 
dwellings, air quality is generally better than it is 
outdoors although high concentrations of pollution 
have been reported occasionally in houses where the 
heating system contained leaks (see, for example, 
Yocum et al. (19)). Because houses and ·offices are 
continually exchanging air with the air outdoors, 
however, indoor and outdoor pollution concentra
tions are highly correlated (20, 21); the ratio of 
indoor to outdoor concentrations ranges from about 
0.4 to 0.8. Derouane (21), for example, found that 
the day-to-day rise or fall in the concentration of 
suspended particulate matter showed similar trends 
both indoors and outdoors for 70-: 7 5 % of the time 
in an office building (100 years old) and a house (35 
years old). Modern dwellings are more airtight but, 
as Lundqvist (22) has emphasized, they may contain 
more " dead zones " where air exchange rates are 
low and " stale " air can accumulate. 

Andersen (20) believes that more attention should 
be given to the fate of air pollution within buildings 
and that pollutant-reducing materials should be 
developed. He states that " from a medical~hygienic 
point of view, an effort of this kind would be highly 
desirable, as the pollutant-reducing effect brought 
about by buildings is far greater than that which can 
be achieved in the near future by technical pollution 

control. " Biersteker et al. (23) suggested that 
" faulty chimneys and heaters may play a bigger role 
in air pollution mortality during fogs than so far has 
been suspected." 

Pollution around buildings 

The aerodynamic influences of buildings are of 
great importance in the initial dispersion of pollu
tion. Some examples are shown in Fig. 9. In Fig. 9(a) 
the waste gases from a ventilation shaft on the 
upwind side of a hospital are shown curling around 
the top of the structure and entering a window on 
the lee side. In Fig. 9(b) fluorides from an industrial 
source are discolouring the paint on the downwind 
rather than the upwind side of a distant structure. In 
Fig. 9(c) the pollution from a short chimney on an 
apartment or office building is being drawn down 
into the street cavity when the wind is blowing at 
right angles to the street. 

· Automobile emissions near ground level tend to 
accumulate in the dead zone near point A in 
Fig. 9(c) (24). It has been further suggested that the 
turbulence generated by automobiles enhances the 
downward mixing of chimney effluents to ground 
level. The concentrations of sulfur dioxide in a 
narrow oneway street in Gothenburg, Sweden, were 
3-4 times higher when there was heavy traffic than 
when the street was quiet (25). 

The effects described above occur also on a larger 
scale when chimneys are taller and obstructions 
larger. Fig. 9(d) shows the smoke from a chimney 
near a cliff being drawn down to ground level. 
Increasing the height of the chimney may merely 
increase the area of downdraught and high instanta
neous bursts of pollution. In mountainous, or even 
moderately rugged, country almost every industrial 
siting is essentially a new aerodynamic problem, the 
solution of which requires the assistance of a meteor
ological diffusion specialist. 

Problems sometimes occur also when a tall. struc
ture is erected in the vicinity of a well designed 
chimney or ventilation shaft that has been providing 
adequate initial dispersion for a number of years. 
The flow patterns may be changed considerably by 
the new building, and ground level concentrations of 
pollution from the original chimney may then .exceed 
air quality standards. 

Buoyant plume rise 

Chimney effluents frequently have a significant 
exit velocity, are very hot, and sometimes contain 
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Fig. 9. The effects of buildings on diffusion of pollution a 
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• (a) Waste gases from a ventilation shaft on the upwind side of a hospital; (b) fluorides from an industrial 
source; (c) pollution from a short chimney on an apartment or office building; (d) smoke from a chimney near 
a cliff 

large amounts of steam. The heights to which these 
effluents rise before they reach equilibrium with their 
environment have a considerable influence on the 
ground level concentrations of pollution. If, for 
example, a plume can penetrate upwards through the 
top of a ground based inversion or through the base 
of an upper inversion, the pollution is trapped aloft, 
at least for a few hours, and then there is time for the 
natural atmospheric dispersion and chemical trans
formation processes to become effective. 

Unfortunately, the prediction of plume rise is a 
notoriously difficult problem in atmospheric diffu
sion. Because an abbreviated summary would be 
misleading, only a few general comments are given 
here. The reader is referred to reference 26, pp. 3-12, 
for a more complete discussion. 

A theoretical plume-rise model requires insight 
into the way the surrounding air is entrained into the 
plume, and thus requires knowledge of the turbulent 

structure of the atmosphere. In the first 100 m above 
a large uniform surface, the turbulence regimes are 
sufficiently well understood to be described in terms 
of parameters. Some chimneys are now more than 
300 m high, however, while others are located in 
irregular terrain; there are few experimental data on 
the structure of turbulence in either case. A further 
complication is that evaporational cooling of steam 
hastens the loss of heat from the effluent, sometimes 
causing the plume to sink-as when flue gases are 
washed to remove sulfur dioxide, for example. The 
heat loss rates then depend not only on entrainment 
rates but also on drop-size distributions. 

The theoretical models contain at least one empiri
cal constant to be evaluated experimentally. Al
though the models and the empirical formulae often 
provide an adequate prediction within a factor of 
2 for the conditions for which they were originally 
devised, they " may produce wildly improbable pre-
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dictions when applied to a new situation " (see 
reference 26, p. 9). Particular problems occur at 
coastlines where there may be very large changes 
with height of wind speed and direction as well as 
stability. A plume may move inland at firstwith the 
sea breeze, but after rising to greater heights it may 
be caught in the return flow of air and reverse its 
direction. Even over more uniform terrain. some 
unusual patterns may occur. Sampling the darbon 
dioxide concentrations downwind from a 150-m
high chimney in stable conditions frequently revealed 
a double vertical structure with two distinct maxima, 
one above the other (27). 

Where the terrain is rather flat and uniform, and 
the empirical constants have been evaluated for 
about the same chimney height, heat output, and 
climate, experience in Sweden (28, 29), and the 
United Kingdom (30) shows that reasonable esti
mates of plume rise can be made. However, the best 
advice that can be given is to seek the assistance. of 
an experienced air pollution meteorologist. He in 
turn will probably select two or three of the most 
relevant formulae to obtain some idea of the range 
of uncertainty in the estimates. 

Pollution from tall chimneys 

After the initial plume rise, assuming that the 
plume is not affected by aerodynamic downdraught 
caused by building geometry or terrain features, the 
pollution stretches in the direction of the wind and 
expands in the crosswind and vertical directions 
owing to random turbulent eddies. 

The· classical· diffusion equation for predicting 
ground level concentrations from an elevated contin
uous point source is as follows: 

1 
ux/Q = -- . exp ( - y2/2s2y). exp ( - h2/2s 2z), (1) 

TrSySz 

where u is the mean horizontal wind speed (the x
axis is oriented in the direction of the mean' wind 
averaged over 10 min to 1 hour, y is the crosswind 
direction, and z is in the vertical, where z = 0 is the 
surface of the earth); X is the centre line ground level 
concentration at downwind distance x; Q is the 
source strength per unit time; Sy and Sz are the 
standard deviations (in units of length) of the distri
butions of concentrations in the crosswind and 
vertical directions, respectively, and are functions of 
:X and of atmospheric turbulence, i.e., of atmospheric 
stability, indin,ctly (the visible plume has dimensions 
of about 4s11 and 4sz); and h is the effective source 

height, i.e., the height of the chimney plus the addi
tional buoyant plume rise. 

The non-specialist sometimes obtains values of Sy, 

Sy, and h from nomograms and uses a computer 
programme to solve equation 1, unaware of the basic 
assumptions and limitations in the model. Singer & 
Freudenthal (31) remark: " The greatest danger 
from development of complex computer models is 
that after a while, one tends to believe them. In fact 
we already have a problem in the misuse of pre
packaged diffusion models that are readily available 
to the well-meaning engineer whose knowledge of 
meteorology is restricted." Some of the assumptions 
contained in equation 1 are as· follows: 

(1) An inert passive pollutant is assumed, i.e., 
there are no atmospheric chemical reactions, no 
gravity fallout of heavy material, and no precipita
tion scavenging. These processes may be accounted 
for empirically by multiplying the right-hand side of 
equation 1 by expressions of the form exp (-t/>..), 
where >.. is a half life or decay time, by analogy 
with radioactive decay (see also equation 3, p. 117). 

(2) Perfect reflection of the plume at the under
lying surface is assumed, i.e., there is no ground 
absorption. This is usually a reasonable assumption 
within a few hundred metres of a source but ground 
losses may accumulate by the time a plume has 
moved a distance of several kilometres. Tadmor (80) 
has shown that at a sufficient distance from a source 
ground level concentrations of pollution may.some
times be greater from a tall chimney than from a 
short one. This is because the effluents from a tall 
chimney have less opportunity to lose material by 
contact with the ground than those released at a 
lower elevation. 

(3) A non-zero wind speed is assumed, although 
stagnation conditions are often most critical for air 
pollution episodes. The only reported work on diffu
sion in very light winds is that of Berlyand et al. (32) 
in the USSR. 

(4) Steady state conditions are assumed, i.e., there 
are no changes with time in average wind speed or 
turbulence levels, which implies that equation 1 is 
rarely applicable for more than a few hours because 
of the diurnal weather cycle. 

(5) A homogeneous flow is assumed, i.e., there are 
no wind variations in the horizontal or vertical 
planes. But the surrounding landscape often contains 
significant surface irregularities. In addition, the 
wind increases with height, which may cause shear-
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Fig. 10. Fumigation associated with an off-water wind in spring and summer 
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ing of the plume after a few kilometres, and there 
may be vertical changes in stability even over uni
form terrain."' 

(6) Statistical Gaussian forms are assumed for Sy 

and sz, implying a sampling time of at least 10 
minutes to ensure that momentary random irregu
larities are smoothed away. Equation 1 thus does not 
predict 1-sec peak values. The nomograms widely 
used for Sy and s2 were developed by Gifford (82) on 
the basis of studies by Pasquill (3) and on his 
stability classification (see Table 1). As emphasized 
by Pasquill (33) and Pasquill & Smith (34), however, 
the method has been developed for use over open 
country and should not be applied without modifica
tion to valleys, coastal sites, and built-up areas. 

One of the advantages of the Pasquill method is 
that an air pollution climatology can readily be 
constructed if a representative first-order weather 
observing station is nearby. Thirty years of hourly 
weather records can be subdivided into 6 x 8 or 
6 x 16 subsets (6 Pasquill stability categories and 8 or 
16 wind directions). Equation 1 can then be solved 
for each subset and the results may be combined to 
obtain ground level concentrations, yielding predic
tions of the frequencies with which air quality 
criteria will be exceeded. 

The average height of power plant chimneys con
structed in the USA in 1960 was 73 m as compared 
with a height in 1969 of 183 m (35). The urgent need 
for dispersion studies at heights of 200-500 m, as well 
as over non-uniform surfaces, is therefore apparent. 
Extrapolation of existing handbook formulae is dan
gerous in these situations. There has also been 
renewed interest in atmospheric chemical transfor-

"'The occurrence of a capping inversion, called limited 
mixing, is often of special significance. 

mations and in precipitation scavenging (see, for 
example, reference 26, p. 21). 

Medium-scale weather influences on pollution 

The dispersion of pollution is achieved not only by 
random turbulent eddies but also by organized wind 
circulations induced by slopes, valleys, shorelines, 
and cities. These flows are most strongly developed 
when skies are clear and regional winds light. They 
usually tend to enhance horizontal dilution rates 
over a few hours; however, because of their 24-hour 
cycles, the horizontal dimensions of the volume of 
air available for mixing remains relatively small. In 
addition, some of the local wind circulations (parti
cularly sea breezes) may be associated with conver
gence zones; the pollutants will then concentrate 
rather than disperse. 

Of particular concern for air quality management 
is the fact that these local wind circulations usually 
cause limited vertical mixing, the pollution being 
trapped by the inversions that cap the urban dome, 
the valley wind, and the sea breeze. An example is 
shown in Fig. 10; a daytime advection inversion 
moving inland from the sea, is being eroded from 
below in the coastal boundary layer. Fig. 10 also 
shows a plume from a tall chimney travelling inland 
with very little dilution until it intersects the bound
ary layer. At that point (perhaps 5-10 km inland), 
large convective eddies cause a continuous ground 
level fumigation (see, for example, reference 36). 
Fumigations are also associated with valley sites. 
The prediction of ground level concentrations is 
extremely difficult in these situations because the 
physical processes depend very much on local geo
metry, the height of the plume, and larger scale 
controls such as the direction and strength of the 
winds at upper kvels. It is almost impossible to find 
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Fig. 11. Isopleths of 2-year average S02 concentrations over Long Island, New York, 
1968-69 ( 42) a 
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a Isopleths for mean concentrations as parts per billion (by volume); 1 ppb 
S02::::3 µ.g/m3. 

an " ideal " site for studying local wind circulations 
and the associated dispersion patterns. More 1 often 
than not, a city is located on a coast and perhaps 
also at the mouth of a river valley. 

In all such cases, the advice of a diffusion meteo
rologist should be sought. In addition, the local 
weather office should be consulted. As Scorer (37) 
has emphasized, the local meteorologist is an.invalu
able source of information on medium- and small
scale air flow patterns and other local effects. , 

Finally, a meteorological condition known as 
" looping " is of practical interest. When winds are 
light and there is strong daytime instability, large 
convective cells may loop down to ground level, even 
over flat, open countryside. This process is amplified 
when there are substantial heat releases from a 
chimney. In such cases, as demonstrated by Schmidt 
& Boer (38), a heat-island circulation may develop 
and cause large puffs of pollution to loop to ground 
level several kilometres away from a tall chimney. 

Regional and global air pollution 

Over uniform surfaces (open countryside .or large 
bodies of water) and on occasions when the wind 

direction is invariant with time, the point source 
diffusion equation can sometimes be applied to 
downwind distances of 100 km. Some simplification 
in equation 1 is in fact possible if the mixing 
height H is well-defined. When the distance down
wind is sufficiently great, complete vertical mixing up 
to .height H can be assumed. Equation 1 then 
simplifies "to: 

1 
ux/Q = 

2 
H . exp ( - t/A) . exp ( - y2/2s 2v), (2) 

7TSy 

where a decay term (A= half life) has been added. 
Turner (39) has suggested that if XH is the downwind 
distance at which Sy== H/2.15, then equation 2 may 
be applied to downwind d.istances beyond x = 2xH, 

Sometimes, a city can be modelled as a point 
source on this larger scale. Clarke ( 40), for example, 
was able to detect. the urban thermal plume down
wind of Cincinnati, OH, during a night-time rural 
inversion situation. Munn (41) found that the con
tributio.n of Detroit-Windsor to the suspended parti
culate concentrations 70 km downwind was about 
20 µg- 3 on days when the wind direction was steady, 
and he was able to apply equation 2 by assuming an 
urban point source. The appropriate value ofA was 
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found to be about 2 hours for both particulate 
matter and sulfur dioxide. 

Even when data are averaged over months or 
years, the influence of large cities on rural back
ground concentrations is evident. Fig. 11, for exam
ple, shows isopleths of sulfur dioxide concentrations 
averaged over 2 years over Long Island, New 
York (42). The influence of New York City can be 
seen to reach distances of 70 km. 

On many occasions equation 2 must not be 
applied, particularly in unsettled weather conditions 
when there are wind shifts at fronts and precipitation 
scavenging. For travel times of more than 6 hours, 
the diurnal cycle in the thickness of the surface 
mixed layer (see Fig. 1) makes prediction difficult, 
and natural pollution sources (such as the sea) begin 
to make an important contribution.a 

Although accurate predictions of the concentra
tions several hundred kilometres from a source are 
not possible, a trajectory analysis based on surface 
and upper air synoptic weather maps can be used to 
obtain estimates of the direction of travel of urban 
and regional clouds of pollution. There is some 
uncertainty in deciding the height to use for a 
representative wind, although the 850 mbar press
ure level (about 1.5 km) seems to yield reasonable 
results for regional studies (44). For transport across 
oceans, a much deeper layer should presumably be 
used. 

Increasing emphasis is being placed on the need 
for air quality management on the regional scale 
over areas as large as Western Europe and the 
Chicago-Montreal "Great Lakes corridor". This 
has stimulated a number of research investigations 
such as the Organisation for Economic Co-operation 
and Development (OECD) long-range transport 
study in Western Europe, and METROMEX, a 
dispersion experiment to distances of several hun
dred kilometres downwind from St Louis, MO, 
USA (45). These studies, which require special 
observational networks and the use of aircraft for 
sampling, are still in progress. One of their aims is to 
investigate chemical transformations and other sink 
mechanisms. Meanwhile, some important inferences 
have been made by scientists at the University of 
Stockholm, mainly from existing data sources (6, 44, 
46, 47). 

a Barringer (43) measured the sulfur dioxide emissions 
from a small volcano on Mount Mihara in Japan and found 
a value of 360 tonnes per day, which is of the same order of 
magnitude as the total emissions from a small city. 

Fig. 12 (44) shows the end points of trajectories of 
hypothetical particles (or small clouds) released 
every third day for a period of about 1 year from the 
point marked by the small circle. The height of the 
particles was 850 mbar (about 1.5 km) and the 
scatter of end points is shown after 24 and 60 hours 
of travel. After 24 hours, 50 % of the particles had 
passed out of a circle with a radius of about 850 km, 
and after 60 hours they ,vere outside a radius of about 
1450 km. Since the atmospheric turnover time for 
sulfur is about 2-4 days, sulfur deposition must be 
studied as a regional rather than a national problem. 
Rodhe (44) has estimated that about half of the 
atmospheric sulfur in Sweden comes, in fact, from 
foreign anthropogenic sources, while the other half 
originates from Swedish emissions and natural 
SDurces. Looking at the estimates in another way, a 
large part of the sulfur emitted in S\veden is depos
ited outside the country. In a subsequent analysis of 
suspended particulate concentrations in southern 
Sweden, Rodhe et al. (46) have shown that in order 
to explain the background concentrations of sulfate 
particles, strong anthropogenic sulfur sources at 
distances of up to 1000 km must make a substantial 
contribution. 

For pollutants with atmospheric turnover times 
measured in weeks or months (carbon dioxide and 
carbon monoxide, for example), global transport 
must be considered, and natural sources (whose 
strengths cannot easily be estimated) become pre
dominant. 

The World Meteorological Organization takes a 
considerable interest in global pollution because of 
its possible effects on climate. Existing models of 
climatic change are crude, and considerable difficulty 
is experienced in separating natural fluctuations of 
the atmosphere-ocean system from man-made 
effects, if any. A recent authoritative discussion is to 
be found in a Study of Man's Impact on Climate 
(SMIC) report (48). One of the difficulties has been 
a lack of data for determining trends and construct
ing predictive models. WMO is therefore sponsoring 
a world network of about 100 regional and about 
10 baseline pollution monitoring stations ( 49). 

MODELLING 

Laboratory models 

Wind tunnels are widely used for studying aero
dynamic effects around buildings. When winds are 
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Fig. 12. End points of trajectories at a height of 1.5 km from a point 
(small circle) in northern Central Europe for (a) 24 hours and (b) 60 hours 

calculated every third day for a period of about 1 year (44) a 
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a 50 % of the points are to be found within the large circles, which 
are centred on the mean position of all points (cross). 

strong, turbulent mixing is sufficient to ensure atmo
spheric stratification near the neutral state, and in 
those conditions scale modelling has been notably 
successful in solving or preventing downdraught 
problems. Moreover, in some wind tunnels there is 

the possibility of simulating convective and inversion 
conditions through the use of refrigeration and 
heating units. An example is the installation at Colo
rado State University, USA (50). The horizontal 
dimensions of prototypes are generally of the order 
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of a few kilometres, and a scaling ratio of about 
1: 12 000 is often used. The prototype dimensions 
can be increased, but then only the main terrain 
features can be modelled. 

Laboratory studies of receptor responses to envi
ronmental stresses are frequent. The principal short
coming is that the outdoor atmosphere is frequently 
not simulated adequately. In greenhouse studies of 
pollution damage to vegetation, for example, the air 
flow is usually from ceiling to floor. The vertical 
gradients of pollutants within and above the canopy, 
and the resulting uptake rates, are therefore un
realistic. 

Statistical models 

Empirical statistical models are aids to the devel
opment of subsequent physical models. They are 
only interim solutions, however, for the following 
reasons. 

(1) Environmental data are correlated in time 
(daily and annual cycles) and there are inherent 
difficulties in interpreting the correlation between 
two time series. The selection of random samples, a 
basic requirement in classical statistical theory, is not 
possible. 

(2) Air pollution-meteorological relations are fre
quently non-linear. Concentrations of suspended 
particulate matter, for example, are highest in very 
light winds (poor ventilation) and very strong winds 
(re-entrainment of surface particles into the atmo
sphere). 

(3) An empirical model cannot be extrapolated to 
other areas without experimental redetermination of 
the coefficients unless the terrain and climate are 
similar. 

(4) An empirical model cannot be used to predict 
the consequences of a change in conditions at the 
same site, e.g., the effects of a change in chimney 
height or of the construction of an adjacent 
building. 

Physical models 

In making an urban or regional model of air 
pollution the first step is to prepare an inventory of 
all emissions-industrial, commercial, residential, 
and vehicular. The largest source of error in many 
urban models is incomplete information on the 
distribution of source strengths, particularly their 
diurnal, weekly, and seasonal variations. Because 

most diffusion models are based on hourly values, a 
annual mean emission rate may be greatly in error 
for a particular diffusion calculation. For example, 
traffic density counts are sometimes used to estimate 
automobile emissions, but if the urban core is com
pletely blocked with motor vehicles with idling 
engines the emissions will be very large although the 
traffic counts are low. Many such difficulties are 
encountered in the estimation of source strengths. 

If the source distribution is known, several meth
ods can be used to predict the ground level concen
tration patterns. One of the simplest approaches is to 
divide the city or region into a series of boxes. The 
vertical dimension is the mixing height; the horizon
tal dimensions of each box are selected arbitrarily by 
the investigator but usually range from 1 to 50 km. 
The pollution is assumed to be uniformly mixed in 
each box, and the various inputs and outputs are 
calculated from known data-the mean wind 
through the surface mixed layer, the outflow and 
inflow of pollution to and from adjacent boxes, 
emission rates within the box, and losses due to 
atmospheric chemical reactions and absorption by 
the ground. Since these losses are difficult to estimate 
(for all kinds of models), the system is sometimes 
" calibrated " by adjusting the predicted concentra
tions downward (with the aid of an exponential 
decay term) until they agree with the observed 
values. In a highly polluted environment, a half life 
for sulfur dioxide of less than an hour has been 
inferred in this way. Gronskei (53) has assumed for 
Oslo, Norway, that the sulfur dioxide sink strength 
A (g/m3 .s) is a function of the concentration, x: 

A= ax+ bx2, (3) 
where a = 10-6/s, and b = 0.25 m3/g.s. 

Box models are particularly suited for use in deep 
valleys where the pollution is confined by the sides of 
the valley as well as by the mixing height. Reiquam 
(51, 52) has applied the method to the Willamette 
Valley in Western Oregon, a small Norwegian valley, 
and a much larger area-Western Europe. Because he 
has ignored absorption losses at the ground, his 
predictions may not be very realistic, particularly in 
the European model. Nevertheless, he has described a 
useful methodology. 

Box models have two associated difficulties. In the 
first place, the mean vector wind must be known for 
each box, implying a substantial observational pro
gramme. Secondly, the assumption that the pollution 
is well mixed within each box may be invalid, 
particularly near strong point sources. 
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Fig. 1.3. Computed (-) and observed (- - - ") S02 
c<?ncentrations at 4 sampling stations in Oslo, Norway, 
during the period 16 h 00 on 17 December 1. 970 to 

14 h 00 on 18 December 1970 (53) 
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The box method is essentially a finite-difference 
extension of the so-called K-method. The boxes are 
made smaller and smaller until in the limit,a flux of 
pollution is represented by the pollution gradient 
multiplied by a coefficient, K, called the diffusivity, 
which is variable in space and time. The relevant 
differential equations may be specified and solved 
numerically, given suitable boundary conditions, a 
description of the wind field, and functional forms for 
the diffusivities. This approach has been used by 
Randerson (81) in a study of sulfur dioxide dispersion 
in Nashville, TN, USA, and by Grnnskei {53) in a 
model of sulfur dioxide dispersion in Oslo. The 
computed and observed concentrations of sulfur 
dioxide shown in Fig. 13 are for four Oslo stations 
during a 24-hour period. 

A third approach is to solve the Gaussian diffu
sion model, equation l, for each point source, with 

suitable modification for area sources. For each 
grid .point, then, the predicted concentration is the 
sum of the contributions made by each of the 
upwind sources. In the simplest analysis, a steady 
wind is assumed to be blowing across the city or 
region for a period of an hour. To predict daily, 
monthly, or annual mean concentrations, or to 
determine the frequency distributions of pollutant 
concentrations at a point, the calculations are 
repeated separately for each hour, and thenl sum
med or accumulated. The model for Bremen, Federal 
Republic of Germany (54, 83) in which the Bremen 
airport weather observations were used to obtain 
hourly wind directions and Pasquill stability cate
gories is a good illustration. In this connexion, 
some simplification in numerical procedures with
out apparent loss of accuracy has been suggested. by 
Gifford & Hanna (55). 

The assumption of a steady wind over a city or 
region is not valid when winds are light or when 
there are medium-scale circulations such as sea 
breezes. Two difficulties arise: (1) modelling the 
local wind circulation (or observing it, which im
plies a very dense three-dimensional meteorological 
network), and (2) modelling the diffusion processes. 
Concerning the first difficulty, increasing numbers 
of numerical models of local wind circulations are 
being developed. Delage & Taylor (56) for example, 
have produced a model of the urban heat-island 
circulation. The second problem is being attacked 
by using the so-called puff model (see, for example, 
reference 57). An individual plume is assumed. to 
consist of a series of discrete puffs, each of which 
expands in a stepwise fashion according to local 
diffusion conditions. Each puff can therefore be 
moved across the city, responding at each time-step 
to the wind and turbulence conditions appropriate 
to its local position. 

Hilst (58) has undertaken a sensitivity analysis of 
the Connecticut regional sulfur dioxide model, in 
which the values of the input variables during a 
particular 2-hour period were deliberately changed 
to determine their relative importance. He found 
that the forecasts were very dependent on wind 
direction. Downwind of a chimney, an error in the 
centre-line position has a considerable effect on the 
ground level concentrations at a fixed point. For 
climatological predictions of pollution frequency 
distributions, however, random errors in wind 
direction have much less effect. Hilst also found 
that the forecasts were moderately sensitive to sink 
strengths, to vertical diffusion rates, and to sys-
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tematically biased source strengths. The predictions 
were insensitive to lateral diffusion rates. This kind 
of study is to be encouraged as an aid to network 
design. 

Additional useful references are to be found in 
the following works (26, 59, 60). 

FORECASTING 

Ventilation forecasting 

High pollution potential is defined as a meteoro
logical condition which, given the existence of emis
sions, would be conducive to the occurrence of 
poor air quality. The definition is stated in terms of 
meteorological factors only; high pollution poten
tial may occur from time to time in the arctic, for 
example, even when air quality is excellent. 

In the USA, the National Meteorological Center 
issues daily 36-hour forecasts of regional pollution 
potential based on large-scale weather indicators, 
particularly the ventilation coefficient, i.e., the 
product of mixing height and wind speed averaged 
through the surface mixed layer. Some of the spe
cific criteria for an alert are as follows. 

(1) The affected area must be at least as large as a 
4-degree square of latitude and longitude. 

(2) There must be no significant precipitation or 
frontal passages during the 36-hour period. 

(3) The average wind speed through the surface 
mixed layer must not exceed 4 m/s. 

(4) The urban sunrise mixing height must be less 
than 500 m. 

(5) The afternoon maximum ventilation coeffi
.cient must not exceed 6000 m2/s. 

(6) The winds at a height of 1500 m must average 
less than 10 m/s. 

These conditions are deliberately restrictive. When 
.an alert is forecast, therefore, high pollution is 
.almost always experienced, although some poor air 
,quality situations are not predicted. 

The approach is most successful in its treatment of 
~tagnating warm anticyclones. The classical Gaus
:sian diffusion equations fail in this limiting case of 
light winds. The predictions must often be modified, 
of course, by the local forecaster who has experience 
in local weather anomalies; he may also have addi
tional data from special networks of stations. For 
,example, if a number of tall chimneys are located to 

the south of a city, the highest urban concentrations 
of pollution may occur with moderate southerly 
rather than with light variable winds (61). Similarly, 
the method described above could fail completely in 
European mountain valleys for certain configura
tions of sources and mesoscale wind patterns. 

Pollution forecasting 

The pollution potential concept can be extended 
to include, in a very general way, the effects of 
variable urban dimensions. Holzworth (see refer
ence 26, p. 48) has used the following simple box 
model of urban diffusion, which is valid for the 
downwind edge of a city: 

X/Q = L/2Hu, 

where L is the length of the city in the direction of 
the wind and the other symbols are as defined 
previously. The ratio X/Q, called a relative dilution 
index, can be determined from meteorological 
estimates of H and u together with a knowledge of 
the urban dimensions. Holzworth (62, 63) has sub
sequently refined this model. 

A long-term goal of meteorologists is to predict 
pollution concentrations averaged over a few city 
blocks, and control authorities would like even more 
spatial resolution, i.e., forecasts for each station in 
their monitoring networks. This has proved to be 
very difficult, particularly near sources, because a 
slight change in wind direction may change the 
concentrations by an order of magnitude. The physi
cal models described above (p. 117) are not yet 
capable of accurately forecasting concentrations at a 
given point and a given time, although they may 
yield correct long-term frequency distributions if 
sampler locations are chosen carefully. At street level 
in the urban core, the spatial variations in pollution 
can be very great. Thus the modellers usually state 
that their predictions are for roof-top heights. The 
Meteorological Office of the United Kingdom (Fors
dyke, personal communication) provided air quality 
forecasts for an urban hospital, based on statistical 
regressions between pollution data from a nearby 
sampling station and weather indicators. However, 
when the monitoring site had to be moved a few 
hundred metres the regression equations could no 
longer be used. 

In a study of sulfur dioxide concentrations at 
7 sampling stations in Rouen, France, Benarie and 
his co-workers (64, 85) have attempted to normalize 
the concentrations for location, assigning various 
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Table 2. Some details of an air pollution episode 
in the industrialized Rijnmond area around Rotterdam a 

Dates Maximum Ventilation Daily mean Number of 

(September mixing coefficient S02 at complaints 
31 sites about 1971) height (m) (m2/s) (µg/m3) odour 

15 >2000 >6 500 <100 

20 1 700 6000 70 387 

21 1 400 3 500 111 592 

22 1 000 4000 94 573 

23 600 3000 88 880 

a From Velds (65). 

weights for different population densities and prox
imity to industrial areas. Using only the 24-hour fore
casts of surface wind issued by the National Meteor
ological Service, and assigning weights to various 
wind speeds and directions, Benarie's forecasts of 
high sulfur dioxide episodes in the winters of 1968-69 
and 1970-71 verified 25 correct predictions and 
13 incorrect predictions, 10 of which were due to 
incorrect wind forecasts. 

Velds (65) has described an air pollution episode 
from 20 to 23 September 1971 in the industrialized 
Rijnmond area around Rotterdam. Some. of his 
results are shown in Table 2, including the. data for 
15 September 1971 for comparison. During. the 
period 20-23 September the afternoon maximum 
mixing heights and ventilation coefficients were low, 
resulting in an increase in daily sulfur dioxide con
centrations and numbers of complaints. 

Finally, a study made in Frankfurt am Main by 
Jost (66) must be mentioned. During the period 6-24 
October 1969 winds were light and the air wa:s very 
stable, being associated with a stagnant warm anti
cyclone. Nevertheless, sulfur droxide concentrations 
remained low. Jost speculates that this anomaly was 
due to the warm weather (daily mean temperature 
for the period, 10-l2°C) and the associated reduc
tion of source strengths from dwellings and offices. 
In a rather similar meteorological episode from 2 to 
10 December 1962, when sulfur dioxide values were 
high in the same city, the daily mean temperature 
was only about -3°C. This study emphasizes the 
fact that pollution forecasts require accurate daily 
estimates of sources strengths and not merely annual 
averages. 

Acid-rain forecasting 

Throughout Europe since the 1950s, monthly pre
cipitation samples have been collected and analysed 
for acidity and chemical constituents. For some 
purposes, however, there is need to examine the 
rainfall from each precipitation event because 
regions where the pollution originated cannot read
ily be determined from monthly samples. In addi
tion, some effects occur rather suddenly and are 
associated with individual storms. In a fish hatchery 
at Torval in southern Norway, for example, fish 
started to die during a period of heavy precipitation 
associated with high acidity. When limestone was 
added to the water the fish were able to survive (67). 

Since November 1971, an acid-rain forecasting 
service has been in operation in Oslo as part of the 
OECD long-range transport study. Daily samples of 
air and of precipitation are collected from surface 
stations in Scandinavia, and this is supplemented by 
aircraft monitoring. During its first 4 months of 
operation the service successfully forecast all inci
dents of acid rain in Scandinavia (68). 

The method is based. on regional trajectories at the 
850-mbar height (about 1.5 km). After a warm 
stagnant anticyclone has caused a build-up of con
taminants over Central Europe, the anticyclone 
moves eastwards and the pollution cloud begins to 
drift northwards. The air then lifts as it crosses the 
higher ground in Scandinavia, causing clouds to 
form and orographic precipitation to fall. Of par
ticular importance is the criterion that rain must not 
occur until the air-mass reaches the target location; 
otherwise, the pollutants will already have been 
removed by precipitation scavenging. 

Air pollution climatological 
forecasting for regional planning 

One of the most powerful applications of urban 
and regional models is in simulating the effects of 
changing source strengths caused by increased in
dustrialization, stricter controls, or changing land
use patterns. Once a model has been " validated " 
with existing air quality data, the input parameters 
can be varied at will to produce computer simula
tions and provide alternate strategies for the regional 
planner. 

Shenfeld & Boyer (69) have used the following 
methodology. For the base winter (1969-70), the 
atmospheric conditions associated with the highest 
sulfur dioxide concentrations in Toronto, Canada, 
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were determined. The sample included 35 hours, 
representing an annual frequency of 0.4 %. Three 
strategies for reducing sulfur dioxide levels were then 
examined, an existing validated multiple source 
model (with changed source strengths) being applied 
to the meteorological conditions within the sub-set 
of 35 cases. The strategies were: 

(1) restricting fuels to a sulfur content of 1.5 %; 
(2) converting 40 large sulfur dioxide sources to 

the use natural gas; 

(3) extensively modifying the structure and opera
tion of two large power-generating stations. 

Simulations such as this can be used for reaching 
rational decisions on abatement since they permit 
the planner to estimate the cost of cleaner air. 

Finally, the interpretation and extrapolation of 
long-term pollution trends must be mentioned. 
These trends may be caused by changes in emissions 
and/or by secular fluctuations in weather patterns. 
Four examples illustrate the interpretive difficulties 
that may arise. First, Lamb (79) has shown that the 
frequency of westerly type days in the British Isles 
has decreased since 1950, and this must have affected 
local air quality wherever there is an uneven radial 
distribution of pollution sources. Secondly, Schmidt 
& Velds (70) have shown that although the mean 
winter sulfur dioxide concentrations in Rotterdam 
decreased considerably between 1962-63 and 
1967-68, so did the frequencies of Grosswetterlagen 
associated with high sulfur dioxide values; thus the 
improved air quality may not be entirely a result of 
control programmes. Thirdly, most of the increase in 
the sulfur content of precipitation in southern 
Sweden in the early 1960s can be explained in terms 
of the changing frequencies of direction of rain
bearing wind (6), although the residual increase 
(2-3 % per year) corresponds to the increase in 
anthropogenic source strengths in Western Europe. 
Finally, Auliciems & Burton (71) have examined the 
success of the Clean Air Act of 1956 in the United 
Kingdom. They found that average smoke levels 
have been decreasing since at least the 1920s and 
there was no sharp downward dip following imple
mentation of the Act. In fact, smoke concentrations 
have decreased in cities that do not yet have a smoke 
control programme. Auliciems & Burton suggest a 
socioeconomic explanation. Smoke emissions may 
have been reduced in anticipation of the Act, and 
there are economic reasons why industry, residential 
users, and the railways have gradually been convert
ing to cleaner fuels. 

These examples illustrate the difficulties that may 
arise in interpreting or extrapolating secular trends 
in air quality. There is increasing interest in the 
development of annual pollution indices to de
termine the effectiveness of control programmes 
and/or to provide a measure of the environmental 
degradation associated with increasing industrializa
tion and prosperity. However, trends in the air 
quality indices may be influenced to a considerable 
extent by secular fluctuations in climate. 

MONITORING REQUIREMENTS 

Existing meteorological data; 
availability and relevance 

Large-scale weather processes are observed 
synoptically with global networks of surface and 
upper-air stations. The data may also be used to 
estimate regional values of the mixing heights, venti
lation rates, and frequencies of the Pasquill stability 
classes. 

Many medium-scale weather circulations are not 
adequately monitored by the synoptic networks. 
However, second-order voluntary weather observer 
stations provide useful information on at least daily 
maximum and minimum temperatures and amounts 
of precipitation. Frequently, these second-order sta
tions are sufficiently numerous to define the main 
features of an urban heat island (see Fig. 5) or the 
temperature stratification in a ,valley, permitting 
inferences to be made about the wind and stability 
patterns. 

Weather observations are preserved by national 
meteorological services and are available in an un
published form or on computer-compatible cards or 
magnetic tape. Individual observations have passed 
many quality controls and are as free from error as is 
reasonably possible. 

National meteorological services also publish 
regular climatological summaries. These may not be 
suitable for particular air pollution investigations 
but the service is usually willing to prepare special 
summaries or tabulations if the user can define his 
needs. 

Weather-obserYing stations are chosen with great 
care to be representative of larger areas. The instru
ments are mounted at fixed heights over short grass 
(an anemometer is usually placed at a height of 
10 m, for example), the sensors have similar response 
characteristics, and the thermometers are placed in 
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standard Stevenson screens: Uniformity of siting 
helps to smooth away small-scale weather anom
alies; for example, an anemometer mounted on the 
downwind edge of a building (see Fig. 6) might 
record a wind direction exactly the reverse of the 
regional flow. Because of this need for uniformity, 
however, there are few weather-observing stations in 
built-up areas or near large terrain features. A site in 
a broad river valley will usually be selected in 
preference to one on the side of a mountain. 

In the USSR there is a national network of 
surface heat-balance stations (72). Their activities 
include measurements . of the vertical temperature 
difference between 0.5 and 2 m, six times ~ day in the 
warmer half of the year and twice a day in the colder 
half. The observations may be used to obtain in
formation on regional frequencies of surface-based 
inversions. 

Special meteorological observations 
for air pollution studies 

Although much is to be gained by a careful 
analysis of existing climatological records, there are 
occasions when special observations are required. 
Sometimes, short surveys will suffice; if correlations 
with weather information from existing statim1s can 
be found, an air pollution climatology can be in
ferred by exploiting the · long-term (20~30 years) 
climatological records. This is the conceptual frame
work of the Pasquill classification, for example. 

Traverses by motor vehicle are frequently used to 
define the spatial distribution of temperature and 
humidity. A typical system, described by Conrads & 
van der Hage (73) ha.s been field-tested in the city of 
Utrecht. The traverses are most revealing.if made 
when skies are clea.r and regional winds either light 
(so that medium-scale circ].Jlations are well devel
oped) or steady in direction. Care must be. taken, 
however, to correct for the effects. of- changing 
meteorological conditions during each traverse. 
Whenever possible, the vehicle should be equipped 
to monitor pollutants as well as the meteorological 
elements. 

Aircraft surveys of the meteorological elements 
and the spatial variation in the mixing height are 
more costly but very useful. As in traverses by motor 
vehicle, air pollutants should also be monitored, 
sometimes from single tall chimneys, sometimes 
from multiple urban sources. As an alternative, 
captive balloons may be used. 

For continuous recording, special ground based 
stations may be required. Because of very local wind 
anomalies, a meteorologist should be consulted for 
advice on site selection. Sometimes, a tall tower is 
erected to determine the characteristics of the verti
cal structure of the surface layer. Examples of such 
towers include the 80-m meteorological tower near 
Rotterdam (74) and the 300-m tower at Obninsk in 
the USSR (26, pp. 83-84). 

Remote sensing of the surface mixed layer by 
lidar a and other techniques is being developed (see, 
for example, reference 75). Within a very few years, 
sensors of this type will be widely used operationally. 

Air pollution monitoring; 
meteorological considerations 

Urban air quality can only be monitored imper
fectly. Superimposed on the uneven distribution of 
sources is the variability in weather from place to 
place and from time to time. The location of the 
maximum ground level concentration downwind from 
even a single chimney varies continually in response 
to fluctuations in wind direction and speed. The air 
pollution meteorologist can therefore be of assis~ 
tance when the following decisions are being made: 

(1) the minimum number of sampling stations 
required for each pollutant, bearing in mind the 
objectives of the study; 

(2) the siting of individual sampling stations in 
ordefto obtain "representative" readings; 

(3) the minimum number of samples that must .be 
taken .at each station to obtain representative air 
pollution statistics. 

The meteorologist's advice is likely to be qualita
tive in the initial stages of a survey. As he examines 
data from existing air quality stations and develops 
urban and regional dispersion models, however, he 
will be able to identify both gaps and nonessential 
components in the networks. In this ,connexion it 
would be beneficial if air quality observations were 
made available immediately to meteorological fore
casting offices. Experience gained in routine forecast
ing (using measured concentrations for validation) 
will result in improved accuracy in pollution and pol
lution potential forecasts. Of equal importance is the 
fact that calibration, and transmission errors will 
quickly be queried and anomalies or gaps in the 

a i.e., Light detection and ranging. 
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sampling networks recognized from analysis of the 
associated meteorological spatial fields. 

There is a natural tendency to establish monitor
ing stations at equidistant grid points.' However, 
Landsberg (12) recommends that the sites should be 
in lines at right angles to the main physical, bio
logical, and cultural features (coasts, ridges, built-up 
areas, etc.). This suggestion may, of course, require 
modification to take account of spatial inhomogene
ities in the numbers of emission sources and re
ceptors. Gorshko (76) has emphasized the im
portance of distinguishing between single-industry 
towns (characterized by one or more tall chimneys) 
and towns with multiple, widely distributed, small 
sources. In single-industry towns the main pollution 
problem is caused by downdraughts or convective 
looping. Fast-response sensors must then be used 
and stations must be established in lines at right 
angles to the principal wind directions. 

For regional rural background stations. the WMO 
criteria ( 49) are recommended. 

"A regional air pollution station should be located 
sufficiently far· away from built-up areas so as not to be 
dominated by fluctuations in pollution from local 
sources. The minimum distance of a site from the nearest 
pollution sources depends on the intensity of the pollu
tion sources. For large sources like fossil-fueled power 
stations, this distance might need to be as much as 60 km; 
for smaller sources, the distance can be less. There may be 
areas where even such minimum distances cannot be 
found. In this case, one may tolerate a closer source 
provided adequate records of winds are collected to make 
it possible to screen the non-representative pollution data 
obtained. A station may function excellently under cer
tain wind conditions but not during others." 

"It should be pointed out in this connection that 
precipitation samples will probably be least affected by 
pollution sources since they are representative of condi
tions over a considerable depth of the atmosphere. The 
same is probably true for turbidity whereas dry deposi
tion and air samples at ground level will be much more 
influenced by nearby sources. Of course, the data ob
tained will be the best guide to determine the representa
tiveness of the station. Strong fluctuations in the data will 
indicate undue influence from nearby sources." 

" Even if regional criteria for a station are met, 
topography and other factors necessitate local criteria to 
be set. As for topography, valleys should be avoided 
since, at least in temperate and cold climates, they will 
collect cold and stable air at night and in the winter, 
which is not representative of the region. The summits or 
higher slopes of elevated areas are much more desirable in 
this respect. Mountain peaks, however, are again less 
suitable since they are not representative of average 
regional conditions." 

" As to other local factors, that of dust is most 
important; a station should not be set up unless nearby 
roads are constructed with tarmac and there is a good 
grass cover on the earth. This excludes intensely culti
vated land in the vicinity unless the climate is such that 
the soil is permanently moist." 

" Smoke from local burning should also be avoided but 
in this case a distance of, say, a few thousand meters is 
sufficient to avoid undue influence. Furthermore, the 
sampling site should not be too much exposed to high 
winds. A forest clearing seems to be an ideal site for 
measurement of most atmospheric constituents." 

" A principal climatological station should be estab
lished at a regional air pollution station. " 

Additional information on network design may be 
found in a recent handbook (references 77, pp. 53-59, 
and 86). 
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INTRODUCTION 

A knowledge of the types of pollutants and their 
emission rates is fundamental to the study and 
control of air pollution because these rates, together 
with the rates of chemical reaction of the pollutants 
with the atmosphere, the prevailing meteorological 
conditions, and topographical factors, determine the 
degree of pollution that will be experienced by a 
community. The systematic collection and collation 
of detailed information concerning the air pollution 
emissions in a given area are referred to as an 
"emission inventory". An inventory should contain 
as much information as possible on the types of 
source as well as their contribution to air pollution 
in terms of composition of emissions and rates of 
discharge of individual pollutants. This should be 
supplemented by information on the number and 
geographical distribution of sources, and a descrip-

a Professor and Director, Air Resources Program, Cni· 
versity of Washington, Seattle, WA 98195, USA. 

b Puget Sound Air Pollution Control Agency, Seattle, 
WA,USA. 

tion of processes, raw materials, and control mea
sures (1). 

The inventory should be kept up to date, not only 
to allow the effectiveness of the local control pro
gramme to be evaluated periodically, and if neces
sary modified, but also to take into account the 
changing character of pollution sources in a rapidly 
expanding technological society. While the inventory 
covers the entire region under study, attention must 
be paid also to sources and emissions that are 
outside the area but may contribute significantly to 
the air quality in the study area. Although man· 
made sources of pollution ,vill receive most atten
tion, the contribution made by natural sources must 
also be taken into account. 

PROCEDURES FOR MAKING 
SOURCE I~VENTORIES 

Rapid suney method 

Introduction 

There are two types of emission inventory: 

127 -
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(1) rapid methods that provide a reasonable esti
mate (5), and 

(2) very elaborate procedures that yield more 
detailed and precise information (6). 

A rapid method is appropriate if time and re
sources are limited and when only estimates of 
·emissions of the major pollutants are needed. An 
example of this approach is described in a report by 
Ozolins & Smith (2), and a brief account of the 
technique is given below. The technique applies 
specifically to four classes of pollutants-namely, 
·oxides of sulfur, oxides of nitrogen, hydrocarbons, 
and particulate matter-but it can quite readily be 
extended extended to cover other pollutants. 

The emissions are reported in terms of four gen
,eral categories of source: 

(1) stationary combustion sources, which include 
those where fuel is burned for space heating, process 
heat, and power; 

(2) mobile combustion sources,. primarily motor 
vehides, but also trains, ships, and .aircraft; 

(3) refuse incinerators, including municipal, com
mercial, industrial, and domestic incinerators as well 
as open burning; 

(4) industrial process sources, in which the emis
sions arise primarily from the process rather than 
from fuel combustion. 

The study area is divided into geographical sub
.divisions. The areas and shapes of these subdivisions 
are not necessarily uniform but rather ·representa
tive of groupings of large numbers of similar sources 
·or homogeneous land use; for example, residential 
areas where the primary source is home heating. 
Selection of zones is also made on -- the basis of 
,common characteristics such as topography and 
population density. Examples of zones include cen
tral business districts, highly industrialized zones, 
single-family home zones, and areas of large apart
ment blocks. The areas of such zones generally vary 
from 5 to 10 km2 • Initially, a map is constructed to 
show topographical features, political boundaries, 
and major arterial roads. Then, census bounda
ries are drawn on the map, and the study area 
is divided into zones, which are subsequently sub
divided on the basis of subgroup factors such as 
population density. 

Primary information collection 

Stationary combustion sources. Data on all 
major fuel types such as coal, fuel oil, and gas 

burned in stationary sources are collected, together 
with information on composition of the fuel, parti
cularly sulfur content, and the amount of fly ash 
likely to be produced. Sources of information are
listed in Annex 1. Data on types and amounts of fuel 
burned are obtained from public utilities or fuel 
dealers and distributors. The contribution made by 
large plant sources, such as power-generating sta
tions, can quickly be determined since such sources 
are relatively few in number and their fuel consump
tion can easily be calculated. Fig. 1 illustrates a 
useful data recording form (2). 

The next step is to classify fuel used in stationary 
sources on the basis of user category, as shown 
below. 

Total 
consumption 
of each fuel 

Fuel for manufacturing 

Fuel for electricity generation 

Fuel for other uses 

Domestic 

Institutional 

Commercial 

Figures for fuel consumption are further broken 
down according to whether the fuel in burned by 
large establishments 0r by a multitude of smaller 
users-characterized as point sources and area 
sources, respectively. The former should be studied 
individually while the latter can be treated collec
tively. Other factors to be considered include daily 
or seasonal variations in fuel use, firing equipment, 
airpollution control equipment, and location within 
the study area. 

The role of fuel burning in providing energy for 
industrial processes,. steam generation, residential 
and commercial cooking, and water heating is relati
vely independent of ambient temperature. However, 
the amount of fuel burned for space heating varies 
considerably with the season and is closely corre
lated with temperature. These facts are taken into 
account when estimates are made of the daily fuel 
consumption for the two user categories at any time 
of year. Thus, it is possible to apportion fuel con
sumption in the study area according to type of user, 
type of source (point and area), and user category 
(space heating or process needs). The geographical 

a Institutional users include government and municipal 
buildings, hospitals, schools, etc. 
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Fig. 1. Data recording form for fuel use by stationary point sources (2) 

A. GENERAL INFORMATION 

2. Employment-----------------

3. Industrial classification --------------------------------------

4. Location 5. Reporting zone----------------

B. FUEL USE 

11Total annual fuel consumption and fuel types used (entire plant) 

Annual consumption Composition 

Total Process 
needs 

Space 
heating 

Sulfur Ash 
content content 

(a) Coal (tonnes) 

(b) Residual fuel oil (litres) 

(c) Distillate fuel oil (litres) 

(d) Gas (m•) 

(e) Other 

2. Complete the following for each boiler where there are major differences in types of fuel, type and size of firing equipment of control 
devices used. 

(a) Coal 

Equipment Rated Fuel burned Air pollution Control 
Boiler No. capacity equipment b type a (kcal/h) (t/a) type efficiency (%) 

2 

3 

4 

5 

(b) Fuel oil 

Rated Fuel burned Air pollution Control 
Boiler No. equipment capacity c (m3 /a) type efficiency (%) 

a Equipment l'{pes: 
1, Pulverized coal with reinjection 
2, Pulverized coal without reinjection 
3, Spreader stoker with reinjection 
4, Spreader stoker without reinjection 
5, Cyclone 
6, Other mechanical stokers 
7, Hand-fired 

b Air pollution control devices 
c Rated capacity (fuel oil) 

1, Above 1 000 horsepower 
2, Below 1 000 horsepower 

distribution of fuel use within an area is estimated by 
assigning fuel burned by point sources to their exact 
locations and distributing the remaining fuel usage 
according to type of fuel and corresponding :figures 
for population density, service employment, and 

industrial employment. A form for summarizing the 
fuel use inventory is shown in Fig. 2. 

}vfobile combustion sources. Petrol consumption is 
determined by obtaining the sales :figures for an area. 

5 
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Fig. 2. Form for summarizing annual fuel, use in a study area (2) 

A. 
User categories 

Total 

Manufacturing 

Point sources (total) 

Area sources 

Steam-electric utilities 

Point sources 

Area sources 

Domestic, institutional, and 
commercial 

Point sources 

Area sources 

B. Point sources (by individual concerns) 

1. 

2. 

3. 

4. 

5. 

Coal 
(t) 

Although diesel engined vehicles may comprise a 
relatively small proportion of the total vehicular 
traffic in a community, they can produce greater 
proportions of some pollutants than petrol-driven 
vehicles; therefore, diesel fuel sal~s ,,data are also 
required. The distribution of mobile combustion 
sources is based on traffic volume patterns, which 
may have been developed by the local traffic regu
lation authorities. If such information is available 
it is possible to compute the total distance travelled 
by all vehicles in a zone from the traffic counts; from 
this, petrol and diesel fuel consumption can be allo
cated to the reporting zone. 

In this rapid survey method the average daily fuel 
consumption is assumed to be 1/365 of the annual 
consumption. In the USA, the average daily vehicle 
emission rates in summer are approximately 1.09 of 
the yearly average, while in the winter the rates are 
0.92 of the yearly average. If sufficient data are 
available the calculation of petrol c;onsumption is 
facilitated by the use of a form such as that shown in 
Fig. 3. 

Refuse combustion. Estimates of emission of pol
lutants from refuse burning are based on the quanti-

I 
Residual fuel oil I Distillate fuel oil I 

(m3) (m3) 

' 

Gas 
(m3) 

Fig. 3. Form for recording daily consumption of 
petrol by reporting zones (2) 

(1) (2) 

Vehicle
Reporting zone kilometres per 

day 

2 

3 

Column 1 : reporting zone number. 

(3) 

Percentage 
vehicle

kilometres 

(4) 

Petrol -" · 
consumption 

(litres per day) 

Column 2: distance travelled daily by vehicles (mult'iply indicated 
traffic counts by the distance travelled in each zone; 
the distances can be obtained from the traffic flow map; 
delineation of reporting zones on the traffic flow map 
will be helpful). 

Column 3: percentage of vehicle travel (divide vehicle-kilometres 
per day for each zone by the total for column 2 and 
multiply by 100). 

Column 4: daily petrol use i,n each zone (multiply the percentage of 
total vehicle kilometres (column 3) by the average daily 
petrol consumption of the study area; the average 
daily rate of petrol consumption is assumed to be 1 /365 
ofthe annual consumption). 
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Fig. 4. Form for recording refuse disposal data (2) 

A. Combustion refuse produced 

1. Total area estimate ---------------- tonnes 

2. Collective d isposa I 

3. Area disposal 

(a) Domestic-------- tonnes 

(b) Industrial-------- tonnes 

B. Collective sources 

1. 

2. 

Name 

C. Area disposal 

ties of refuse burned in incinerators and open burn
ing dumps. Information on the location, operating 
and design capacities, operating schedules, and effi
ciency of air pollution control equipment relative to 
individual incinerators can be obtained from local 
public and private refuse collecting agencies. 

The total quantity of refuse burned on-site in 
domestic incinerators, backyard burners, and indus
trial/commercial incinerators is given by the differ
ence between the total area refuse estimate and the 
quantity of refuse disposed of at collection sites, 
farms, and gardens. A rough apportionment of 
domestically burned refuse to reporting zones is 
made in proportion to the residential population, 
while industrial/commercial refuse is assigned to 
commercial and industrial zones. A form such as 
that shown in Fig. 4 can be used for evaluating 
refuse disposal data. 

Zone No. Daily tonnage I Particulate 
emission 
control 

Average daily tonnage burned 

Zone No. Domestic Industrial 

I11d11strial process sources. Industrial em1ss10ns 
include those from the combustion of fuel for space 
heating and process needs as well as those generated 
by specific industrial processes. Estimates of process 
emissions can be derived from published data for a 
variety of industrial opera,tions. Air pollution re
ports are available for iron and steel mills, ferrous 
and non-ferrous foundries, petroleum refineries, 
asphalt batching plants, coffee roasting and pro
cessing, Kraft pulp mills, acid production, cement 
and concrete batching plants, dry-cleaning plants, 
and several other industries. 

Emission estimates can be made from data on type 
of process, raw materials, production volume, and 
air pollution control equipment in use. The calcu
lated average daily emission rates are assigned to the 
respective reporting zones. 
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Fig. 5. Emission summary tables: (1) em1ss1on rates for total study area (t/d) ; (2) emission density by reporting 
zones (t/km2.d); (3) emission rates for point sources (t/d) (2) 

(1) 

Max. space heating day Av. space heating day Min. space heating day 

Source category 

I I 
I Partic-

I I 
I Partic-

I I 
I Partic-S02 NOx HC ulates S02 NOx HC ulates S02 NOx HC ulates 

Stationary combustion 

1. Manufacturing 

2. Steam electric utilization 

3. Domestic & commercial 

Mobile sources 

Refuse disposal 

Industrial process losses 

Totals 

(2) 

Max. space heating :day Av. space heating day Min. space heating day 
Zone 
No. 

S02 I NOx I HC I Partic- S02 I NOx I HC I Partic- S02 I NOx 
I 

HC I Partic-
ulates ulates ulates 

(3) 

Zone, Point source No. 

I I 
I Partic-S02 NOx HC u!'ates 
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Calculation of pollutant emissions 

Once the primary process information is obtained, 
including types and amounts of fuel burned, quanti
ties of refuse and burning methods, vehicle fuel 
consumption, and industrial process parameters, it is 
possible to convert such input data to pollutant 
emission data. This is accomplished by the applica
tion of appropriate " emission factors " specific to 

Fig. 6. Sample emissions map of a community indicat
ing rates of emission in various zones (2) 

I>· ::.'/! 1-2 t/km2.d 

~ 2-4 t/km2.d 

~ 4-8 t/km2.d 

~ 8-12 t/km2.d 

the fuel or refuse burned or the industrial process. 
Fairly extensive information on emission factors is 
available in the general literature as well as in special 
publications (see reference (3), for example, and 
Annex 2). 

In applying emission factors it is important to take 
into consideration the extent of emission control, if 
any, applied to the process. The emission rate is 
typically calculated as follows: 

The results are usually expressed in quantities 
of various pollutants per day in subareas or zones. 

' 
Emission inventory data presentation 

The final results can be expressed in various ways, 
such as: 

(1) relative contribution by source category 
(e.g., manufacturing sources, mobile sources); 

(2) comparison of percentages of each pollutant 
as a function of source category: fuel-burning (by 
type), refuse disposal, vehicular traffic, industrial 
activity. 

Results can also be depicted graphically by means 
of " pie " charts and maps showing emissions by 
reporting zone. Examples of emission summary 
tables are shown in Fig. 5. Emission maps and 
graphical displays are shown in Fig. 6 and 7. 

To sum up, it is not difficult to make a rapid 
estimate of air pollution emissions on a geographical 
basis. The techniques are not precise but they offer 
an opportunity to obtain valid source data without 
the need for time-consuming and expensive sampling 
and surveys. Details of the application of the tech
niques in any given area will naturally vary with 
local circumstances. However, it is strongly recom
mended that before a start is made on this type of 
work the sources of information referred to above 
should be consulted, in particular the publication by 
Ozolins & Smith (2). 

Detailed source inventory 

Introduction 

For a detailed inventory of air pollution sources 
actual emissions from specific point sources and 
area-wide sources in the region of study should be 
determined, whenever this is possible, in preference 
to using estimates. The objectives of a detailed 
source investigation are the computation of individ
ual source emissions during the different seasons of 
the year, area emissions from fuel consumption, and 
emissions from mobile sources and solid waste dis
posal. Obviously, a source investigation requires 
more time, manpower, and resources than a rapid 
survey, but the data obtained are sufficiently detailed 
and accurate for use in development of air quality 

emission rate = r raw ~:terial l x emission factor x [ 100 - (percentage of collector efficiency) l (1) 

lfuel consumptionJ 100 J 
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Fig. 7. Seasonal variation of relative source strength for a pollutant 

SUMMER 

ANNUAL 

diffusion models and the manipulation of emission 
reduction strategies. 

The various steps involved in an elaborate and 
detailed source inventory are outlined here. The 
availability of data processing facilities is a basic 
requirement for the inventory method since the 
completion and updating of an inventory would be 
an enormous task without a computer. Staff who are 
skilled in data processing and have a knowledge of 
emission inventory methods are invaluable, if not 
essential, in this work. Because a variety of data pro
cessing devices can be used, it is generally preferable 
to develop a processing system rather than rely on 
general " packaged " systems such as the " Air Qual
ity Implementation Planning Programme " used by 
the United States Public Health Service (12). 

The remainder of this chapter is based on the 
methods used in compiling the inventory of emis
sions · for the. city of Chicago, IL. (9), and on the 
source inventory techniques being employed by the 

Transportation 

Fuel Combustion 83.7% 

WINTER 

Puget Sound Air Pollution Control Agency of the 
State of Washington, USA (4). However, the discus
sion deals with general inventory techniques as well 
as the specific inventory procedures employed in 
those programmes. 

Preparation for the inventory 

Prior to the collection of any specific em1ss1on 
inventory data, a careful definition of the objectives 
of the survey must be made. The preliminary 
groundwork for .an inventory should include the 
development of the following criteria. 

(1) Point source criteria: 

(a) specific items for source evaluation; 

(b) questionnaires to be used for both the initial 
source contacts and the later detailed study; 

(c) potential point source selection; 

(d) tables to be used in coding the source data. 
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(2) Area source criteria: 

(a) area to be studied; 

(b) coordinate and grid system selection; 

(c) area source emission categories and their 
respective rating systems established. 

(The meanings of the terms used in this list are 
explained in the discussion that follows.) 

Point source criteria. The criteria for source evalu
ation must be consistent with the survey objectives. 
The pollutants generally considered when making a 
complete inventory are (13): 

(i) sulfur compounds, usually calculated as sulfur 
dioxide (S02, S03, sulfuric acid mist, mer
captans, H 2S, and other sulfides); 

(ii) particulates (solid matter and liquid aerosols); 

(iii) carbon monoxide; 

(iv) nitrogen oxides (N02 and NO), usually calcu
lated as nitric oxide. 

(v) hydrocarbons and their derivatives (olefins, 
paraffins, aromatics, oxygenates, organic acids, 
and chlorinated hydrocarbons). 

The criteria used to evaluate the sources must 
yield information that will allow the emissions of 
these pollutants to be calculated. The emissions 
inventory of the city of Chicago (9) and the inven
tory of the Puget Sound Air Pollution Control 
Agency (PSAPCA) ( 4) both began with an analysis 
of the criteria that they would use to evaluate point 
sources. The following source criteria are employed 
by PSAPCA ( 4): 

(1) basic equipment data-basic equipment table 
· code numbers, number of identical units, rated 
capacity, number of raw materials used, year of 
manufacture; 

(2) raw material data-raw material table code 
number and amounts per hour and per year for both 
fuel and process for each year of record; 

(3) control equipment data-control equipment 
table code number, number of identical units, 
volumetric flow rate, pressure drop, efficiency, and 
the year of manufacture; 

(4) stack data-number of identical units, volu
metric flow rate, diameter, temperature at exit, stack 
height, construction material; 

(5) emission factor data-emission factor table 
number that should be used to compute the source 
emissions; 

(6) identification data-company name, name of 
responsible person, source address, mailing address, 
city and state, zone code, telephone number, Stan
dard Industrial Classification, county, plant opera
tion schedule, seasonal space heating usage, and 
coordinates. 

Once the source criteria have been established, a 
set of questionnaires must be developed to obtain 
the desired information. The method used by 
PSAPCA involved two questionnaire phases. The 
purpose of the Master Registration Application 
(phase I) was to determine which sources were large 
enough to be registered and to establish the appro
priate forms to be sent out in the phase II registra
tion. Examples of the Master Registration Applica
tion and phase II forms are given in Fig. 8 and 9, 
respectively. The specific forms used in the phase II 
registration were (7): 

(1) space heating and power 

(2) incinerators 

(3) melting furnaces 

(4) ovens 

(5) mechanical equipment 

(6) spray painting 

(7) degreasing equipment 

(8) storage tanks 

(9) general operating equipment 

(10) food processing equipment 

(11) shot or sand blasting equipment 

(12) recovery furnaces 

(13) other equipment systems 

However, in Chicago not all forms were sent out 
for each type of manufacturing activity. A general 
questionnaire applicable to all types of industry was 
used and an engineering review including a field 
survey made if necessary (9). 

An initial set of point sources must be compiled to 
provide a basis for the point source registration. The 
set of potential point sources can be compiled in the 
following ways (13): 

(1) from industrial directories; 

(2) obtaining information from local government 
personnel; 

(3) from telephone directories; 

(4) by driving or flying around an area, locating 
and identifying pollution sources on a map; 
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Fig. 8. Example of a Master Registration Application form, phase I (4) 

PUGET SOUND' AIR POLLUTION CONTROL AGENCY 

MASTER, REGISTRATION APPLICATlqN 

EMISSION INVENTORY 

AUTHORITY 
This Column for Agency Use Only 

This Registration is being conducted pursuant to Regu-
File 

lation I, Article 5, Section 5.03 and 5.05 of the Puget Sic 

Sound Air Pollution Control Agency, April 13, 1968. Re- Grid 
turn of this form is required within 30 days of receipt. 

Bee 

Item I Ph 

NAME, ADDRESS AND MAJOR ACTIVITY 

Action 

(a) Please correct if name or address has been changed 

and indicate your phone number and zip code. 

(b) Major Activity (Describe) 

(c) D If your facility is an apartment house, indicate the 
number of apartments. If this number is four (4) or 
less, skip Part A of Item II and complete the rest 
of this form. 

{d) D If you are responsible for equipment at more than 
one location in King, Pierce or Snohomish Coun-
ties, please indicate \he number of additional lo-
cations. 

50-101 
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Fig. 8 (continued) 

Item II 

CATEGORY & QUANTITY OF EQUIPMENT 

In order that the registration requirements of the Puget Sound Air Pollution Control Agency's 

Regulation I be satisfied, request is hereby submitted for the appropriate "SPECIAL REGISTRA

TION" forms for the equipme:-i: indicated below. 

Please ii;dicatc the NUMBER of NON-IDENTICAL source 1111its. 

A. Space Heating or Power 

l 0Bciler 

2 0 Other (Describe) ______ _ 
XOTE: In:1ica~e only ur:i::~ rated at greater than: I' 

400,000 BTU per hour 
or 415 lb. of steam per hour 1

1 

or 400 cubic feet of gas per hour 
or 2.7 gallons of oil per hour , 
or 30 pounds of coal per hour ! 

~-------------------o_r_1_z_h_o_rs_ep_o_w_e_r. ________ J
1 

B. Waste Disposal I 

3 D Solid Waste Incinerator I 

4 0 Liquid Vv aste Incinerator 

C. Melting Furnaces 

so Pot 

6 0 Reverberatory 

7 0 Electric Induction or 

Resistance 

socrucibie 

90Cupoia 

D. Ovens, Dryers, Kilns 

15 0 Core Baking Oven 

16 0 Lithocoating Oven 

I 7 0 Paint Baking Oven 

18 0 Heat Treating Oven 

19 0 Plastic Curing Oven 

1 D D Electric Arc 

ll osweat 

12 0 Other Metallic (Describe) ____ i 
I 

13 0 Glass ---~----[ 

14 0 Other Non-Metallic (Describe) 

20 0 Other Ovens (Describe) ___ 

1

1 

21 D Dryer 

220Roaster 

230Kiln 

i 

This Column for 

Agency Use Only 

137 
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Fig. 8 (continued) 

Please indicate the NUMBER of NON-IDENTICAL soitrce units. 

E. Mechanical Equipment (Handling Finely Divided Solids) This Column for 

Agency Use Only 

24 D Size Reduction 29 D Outside 'Bulk Storage 

25 D Bulk Conveyer 30 D Loading or Unloading 

26 D Classifier 31 D Batching (Solids) 

27 D Storage Bin 32 D Mixer (Solids) 

2B0Bagging 

F. Other Equipment 

33 D Spray Painting 36 D Shot or Sand Blasting 

34 D Flowcoating 37 D Mixing, or Formulating 

(Liquid) 

35 D Galvanizing 38 D Electrolytic Process 

39 D Dip Tank (Paint, Acid, etc.) 43 D Food or Beverage Processing 

40 D Degreasing 44 D Refrigerators-gas 

41 D Hydrocarbon Storage Tank 
(400,000+ BTU/HR) 

42 D Other Storage Tank (Liquid) 
45 D Dry Cleaning 

46 D Rendering 

47 0 Digester 52 0 Petroleum Refining 

48 0Reactor 53 0 Pe_trochemica! 

49 D Recovery Furnace 54 D Other Equipment (Describe) __ 

50 D Forming and Molding 

51 D Impregnating 

55 D If you can provide a documented analysis of stack emissions, indicate 

the number of stacks and we will send a like number of special forms. 

Signature of Owner or Authorized Agent ......... . . . . . . . . ...... ............ Date. . . . . . . . . . . 

Remarks: 
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Fig. 9. Example of a phase II form (space heating and power) (4) 

NAME _____ ~----- A FILE NO.----------

PUGET SOUND AIR POLLUTION CONTROL AGENCY 
SPACE HEATING & POWER 

In order that the Registration Requirements of the Puget Sound Air Pollution Control Agency's 
Regulation I ( Articles: sec. -5.03 and 5.05 ) be satisfied, the following information is required. 
Forms must be correctly completed and returned within thirty ( 30 ) days. Forms will not be 
acceptable unie,s completely filled out and signed. 

Answer ALL questions on form. Indicate DNA ( Does Not Apply) if necessary. 
If you need more space to write use back of form_ 

O Total Number of IDENTICAL Units Reported on This Form. 

I. EQUIPMENT DATA 
I. TYPE OF UNIT 

A. D Water Tube Boiler 
B. D Scotch Marine Boiler 
C. D Cast iron sectional boiler 
D. D Other Fire Tube Boiler (describe) 
E. D Other (describe) ---------------

2. RATEDPRESSUREINPSIG. ---------------
3. RATED CAPACITY IN LB. STEAM PER HOUR, OR BTU, ETC. ___ _ 

4. STEAM CONDITION IN% SATURATION, OR DEGREES 

5. TYPE OF FUEL FEED OF SUPERHEAT------

A. D Rotary Atomizer 
B. D Air Atomizer 
C. D Steam Atomizer 

D. D Other (descnbe) -------------------
6. MANUFACTURER, MODEL & YEAR OF UNIT _______ _ 

I
ll:: . AGE?\CY USE O~L Y 

[GRID-------, 

\s1c ---------! 
lFILJ:" 
BEC---------i 

·]. --------l 
2. ______ _, 

!:~ 
5.~ 

6. --------, 

7.~------, 
8. ______ ..., 

10. 9.~ 
7. YEAR INSTALLED ___________________ , 11. 

~11=.~P~H~Y~s~,c~A==L~D=A~T~A==================================:;12. _____ ____, 

1. STACK HEIGHT ABOVE ROOF (feet) i 13· -------, ------------114. 
2. STACK HEIGHT ABOVE GROUND (feet) · ----------< 

3. INSIDESTACKDIAMETERORDIMENSIONSATTOPOF i 15
·----------< 

STACK(inches) i 16. ______ __, 

4. ARE SAMPLING PORTS AVAILABLE: Yes O ?'io O j 17. 
1 

5. GASTEMPERATUREATBOTTOMOFSTACK. 118. i 

6. GASTEMPERATUREATTOPOFSTACK.(ifknown) 119. ; 
7. CUBIC FEET PER MINUTE OF GAS FLOW THROUGH 20. 

1 

STACK (if known) , I t,i 

s_ STACKCONSTRUCTION(BRICK,CONCRETE,STEELPLATE,ETC.J L J 
I i 

9. LIST ALL OTHER SOURCES CON.\ECTED TO THIS STACK. 

50-102 (4/69) 
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Fig. 9 (continued) 

Ill. AIR POLLUTION CONTROL EQUIPMENT 
I. D CYCLONE cfm _______ pressure drop----------

2. 0 ELECTROSTATIC PRECIPITATOR cfm --------------

3. 0 OTHER(DESCRIBE) cfm __ ~ __ pressuredrop----------

4. MANUFACTURER, MODEL & YEAR OF EACH ITEM __________ _ 

5. 0 NONE 

IV. COMBUSTION CONTROL DEVICES 

I. D AUTOMATIC CONTROLS (describe) 

2. 0 MONITORS OR RECORDERS '(describe) 

3. 0 OTHER ( describ~) 

4. MANUFACTURER MODEL & YEAR OF EACH ITEM 

5. 0 .NONE 

V. FUEL USED 

PRIMARY FUEL 

I. D COAL (specify supplier or mine location) 

2. 0 NATURAL GAS 

3. D OIL {specify grade) ______ _ 

4. 0 WOOD WASTE 

5. 0 OTHER (describe) -------

STAND-BY FUEL 

AUXILIARY FUEL 

D COAL (specify supplier or mine location) 

O NATURALGAS 

D OIL (specify grade) -----

O WOODWASTE 

D OTHER (describe)-----

D COAL (specify supplier or mine location) __________ _ 

O NATURAL GAS 

DOIL 

O WOODWASTE 

O OTHER (describe)------------'-------

(5) from lists of large commercial and residential 
sources containing names of hotels, colleges, hospi
tals, apartment complexes, etc; 

(1) Standard Industrial Classification (SIC)-a 
breakdown of all industry into a 4-digit numerical 
code; 

(6) from manufacturing societies such as the iron 
and steel industry. 

To facilitate the application of a data processing 
system for the collected data, tables of categories 
must be used for coding the information. The tables 
used by PSAPCA were: 

(2) Basic Equipment Code (BEC)-a table of 
equipment; 

(3) Raw material Code (RMC)-a table of raw 
materials including fuel and finished products; 

(4) Control Equipment Code (CEC)-a table of 
control equipment: 
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Fig. 9 (continued) 

VI. FUEL CONSUMPTION (Based on Last Year) 

I. PERCENTAGE OF BTU OUTPUT FOR SPACE HEATING DURING WINTER 

2. PRIMARY FUEL CONSUMPTION (state units used) 

Per Winter Hour; ______ And Total Per Year ____________ _ 

3. AUXILIARY FUEL CONSUMPTION (state units used) 

Per Hour ________ And Total Per Year 

4. STANDBY FUEL CONSUMPTIOK (state units used) 

Per Hour ________ And Total Per Year ____________ _ 

5. CHECK MO'sTHS FUEL \\'AS USED 

TYPE 

Primary 

Auxillary 

Stand-by 

J F ~ljA[M 

l 
I 
I 

J J A S O ND 

6. NU\IBER OF DAYS UNIT COULD BE OPERATED O'I STA'ID-BY Ft:EL 'IOR.\IALLY ON HAND 

7. TIME NECESSARY TO AFFECT COMPLETE CHANGE OVER TO STAND-BY FUEL 

VII. UNIT OPERATION 

I. Based on last years operation, which HOURS during the day is the unit(s) usually operated? 
(Example: 8:a.m. to 4:30 p.m.J---------------------

2. Based on last years operation, which DAYS during the week is the unit(s) usually operated? 
(Example: Monday thru Friday) ___________________ _ 

3. Based on last years operation, indicate any seasonal variations in the unit's operation. 
Include scheduled shut downs for maintainence and any significant periods of variations 
in Process steam or power generation - (Example:"Annual shutdown July 1, to July 15 
and only 65 percent production during Jan. and Feb.")-------------

SIGNATURE of owner or Auth~rized Agent _____________ Date ____ _ 

Name of Person to Contact Regarding This Unit (print or type) 
Title _______________________________ _ 

REMARKS In addition to general remarks, include comments on any significant repair or 
changes performed on the unit(s) during the past year, or planned for next year: 

141 

(5) Emission Factor Tables (EFT)-tables of 
emission factors for processes. 

It is necessary to employ tables so that simple nu
merical codes can be used in place of lengthy descrip
tions. For example, the numeric SIC code of 3323 
would be stored in the computer rather than the 
actual table description " iron and steel foundry ". 
This technique is known as " table look-up ". 

Area source criteria. An initial step in conducting 
an air pollutant emission inventory is one of deter
mining the geographical area that the survey will 
encompass. In many cases simple political bound
aries may be chosen but in others, because of the 
transport of pollutants across political boundaries, a 
more detailed examination of geographical and 
meteorological parameters may be needed. After the 
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study area has been established, a grid system must 
be chosen; three systems are commonly used (13): 

(1) Universal Transverse Mercator; 
(2) latitude-longitude 
(3) state plane coordinates. 

Since most atmospheric diffusion modelling re
quires metric input, the Universal Transverse Mer
cator (UTM) system is the recommended coordinate 
system. 

The study area should be divided into square grids 
using the chosen coordinate system. Because some 
areas will have a greater density of emission sources 
than others, it will be necessary to subdivide some of 
the grids further into smaller fractions such as 
quarter grids. The application of a grid system 
produces a uniform reporting scheme, which is an 
essential requirement for area source emission cal
culations and atmospheric diffusion modelling. 

Assigning emissions to each individual grid is a 
very tedious and time consuming task. The following 
categories should be considered for arranging an 
area source emission inventory ( 4): 

(1) land use; 

(2) industrial; 

(3) commercial; 

( 4) residential; 
(5) vehicle; 

(6) shipping; 

(7) railways. 

For each category, rating systems must be devised to 
facilitate the emission calculations. The rating sys
tem is a method of obtaining the emission for an 
individual grid by establishing an easily measured 
scale for each of the 7 categories. 

Two basic approaches-subjective and objec
tive-are available for utilizing the grid rating sys
tem.. In the subjective approach all the grids are 
examined and each of the area source emission 
categories is rated on a 1-10 scale. To avoid the 
effects of variable personal bias, all of the grids for a 
particular category, i.e., industrial, shipping, and 
motor vehicle, should be rated by one person; These 
grid ratings, when coupled with regional emission and 
rating totals, are used to compute the emissions from 
the individual grids. This subjective method gives a 
reasonable approximation to the ratings QY compari
son with the more detailed· objective approach and 
does not require lengthy calculations. 

The objective approach employs a grid rating 

based on a measurement or the number of units of a 
parameter per grid. For example, census data are 
used to obtain a population count for each grid. It is 
assumed that the population is proportional to the 
amount of residential fuel burning. On the basis of 
the pop~lation in each 'grid, a rating is assigned to 
the residential area source emission category. 
PSAPCA applied the subjective approach to the 
calculation of industrial, commercial, and shipping 
ratings. The objective approach was used in the 
calculation of residential, motor vehicle, and railway 
ratings. The motor vehicle and railway ratings were 
calcul~ted on the basis of vehicle trip-kilometres and 
kilornetres of track, respectively (4) . 

. The !technique for computing the emissions from 
an ind.ividual grid using an assigned rating is dis
cussed in the next section. 

Data collection and emission calculation 
' ' 
After the preparation for the inventory has been 

completed the data collection and emission calcula
tion can be started. Details regarding data collection 
and emission calculations can be obtained from a 
paper by Bierbaum & Gedgaudas (13). In outline, 
the' techniques are .as (ollows. 

(1) Point source · data collection and emission 
calculation: 

· (a) send out master registration applications, 
phase I, and follow up all forms; 

(b) send out the detailed questionnaires, phase II, 
and follow up; 

(c) code the completed phase II form data on load 
sheets for keypu~ching t.o computer cards, then 
verify; 
(d) compute emissions from each source utilizing 
the coded tables; 

(e) enter the source processes on flow charts; 

(!) compute regional point source fuel usage 
totals to be used in the fuel balance to determine 
the area source emissions. 

(2) Area source data collection and emission 
calculation: 

(a) rate the grids for each of the emission cate
gories by the individual rating systems; 

(b) code the ratings for each grid on load sheets 
for keypunching to computer cards, then verify; 

(c) compute the regional totals from a fuel bal
ance technique and also total the ratings for each 
of the categories; 
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(d) compute the individual grid emissions from 
the region emission and rating totals. 

Point source data collection and emission calcula
tion. The first step in the collection of data from the 
point sources is to send out the initial questionnaire. 
This questionnaire will enable the agency conducting 
the emission inventory to determine which sources 
are of sufficient size to warrant registration as a 
point source and also to acquire basic information 
about the types of equipment in operation. For a 
complete inventory a follow-up must be made of all 
questionnaires not returned. 

The phase II forms, the second phase of the data 
collection, are sent after the completion of the 
phase I registration. The type and number of 
phase II forms required by each source is determined 
on the basis of the phase I registration. Specific 
information is required regarding equipment data, 
physical parameters, air pollution control devices, 
combustion control, raw materials, fuel type and 
consumption, and operation schedules. In short, the 
phase II forms should provide all the necessary 
information for calculating the emissions from the 
source. Again, a complete follow-up should be car
ried out on all questionnaires. 

At the completion of phase II registration all the 
sources that originally received phase I question
naires should be placed in one of three categories: 
active, delinquent, or inactive. Active sources in
clude all those that responded to the phase I and II 
registrations and are considered large enough to be 
in the point source registration. Delinquent sources 
are those that did not respond to the original phase I 
registration or responded to phase I registration but 
did not complete the phase II forms. These sources 
will require additional follow-up in the field to 
complete the registration for the source inventory. 
Inactive sources include all those that are considered 
to be too small for registration. The emissions from 
these sources will then be included in the area source 
emission for the grid in which they are located. 

When the phase II questionnaires are returned the 
information is coded on load sheets for punching on 
the to computer cards. In order to consolidate the 
storage requirements of the phase II information, 
tables established during the preparation for the 
inventory should be used. The load sheets for the 
point sources should include all of the information 
obtained from the phase II forms. 

The format of the load sheets should lend itself to 
keypunching. Thus, the sheets should have column 

markings and be set for a length of 80 card columns 
per record of information. Because of the amount of 
data to be loaded it will be necessary to use a 
multiple card format with several cards for each 
source. 

After the data have all been keypunched a careful 
verification with the load sheet data should be 
completed either by making a simple listing of the 
punched cards and then comparing the list with the 
load sheets, or by using a verifier. A verifier is a type 
of keypunch in which punched cards are repunched 
to see that all columns have been punched correctly. 
If skilled keypunch operators are available, the latter 
method is recommended. 

The final step in the verification procedure re
quires that the information from the emission inven
tory load sheets stored in the computer data bank be 
utilized to produce a source summary printout, the 
purpose of which is to provide a convenient format 
for listing the source inventory data and also to 
verify the stored data with the information on the 
original phase II forms. To produce the report, the 
coded tables previously described are read into the 
computer and used to· retrieve the original descrip
tions from the coded table information stored in the 
data bank. Thus, a format similar to that of the 
phase II forms can be achieved and this provides a 
simple but complete verification of the registered 
source data. 

An examination of Fig. 10 taken from the source 
emission inventory of PSAPCA ( 4), reveals more 
clearly the category tables and the stored data bank 
concepts. 
The first items in the printout give the identification 
information for the registered source. This includes 
name, address, zip code, telephone number, X and 
Y UTM coordinates in kilometres, grid and quarter 
grid, and the SIC numeric code. Along with the SIC 
code can be seen a description of the respective SIC.a 
This description was obtained by reading the SIC of 
3323 in the data bank from the file of the source 
being examined and then printing the description 
found at that table number in the SIC table. 

Following the identification information is the 
source operation schedule. This particular source 
operates from 01 h 00 to 24 h 00 (start, end) from 
Monday to Friday (days, indicated as 26). The 
seasonal operation data indicates that the plant is 
shut down, (zero percent of normal operation) for 
2 weeks starting at the 31st week of the year. 

a For an explanation of this and other symbols, the reader 
should refer back to page 140. 
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Fig, 1 O. Source emission inventory ( 4) 
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The equipment summary uses the " table look
up " concept a for the BEC descriptions. In other 
words, the BEC number is stored in the source file 
and the description is obtained in the same manner 
as the SIC description. The entry "NO." indicates 
the number of pieces of equipment having that 
particular BEC number and the same rated capacity. 
"RMTLS" is the number of raw material types 
consumed by the piece of equipment. The designa
tion "RAT. CAP." is the rated capacity of the 
equipment, the " E " in the number indicates that a 
power of 10 is implied, the power being the number 
to the right of the" E ". For example, 429E4 equals 
429 x 104 = 4 290 000. 

The raw material summary is self-explanatory but 
it should be noted that it includes the units in which 
the amounts are recorded. The control equipment 
summary includes the number of like units, volu
metric flow rate, pressure drop, and the efficiency. 
The last two items, the stack (chimney) and emission 
summaries, are related in that there is an emission 
summary for each emission point that would be 
recorded as a stack. The basic equation for the 
calculation of an emission has already been given 
(equation 1, p. 133). 

Ideally, the computer should be able to determine 
the appropriate emission factor on the basis of the 
piece of equipment and the raw material used. As 
such multiple-cross-reference tables are difficult to 
create, the general procedure would be to select the 
proper emission factor table for each source's pro
cess and enter the emission factor table code on the 
source load sheet. The definite advantage of using a 
computer-based emission factor table is that if an 
emission factor is changed only one table entry has 
to be changed, then the emission computation pro
gramme can be run again. 

An important element in the complete analysis of 
a point source is a process flowchart. Flowcharts are 
necessary for determining the relation between pro
cess equipment, raw material input, control equip
ment, and stacks. Schemes can be devised for coding 
flowchart information on to load sheets, later to be 
converted by the computer into graphic form. 

The completion of a regional fuel balance depends 
on the calculation of point source fuel usage. Area 
source emissions are primarily related to fuel usage 
and they can readily be computed if the total 

a Seep. 141. 

regional fuel usage and the point source fuel usage 
data are known. 

Area source. The process of computing the emis
sions for each single grid area source begins with the 
rating processes developed in the preparation for the 
inventory. The grids are all assigned a rating for 
each of the seven area source emission categories. 
The grid specification and the corresponding ratings 
are then coded on to load sheets for keypunching. 
After the load sheets have been keypunched a verifi
cation procedure similar to that performed on the 
point source data should be completed. 

The final verification of the area source ratings. 
involves a graphical analysis of the assigned ratings; 
for this purpose a density plot of each rating cate
gory is produced. When this plot is accompanied by 
a scale map of the study area it should be readily 
apparent where the greatest population densities, the 
shipping lines, highways, railway lines, commercial 
areas, industrial areas, and types of land usage are 
located. An analysis of such a plot shows if ratings. 
for any of the seven area source emission categories 
have been placed incorrectly. 

Total regional emissions in each atea source cate
gory can be calculated by obtaining figures for the 
total use of fuel. These figures can usually be 
obtained from local fuel distributors and various 
official sources. The paper by Bierbaum & Ged
gaudas (I 3) contains a detailed description of these 
methods. 

In order to calculate the emissions from each grid, 
i.e., the grid ratings, the total grid ratings for each 
area source category for the whole region, and the 
region emission total for each area source category 
must be calculated. To assign an emission to a grid 
for one area source category the rating of the grid is 
divided by the particular area source total rating for 
the region and then multiplied by the county total 
emission: 

[
area ~o~ce "j = [ grid rating ] x [coun~y ~otal] (Z) 

em1ss10n (total ratings) em1ss10n 

The calculation provides the grid emission for the 
particular category being considered. The total emis
sions from a single grid are calculated by totalling 
the individual category grid emissions. If more than 
one region is involved, the corresponding region for 
each grid must be determined. The correct region, 
total emissions, and ratings are then applied to the 
calculation. 
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Fig. 11. Computer graphics technique for summarizing fuel use 
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Applications of the completed emission inventory 

The completed emission inventory has a variety of 
applications ranging from implementation strategies 
to air quality diffusion modelling. Many of the 
applications involve graphical summaries, as de
scribed previously in the discussion of the rapid 
survey techniques. Fig. 11 is an example of such a 
summary utilizing computer graphics. So~e .of the 
specific applications are (15): 

(1) guiding emission-reduction efforts; 

(2) helping to locate monitoring stations and 
alerting networks; 

(3) indicating the seasonal and geographical dis
tribution of the pollution burden; 

(4) assisting in the development of implementa-
tion strategies; · 

(5) pointing out the priority of air quality prob
lems; 

(6) aiding regional planning and zoning; 
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(7) air quality diffusion modelling; 

(8) predicting future air quality trends; 

(9) determining a cost-benefit ratio for air pollu
tion; 

(10) community education and information pro
grammes. 

Air quality diffusion modelling is the key to many 
of the emission inventory applications listed above. 
The basic concept of air quality diffusion modelling 
is · to simulate a real environment consisting of 
emission sources, topography, and meteorological 
conditions, by means of a mathematical model. The 
model is used to estimate air quality at points where 
actual air monitoring data have not been obtained. 
The air quality diffusion model can be used to 
indicate the location of the major pollution burden 
and.evaluate emission reduction strategies. However, 
the model should be considered as a tool and should 
not be used instead of actual air quality measure
ments. 
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The application of the em1ss10n inventory to air 
quality diffusion modelling and the subsequent 
implementation strategy is considered in more detail 
below. 

Air quality diffusion modelling. The implementa
tion of a rational air quality management pro
gramme can be greatly enhanced by the use of an 
atmospheric dispersion model. Accurate emission 

Fig. 12. Annual surface wind roses for two airports in the Seattle, WA, USA, area (10) a 
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data, as developed in a detailed emission inventory, 
are necessary for the successful development of such 
models. 

The required inputs to the air quality diffusion 
model (AQDM) include point and area source data, 
a stability wind rose, and a network of recep
tors (11). 

(1) Point source data: 

(a) X and Y UTM coordinates, in km; 

(b) Sulfur dioxide and particulate emissions, in 
g/sec; 

(c) Stack heights, in metres; 

(d) UDELH-plume rise, in m2/sec; this must be 
divided by wind velocity, in m/sec (input from the 
stability wind rose), to give plume rise in metres. 

(2) Area source data: 
i 

(a) X and Y UTM coordinates of the south-west 
corner of the area, in km; 

(b) Sulfur dioxide and particulate emissions, in 
g/sec; 

(c) Stack height-10 m for urban area sources; 
5 m for rural area sources; 

(d) Width of the area source, in km (the area 
sources are assumed to be square). 

(3) Stability wind rose-3-dimensional array of 
frequency of occurrence for each atmospheric sta
bility, wind direction, and wind speed combination. 

(4) Receptor data: 

(a) X and Y UTM coordinates, in km; 

(b) Receptor identification. 

The stability wind rose itself is developed from 
hourly meteorological readings for a whole year that 
are summarized into the frequency with which, or 
proportion of the whole year when, the set condi
tions occur. The set conditions are stability class, 
wind direction, and wind speed. Therefore, each 
element of the stability wind rose shows the propor
tion of the whole year when a particular stability 
class was associated with a specific wind speed and 
direction. The annual surface wind roses for Boeing 
Field and Seattle-Tacoma international airports, 
Seattle, WA, USA (10) are shown in Fig. 12. The 
AQDM computes receptor concentrations by taking 
each point and area source in turn, and calculating 
the source's effect on each of the given receptors as a 
function of the individual source and the stability 

wind rose. It then continues to sum up the contribu
tions to each receptor until all the sources have 
been applied. The AQDM assumes that the sources 
are continuous emission points and that the plume 
spread has a Gaussian distribution (14). 

To begin with, air monitoring stations should be 
chosen as receptors because of the requirement for 
model . validation. A regression analysis should be 
conducted to compute the slope and background 
value from the results predicted by the model and 
the actual air quality readings taken at air monitor
ing stations. The results of the regression analysis, 
the slope and intercept, can then be applied to the 
model and the model can be used to predict air 
quality at other points within the study area. A plot 
of the regression line obtained in the Seattle model 
by PSAPCA is given in Fig. 13. After the model is 
validated and a grid of receptors selected, it can be 
used fo produce air pollutant isopleths over the 

· study area by predicting the air quality at those 
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• Diffusion model calibration for suspended par
ticulates in the Seattle, WA, USA, area, based on annual 
data for 1969. 
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Fig. 14. Isopleths of 1969 annual arithmetic mean concentrations of 
suspended particulates in the Seattle, WA, USA, area (10) 

• Concentrations in ,ug/m3 calculated from diffusion models. 

@ Concentrations in ,ug/m3 measured in 1969 at monitoring stations. 

receptors. Fig. 14 shows the isopleths produced by 
PSAPCA in modelling the 1969 annual emissions for 
Seattle (JO). 

Implementation strategy. Implementation strategy 
is concerned with the development of an effective 
emission reduction programme to meet specific air 
quality standards. One valuable input to implemen
tation strategy is the emission inventory in conjunc
tion with the air quality diffusion model. This com
bination allows an agency developing an emission 
reduction programme to see the quantity and type of 
pollutant emitted by each source and to identify the 
problem areas associated with high pollutant con
centrations on an isopleth map (8). 

As an example of such strategy testing, the emis
sions allowed from a given type of plant of a given 
given size might be changed. The effect on the 
emissions of changing the percentage control effi
ciency of these sources would first be computed, then 
the AQDM would be re-run and the air quality 
picture examined in the light of the altered emis
sions. If the model and computerized inventory were 
not available, the emission calculations would be 
Yery time consuming. 

In order to examine the emission reduction pro
gramme at PSAPCA, all the source emissions were 
reduced to comply with the agency's regulations; the 
AQDM \Vas then run to see if the air quality would 
actually meet the specified air quality standards 
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Fig. 15. Isopleths ,of 1969 annual arithmetic mean concentrations of 
suspended particulates in the Seattle, WA, USA, area, with sources in 

compliance with emission control regulations (10) 

'so . 
Renton 'fl 

Burien. Tukwila 

• c'oncentrations in µ,g/m 3 calculated frOm diffusion models. 

Fig. 15. is an isopleth map produced to illustrate 
compliance emission concentrations as predicted by 
the AQDM (10). 

In summary, the detailed emission inventory pro
vides some outstanding benefits for air quality man
agement. It yields a quantitative profile of the major 
air pollution sources and provides a rational basis 
for developing effective emission reduction pro
grammes. In addition, when used in conjunction 

with an air quality dispersion model, the source 
inventory allows the control official to observe the 
impact of each source on the air environment. Since 
the model can also be used for rapidly predicting 
future air quality, it provides the control officer with 
a management technique for making prompt deci
sions in emergencies and for the long-range optimal 
development of control strategies for achieving the 
desired air quality. 
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Annex 1 
SOURCES OF INFORMATION RELATING TO AIR POLLUTION IN THE USA 

Land-use maps 
Zoning maps 

Data items Sources of information 

Metropolitan and city planning commissioners 
Census bureaux 

151 

Population density maps 
Census tract statistics 

Bureaux of natural resources, local fuel distributors, 
national trade associations 

Coal, fuel oil, and gas consumption rates 
Names and locations of point sources 
Fuel use by point sources 
Domestic fuel use 
Per dwelling unit use of fuels 
Institutional fuel consumption 
Geographical distribution of traffic 
Refuse production 
Chemical composition of fuels 

Aerial photographs, manufacturers' associations, cham
bers of commerce, local building and fire departments, 
directories of manufacturers 

Individual point sources, electricity generation boards 
Local fuel distributors 
Boards of education, boards of hospitals 
Traffic flow maps 
Sanitation departments 
Minerals yearbooks 

Annex 2 
SOME EMISSION FACTORS 

Table 1. Emission factors for petrol (gasoline) and 
Diesel engines for engines in use in the USA 

Pollutant Gasoline engines a Diesel engines 
(g/m3) (g/m3) 

Aldehydes 0.480 1.20 

3,4-benzpyrene 0.080 0.11 

Carbon monoxide 350.0 7.2 

Hydrocarbons 63.0 b 22.0 

Nitrogen oxides 14.0 27.0 

Sulfur oxides 1.10 4.8 

Ammonia 0.24 na c 

Organic acids 0.48 3.7 

Particulates 1.31 13.2 

a Includes blowby emission but not evaporation losses. 
b Includes 15.5 g/litre blowby emissions 
c Not available. 

Table 2. Gaseous emission factors for coal combustion 

Power plants Industrial Pollutant (g/t) (g/t) 

Aldehydes 2.5 2.5 

Carbon monoxide 250 250 

Hydrocarbons 100 500 

Nitrogen oxides 10 000 10 000 

Sulfur oxides 19 OOOS a 19 OOOS a 

Domestic and 
commercial 

(g/t) 

2.5 

250 

5 000 

4 000 

19 OOOS a 

a S, percentage of sulfur in coal. Example: if the sulfur content is 2 %, the emission of sulfur oxides 
would be 2x·j 9 0"() g or 38 kg of sulfur oxides/! of coal burned. 
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Annex 3 

CONVERSION FACTORS AND EFFICIENCY RATES OF CONTROL EQUIPMENT 

1. Thermal conversion factors for competitive fuels 

Solid fuels 

Bituminous coal and lignite 
Anthracite (Pennsylvania, USA) 
Briquets and packaged fuels 
Wood, including mill wastes 

Liquid fuels 

Crude oil (USA) 
Distillate fuel oils (grades 1-4) 
Residual fuel oils (grade 5-6) 

Gaseous fuels 

Natural gas, wet 

Kilocalories (gross) 

q 000 000/t 
5 800 000/t 
5. 300 000/t 

1 500000/m3 

9 200/litre 
9 200/litre 

1() 000/litre 

9 570/m3 

Gaseous fuels (cont.) 

Natural gas, dry 
Manufactured gas 

Kilocalories ( grosJ) 

9 340/m3 

4 890/m3 

2. Expected efficiency of particulate control equipment 

Type of collection 

Settling 
Cyc)one 
Electrostatic precipitation 
Wet scrubbing 
Mechanical-electrostatic combination 
Fabric filters 

Estimated 
efficiency ( %) 

30 
80 
80 
85 
95 
99 
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INTRODUCTION 

The establishment of air quality standards on a 
regional, national, or international basis requires the 
continual ascertainment of air quality in a reliable 
and regular manner if the standards are to be 
maintained. The term "air quality surveillance" is 
used to describe the procedure for assessing the 
concentrations of atmospheric contaminants and 
other properties of the air so that air quality man
agement requirements can be met. 

Objectives 

The principles and procedures for air quality 
surveillance are reviewed in this chapter. The follow
ing topics are discussed: 

a Professor and Director, Air Resources Program, Uni
versity of Washington, Seattle, \YA. 98195, USA. 

b University of Washington, Seattle, WA. 98195, USA. 
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(1) the need for a total air quality surveillance 
system; 

(2) the objectives of various air monitoring pro
grammes; 

(3) methods of sampling for, and determining, air 
quality; 

( 4) techniques for the acquisition, analysis, and 
display of air monitoring information; 

(5) system costs; 

(6) current limitations and needs. 

Methodology 

As illustrated in Fig. 1, a surveillance system 
represents a subsystem of an air quality management 
programme and is closely associated with other 
subsystems in the oyerall programme. For example, 
the surveillance system should be closely linked with 

- 153 -
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Fig. 1. Air quality management systems a 
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data processing systems for em1ss1on inventory, 
registration and permits, violations and complaints, 
fuel use, emission reduction plans, land use, demo
graphic projections, and urban planning (]). An 
orderly appraisal of the principles and procedures of 
air quality surveillance must include considerations 
of the larger system. For this reason, the logical 
approach to a review of surveillance requirements is 
first to examine the objectives of the surveillance 
programme within the framework of the total air 
quality management system. Once the objectives 
have been identified the remaining aspects of the 
surveillance programme can be characterized.' 

A literature search was undertaken with the.stated 
objectives of the approach outlined. above in mind 
to provide the historical and technical information 
needed to identify as many factors and parameters as 
possible that contribute to the design, selection, 
installation, and operation of an air quality surveil
lance programme and to characterize the support 
and other activities related to the system. The review 
showed clearly the need to consider the surveillance 
programme within a systems framework. As a result, 
certain categories were identified in which the prin
ciples and procedures for air quality surveillance 
could be grouped, thereby providing a framework 
for future systems analysis. These categories, corre-

sponding in part to those used in a systems design 
study of a water quality surveillance system (2), have 
also been suggested by Hamberg (1) and Keitz (3), 
and are discussed below (p. 165). The failure of many 
earlier systems to perform satisfactorily was a result 
of inadequate planning with respect to the various 
categories of air quality surveillance. 

The particular contaminants and effects to be 
measured in a surveillance programme depend on 
the nature and extent of the problem to be studied, 
eliminated, or prevented. As a result, each air moni
toring programme should be adjusted to suit the 
needs and resources of the community or agency 
but must also provide the basic data on which 
control efforts ,are to be based. The need for good 
data and the high cost of data collection and analysis 
are major obstacles to an air quality management 
programme. 

Background 

Historically, air Surveillance programmes have 
developed since the Second World War around the 
sampling network concept. Developments up to the 
present time have proceeded along the same lines 
with modifications being made in sensor type and 
data transmission and handling, the systems still 
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retaining the network pattern. Elaborate networks 
with automatic equipment and simultaneous com
puter displays are currently available for air pollu
tion surveillance, and a number of these systems 
have been installed in the USA (5-9). Complex sur
veillance networks and systems installed in numerous 
locations in Europe have been described (10-17). 

From a review of the history of air quality surveil
lance it seems apparent that, although much has 
been done to improve the design and development of 
surveillance networks, there has in the past been 
very little attempt to determine the actual atmo
spheric surveillance data requirements in an air 
resource programme from the data user's point of 
view. Recent work by Keitz (J) and others has 
indicated that frequently more data are being col
lected than are actually needed, or can be used, in 
management programmes. Thus, a critically impor
tant aspect of surveillance programme planning is 
determining the needs of the data user and designing 
the surveillance system to meet these needs. Merely 
to follow previous examples without closely scruti
nizing data requirements, as seems to have been 
done in many instances, can lead to a commitment 
of resources disproportionate to the value of the 
final product of the surveillance programme. 

In spite of previous efforts that have been made, 
knowledge about pollutants in the atmosphere is far 
from satisfactory, particularly with regard to long
term exposure to pollutants at low levels and to 
global concentrations. This represents a serious 
shortcoming in the approach to air quality (18), and 
to make good these deficiencies it is suggested that 
air quality surveillance should assume even greater 
importance in future studies. 

AIR QUALITY SURVEILLANCE 
PROGRAMMES-THE TOTAL SYSTEM 

To conduct an air quality management pro
gramme effectively requires reliable information on 
air quality to be collected, analysed, and evaluated 
regularly and efficiently. There are several under
lying reasons for this (19). First, there is the para
mount need to protect man and important domestic 
animals and crops from damaging exposures to air 
pollution. Secondly, there is a desire to know the 
trends in air quality so that control efforts can be 
regulated accordingly. Air quality surveillance is 
undertaken to provide this information. The adop-

tion of air quality standards and the subsequent 
development of emission standards cannot assure 
improvements in air quality; the effectiveness of 
control programmes can only be determined through 
long-term monitoring of actual air quality (20). 

General considerations 

In any air quality surveillance programme there 
are certain basic considerations, which are, in effect, 
constraints upon its nature and magnitude. These 
considerations include: (1) the needs of data users 
(quantity, quality, location, time); (2) available re
sources (funds, manpower, existing surveillance fa
cilities); (3) legal requirements (local, regional, state, 
national, international); (4) available technology 
(equipment, techniques); (5) operational criteria 
( economic, social, legal, cost-effectiveness); and 
(6) ·operational responsibility. 

In any particular programme, one or other of 
these general considerations will be the primary 
constraint-generally, the available resources (in 
particular, the available funds). In the design of a 
programme the constraints must be ranked accord
ing to their importance as guides for selecting the 
best course of action. 

Identification of data users 

A convenient way of identifying the potential 
users of surveillance data is to arrange the air 
pollution problem in a logical hierarchy, as shown 
in Fig. 2. Global considerations include such 
factors as the balance between sources and sinks 
and the evaluation of the effects that might 
possibly result from imbalance. It is necessary to 
know whether the background level of pollutants in 
the earth's atmosphere is increasing, and if so at 
what rate (21). International cooperation must be 
achieved to permit the systematic appraisal of global 
air pollution. Continental and national considera
tions are important where air pollution may be 
transported from one country to another and create 
problems of international proportions, as may hap
pen in Europe. 

Statewide considerations can be an important 
component in the overall air quality management 
programme although state boundaries are political 
and generally do not correspond to the pattern of 
the air pollution problem. In the USA, for example, 
the primary responsibility for air pollution control 
rests with state governments. Similar situations exist 
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Fig. 2. Logical hierarchical struc.ture of the air pollution 
problem a 

Global .considerations 
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Statewide considerations 
( if applicable) 

Region al considerations 

Local .considerations 

WHO 75134 

a Arrows indicate information flow. 

in Europe where air pollution control is often the 
responsibility of state or provincial govern
ments (12). 

Regional considerations usually imply that the air 
pollution problem has been identified in a region, 
irrespective of political jurisdiction. The regional 
nature of many air pollution problems, air pollution 
episodes and photochemical smog. occurring at the 
regional level, for example, generally indicates that 
the problem should be attacked at that level; this 
principle is recognized in the designation of.official 
air quality control regions in the USA. At the lowest 
level in the hierarchy, local air pollution control is 
generally restricted to special cases where a local 
nuisance is involved. 

On the basis of this scheme, · five programme 
levels, corresponding to the levels in the air pollution 
problem, appear to represent the potential users of 
air · quality surveillance. The hierarchical nature of 
the air pollution problem represented in Fig. 2 
suggests a need to coordinate air quality surveillance 
efforts among these five programme levels. For this 
purpose, compatibility between local, regional, 
national, and international programmes is essential. 
The primary criteria for compatibility are the com-

parability and standard quality of surveillance data 
and information. 

Needs of data users 

Information obtained in an air quality surveillance 
system is used in various air pollution control activi
ties, Hochheiser et al. (22) have identified the follow
ing activities in which air quality data are used: 

(1) assessing pollution effects .on man and his 
environment; 

(2) studying and evaluating pollutant interactions 
and patterns; 

(3) establishing air quality standards; 

(4) developing control strategies and regulations; 

(5) evaluating the effectiveness of control efforts; 

(6) activating emergency procedures to prevent air 
pollution episodes or reduce their severity; 

(7) guiding efforts to minimize the impact of air 
pollution by applying land use and other planning 
system. 

Each of these activities has specific data 
requirements. For example, the data required for 
episode-avoidance procedures are quite different 
from those required for assessing the global pollu
tion effects on man and his environment. In the 
former case, the speed of data acquisition and 
analysis is the overriding concern. Control actions 
during projected periods at heavy air pollution, 
frequently referred to as "episode avoidance activi
ties ", are designed to prevent ambient concentra
tions of pollutants from reaching levels that en
danger the health, safety, and welfare of the com
munity (23, 24). In studies of global pollution the 
speed at which data are collected is not as im
portant as the quality of the data. 

In order to assess accurately the effects of pollu
tion the data must be representative of the levels of 
air pollution responsible for these effects. Since 
effects are difficult to determine, especially when they 
are caused by exposure to low levels of pollution, 
data measurement techniques are much more elabo
rate than those needed for episode avoidance. For 
each of the examples given above the cost of data 
collection will depend primarily on the characteris
tics of the particular system. Thus, the costs involved 
in obtaining data for episode avoidance activities lie 
in applying rapid collection and analysis techniques, 
whereas in the elaborate sampling of low level 
pollution the costs will probably lie primarily in .the 
instrumentation. 
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Because of the considerations involving quality, 
quantity, location, and time the identification of 
data needs in air quality control is of major impor
tance, Unfortunately, these needs have not been 
identified satisfactorily. In the USA, for example, the 
practice has been to depend almost entirely on two 
groups of surveillance networks-a particulate 
sampling network and a gas sampling network, each 
of limited accuracy and precision. The United States 
national requirements for episode avoidance pro
cedures specify that these networks must provide 
data very quickly so that emergency control pro
cedures can be set in motion to prevent air pollution 
episodes (25). Although these networks can satisfy 
the requirements for episode avoidance, they have 
been found inadequate for providing the data needed 
for other purposes. For example, current particulate 
network sampling networks do not measure the size 
distribution or respirable fraction of atmospheric 
particulate matter, or many of the condensable 
components of atmospheric pollution that cannot be 
collected on high-volume filters. Such information is 
of importance, however, when an attempt is made 
to evaluate air pollution effects and assess certain 
trends and problems. 

In Table 1 an attempt is made to classify the data 
requirements for air quality management on the 
basis of data use and to suggest the programme levels 
that are most closely associated with particular data 
use. Although Table 1 represents a subjective classifi
cation, it provides an indication of the various data 
requirements for specific uses in the air quality 
management approach discussed below. 

The highest data characteristics are required for 
assessing pollution effects and studying pollutant 
interactions in the atmosphere. One of the most 
important aspects of air pollution control is the 
determination of air pollution effects. These range 
from minor psychological upsets and annoyances, 
such as eye irritation and the occurrence of unpleas
ant odours, to possible global air pollution damage. 
For making these assessments, accurate and repre
sentative air quality information is required. These 
data are not easily obtained and surveillance efforts 
to obtain them should therefore be coordinated at 
the highest programme level. A multidisciplinary 
approach is essential in air quality surveillance pro
grammes that aim to provide appropriate data for 
effects studies. 

Coupled with the problem of air pollution effects 
is the fact that our knowledge of the extent and 
behaviour of atmospheric pollution is far from satis-

factory. Without a basic understanding of inter
actions in the atmosphere and the basic chemical 
and physical phenomena underlying the air pollution 
problem, control efforts cannot be properly directed 
towards the achievement of a clean, healthy environ
ment. In some instances, control efforts can make 
the air pollution situation worse rather than better. 
For example, efforts to reduce particulate mass 
emissions have increased the emission of smaller 
particles. As a result, visibility indexes decreased in 
some areas although control programmes were 
making impressive gains. To obtain the best results, 
research and surveillance efforts must be multidisci
plinary and there should be cooperation between 
various agencies and governments. 

The data characteristics required for establishing 
air quality standards are determined by the nature of 
the air quality standards. The purpose of air quality 
standards is to provide goals for air pollution con
trol programmes that, when achieved, will ensure a 
healthy environment. In order to establish these 
standards, air quality data must characterize the 
conditions that give rise to detrimental effects. The 
continual reassessment of air pollution effects re
quires the collection of air quality surveillance data. 
Recent experience in the USA illustrates the desir
ability of uniform and nationwide air quality stan
dards. Geographical considerations suggest that the 
establishment of air quality standards in Europe 
should be considered on a continental basis. If this is 
to be done comparable air quality data must be 
obtained, preferably by means of cooperative and 
coordinated efforts. 

Air quality data are needed for developing control 
strategies and regulations. These data will permit 
areas of high concentrations to be identified and, in 
certain cases, permit sources to be linked to parti
cular problems. It is suggested that although data 
requirements are not critical the data must be 
obtained prior to the development of a plan to 
implement selected control strategies. As such, these 
data may be some of the first required for pro
gramme initiation. 

The data requirements for evaluating the effective
ness of air pollution control efforts, while not as 
critical as for some of the other applications, are 
extremely important. A continual effort must be 
made to obtain air quality surveillance data that will 
permit the determination of progress made towards 
meeting air quality standards and goals. These 
trends and achievements should be evaluated at 
higher programme levels to ensure that a clear, 



Table 1. Classification of possible data requirements for air quality management on the basis of data use arid programme level 

Data characteristics required a 

Data use category Number of Sampling Lever of Delay in Quality Quantity locations frequency data use obtaining results 

Assessing pollution effects on man and his 
environment 

high several years many high global-national several years 

Studying and evaluating pollutant interactions high several months many high global-national several months 
-

and patterns, indudi_ng long range atmospheric to several years - to several years 
transport 

Establishing air quality standards medium to high several years few high national-state several years" 

Developing control strategies and regulations low to-medium several months medium to high national-state- 1 year 
to 1 year many regional 

Evaluating the effectiveness of control efforts low several months few medium national-state 1 year 
to 1 year regional 

Activating emergency procedures to prevent air low several years few-to high regional several months_ 
pollution episodes or to reduce their severity medium to several years 

Guiding efforts to minimize the impact of air low to 1 year many low state and several years 
pollution through land use planning medium regional 

a Data quality refers to the accuracy and precision of the data; data quantity refers to the amount of data available over a certain time span; number of locations refers to geo
graphic coverage required; sampling frequency refers to the time scaie for data collection (i.e., 1-hour averaged samples as against 24-hour averaged samples). 
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overall assessment is made of progress in air pollu
tion control. 

It is necessary to provide air quality data rapidly 
during air pollution episodes. The primary require
ment is that the data should be available as soon as 
possible to permit action to be taken under the 
episode avoidance plan. If the episode plan involves 
forecasting, concurrent meteorological data will also 
be needed. In,the USA, the national weather bureau 
(ESSA) assists by supplying the data necessary for 
describing the local meteorology and by issuing high 
pollution potential forecasts for the entire country. 

The final use of air quality data described in 
Table 1 pertains to efforts made to guide land-use 
planning so as to avoid future air pollution prob
lems. In this regard, the use of diffusion models can 
be .an important technique in the planning function 
because of the importance of characterizing the air 
pollution levels of the region or area under consid
eration. 

Study of Table 1 suggests that national and inter
national data needs are associated with the assess
ment of pollution effects, study and evaluation of 
pollution interactions, establishment of air quality 
standards, and evaluation of air pollution control 
effectiveness in terms of the national and interna
tional perspective. For programmes at the state, 
regional, and local levels, air quality surveillance 
data are needed for operational activities such as 
developing various control strategies, issuing air 
pollution alert warnings, and land-use planning. It 
should be noted particularly that Table 1 indicates 
programmes for which the data use appears to be 
most critical. 

On the basis of this discussion, general objectives 
for the suggested programme levels can be partially 
identified. For example, Morgan & Ozolins (26) have 
identified and described the following objectives for 
regional air quality surveillance programmes: 

(1} to measure and document the region's pro
gress toward meeting the adopted ambient air qual
ity standards; 

(2) to determine the ambient air quality in non
urban areas of the region; 

(3) to improve the reliability of diffusion models 
and aid in the establishment of air pollution control 
strategies and long-term planning; 

( 4) to provide air quality data during air pollution 
episodes. 

For state, national, and international programme 
levels the primary objectives of air quality surveil-

lance can be distinguished from those at the local 
and regional levels, although programmes at the 
higher levels should incorporate the data gathered 
regionally and locally. For the higher programme 
levels the suggested primary objectives for obtaining 
air quality surveillance data are: 

(1) to provide air quality data that can be used to 
assess air pollution effects on man and his environ
ment; 

(2) to provide air quality data for studying and 
evaluating pollutant interactions and patterns in
cluding the development and verification of mathe
matical models; 

(3) to provide air quality data for the establish
ment of air quality standards; 

(4) to monitor the progress of lower programme 
levels. 

Although the specific objectives of air quality sur
veillance at the various programme levels differ, 
several of these objectives can sometimes be met by a 
single monitoring subsystem. If this is not possible a 
careful analysis must be undertaken to examine 
alternative means for obtaining the required data. 

Under normal circumstances the specific surveil
lance objectives of a particular programme may 
change as the programme matures or unforeseen 
changes and developments occur. A primary factor 
that may cause such a change is an alteration in the 
level of surveillance technology available. The basic 
design considerations should provide for some 
degree of flexibility in the selection of a system. For 
example, mobile monitoring may be a more attrac
tive possibility than a number of fixed surveillance 
systems if rapidly changing monitoring technology, 
meteorological forecasting, and mathematical 
modelling results are considered. An attempt to 
outline several possible surveillance system config
urations is given below (p. 172). 

Other needs 

Resource availability, primarily the availability of 
funds, is the major constraint that determines the air 
quality surveillance effort at each programme level 
(local, regional, state, national, and international). If 
resources were unlimited it is conceivable that each 
air pollution control programme could monitor air 
quality to provide all the information needed from 
the local to the global scales. However, the limited 
available resources coupled with air quality data 
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requirements at various programme levels strongly 
suggests the need for cooperative air quality surveil
lance by the various programme elements. In the 
past, air quality surveillance has, for the most part, 
been focused on regional (and local) efforts. 

At the international level there has · been: some 
cqoperation in air quality surveillance. Cooperative 
investigations of global background pollution are 
organized by the World Meteorological Organiza
tion (WMO) and the problem of drifting pollution in 
Europe is being investigated by an international 
surveillance system arranged by the Organization for 
Economic Cooperation and Development (OECD).' 
Latterly, the Commission of the European Com
munities (CBC) has been very concerned .about air 
. quality and there is a good chance that a surveillance 
system for Europe will ultimately develop out of 
their efforts. · 

The programme levels associated with each data 
use category shown in Table. 1 indicate that the 
,overall air quality surveillance effort could be sub
divided into possibly five levels, and the activities of 
each level coordinated so that the essential data 
requirements for the entire system (local to global) 
are satisfied. Once the programme elements· in the 
-0verall air quality surveillance system have been 
identified, it becomes possible to consider the alloca
tion of operational criteria and responsibilities to 
ea'ch level. Such allocation must consider· available 
resources and legal requirements at each level in 
.addition to the level of available and existing techno
logy that might be utilized in air quality surveillance. 

Available resources must be identified on the basis 
.of (1) available funds, (2) trained manpower, and 
(3) existing facilities at each programme level. A 
result of the previous emphasis on local and regional 
programmes is the general widespread existence of 
surveillance networks serving the primary· needs at 
the local or regional levels by identifying areas of high 
air pollution and acting as indicators of periods of 
heavy air pollution. Although these systems may 
meet local and regional (and possibly statewide) 
primary requirements, in most instances they fail to 
~atisfy the requirements of higher programme levels. 
This failure lies in the surveillance methods in use at 
the local and regional levels. In general, these 
methods, whether for gaseous or particulate matter, 
were developed when any data that could be col
lected were of great value. Accuracy and precision 
were less important than relative consistency and 
rapid generation (at minimum cost) of many data for 
a large number of representative sites. These data 

have been useful in characterizing gross differences 
between areas and in determining initial air pollution 
control strategies but because of their nature it is 
difficult to extrapolate results into a national or 
international perspective. 

A careful inventory of existing facilities will aid in 
the proper allocation of operational criteria and 
responsibilities at each level. In Europe, for example, 
much preparatory work has already been done by 
the international agencies concerned with air pollu
tion (WHO, WMO, OECD, ECE,a CEC) to provide 
the necessary information on existing systems to 
determine where emphasis should be placed for 
obtaining the required data compatible with the 
whole system . 

A discussion of legal requirements of air quality 
surveillance is beyond the scope of this paper but 
several important factors may be noted. Legal con
siderations must spa'n the complete spectrum of air 
quality surveillance programmes from local to inter
national efforts. Questions concerning the sharing 
and interpretation of data are of extreme importance 
at the national and international levels. Legal in
structions and backing must be given to the statu
tory authority for establishing air quality surveil
lance systems at each programme level and for 
dealing with questions such as the acquisition of 
surveillance sites in selected areas and the admissibil
ity of surveillance data as evidence in legal proceed
~~ . 

To · summarize briefly, air quality has been re
viewed within the air pollution hierarchical frame
work ranging from local problems to global consid
erations. Surveillance activities at each level in this 
hierarchy must. be compatible and comparable if 
data requirements at each level are to be satisfied. In 
general, the data needs at each level have been 
identified. Prior to an allocation of operational 
surveillance criteria and responsibilities to each pro
gramme level consideration must be given to avail
able resources, legal requirements, and the states of 
available technologies. 

The rest of this chapter is devoted to an outline for 
a systems approach to surveillance system design, a 
description of the methodologies for air quality 
surveillance, and a consideration of the necessary 
data systems; in addition, possible system configura
tions for air quality surveillance programmes are 
considered briefly. 

a United Nations Economic Commission for Europe. 
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OUTLINE OF A SYSTEMS APPROACH 
TO SURVEILLANCE PROGRAMME 

DESIGN 

Introduction 

The design and mode of operation of an air 
quality surveillance system will depend on a number 
of technical considerations, including the types of 
emission source and their geographical density, as 
well as the potential sufferers from the resulting air 
pollution, and the degree of complexity of meteoro
logical and topographical factors. Available time 
and resources, legal requirements, etc., must also be 
taken into account. 

Surveillance efforts can be divided into two 
classes-namely, continuous air quality surveillance 
and special studies. Within each class, two types 
of monitoring activity are possible-mobile monitor
ing and fixed station surveillance. 

Continuous air monitoring at fixed locations is the 
most common mode of air quality surveillance. · 
Generally, a number of air surveillance stations are 
distributed in a network to characterize the air 
quality for a particular region. The monitoring 
activities of most of the afr pollution control pro
grammes in the USA and Europe are based on the 
network arrangement, and a number of these net
works have been described (see references 5-17). 

Special studies of air quality can be as important 
as routine surveillance activities. Rossano (4) has 
identified three categories of special studies-local 
source problems, site selection surveys, and research 
studies. 

Local source problems 

Studies of local source problems usually involve 
specific and identifiable emission sources. Examples 
of this type of survey are studies of the air, water, 
vegetation, construction materials, and animal life in 
the vicinity of a phosphate fertilizer plant, alumi
nium reduction plant, or steel mill to determine the 
extent to which particulate and gaseo~s pollutants 
from the source affect local ecology. A study of the 
concentrations of sulfur dioxide and particulates 
from an isolated coal-burning electric power plant or 
metal refinery may be carried out to obtain data on 
the range of influence of such a source or the 
efficiency of the pollution control measures applied 
to the source. 

Site selection surveys 

A practice that is unfortunately followed only 
infrequently is making an air pollution survey of an 
area prior to the selection of a site for the construc
tion of a new industrial plant. The proper use of land 
in an area of expanding technological and popula
tion growth requires imaginative and thoughtful 
community planning and zoning. While such a prac
tice cannot guarantee freedom from subsequent air 
pollution problems, it does provide an opportunity 
to prevent obviously undesirable situations being 
created unnecessarily and possibly to avoid litiga
tion. 

If the site has already been selected, a study of 
environmental conditions existing at the site before 
the plant starts to operate, as is always done for 
electricity generating plant in the United Kingdom, 
is highly desirable. This provides background data 
against which the pollution subsequently caused by 
the plant can be assessed. This knowledge is of very 
great value for planning other developments in 
similar areas. 

Research studies 

Though impressive progress has been made in 
recent years, there is still a great lack of understand
ing of the fundamental mechanisms and processes 
involved in the formation, intensification, and atten
uation of air pollution and its undesirable effects. 
In the past, community air pollution studies have 
increased our understanding of the basic concepts of 
air pollution even though their main objective was to 
develop control measures. The Nashville Commu
nity Air Pollution Study was one of the first surveys 
to be conducted principally in the interest of re
search (27). More research oriented air pollution 
surveys are needed to provide answers and explana
tions for the many questions inherent in the air 
pollution problem. 

Investigations of air pollution disasters in Liege 
(Belgium), Donora (USA), Poza Rica (Mexico), and 
London (England) were special research project car
ried out immediately after the pollution episode in 
an effort to discover fundamental facts concerning 
the nature and extent of the air pollution and the 
causative factors involved. 

Other examples of area-wide studies of a research 
nature are the study of air pollution in the Central 
Valley of California in 1959 to determine the nature 
and contribution of pollution from agricultural 
burning, and the comprehensive health survey in 

6 



162 URBAN AIR QUALITY MANAGEMENT 

New York City to ascertain the impact of urban 
pollution on the health of a large group of selected 
families. Similar studies have been conducted in 
St Louis, where a substantial effort was made to 
obtain data for computer model verification (28). 

A considerable amount of air quality monitoring 
is performed principally to provide answers to the 
many questions inherent in the air pollution phenom
ena. For example, in one of the most recent ~fforts 
a team of various university and government in
vestigators assembled from different parts of the 
USA, conducted an intensive 2-week study of the 
aerosol characteristics of smog in the Los Angeles 
Basin in California (29). This study has yielded 
information not obtainable from routine surveillance 
programmes which has direct implications for moni
toring activities in the Los Angeles region. 

Mobile sampling, as opposed to the operation of 
permanently located stations, is the second mode of 
air quality surveillance; this technique can be a very 
useful complement to a surveillance programme 
based on fixed stations. Mobile sampling is con~ 
ducted by equipping a mobile unit (motor car, truck, 
aeroplane, helicopter, etc.) with a variety of sam
pling instruments and operating the unit on a• selec
ted or random basis throughout one or several 
regions. In the past, only limited use has been made 
of mobile monitoring but it is likely that future 
surveillance efforts will depend more heavily on this 
technique. Primary advantages of mobile monitoring 
lie. in the possibility of evaluating air quality over 
large geographical areas in rather fine detail at a 
reasonable cost compared with that of operating 
permanent stations. Mobile units can serve as semi
fixed surveillance stations to check the accuracy of 
fixed stations. Mobile monitoring is also valuable in 
site ,selection surveys, such as the location of a fixed 
surveillance station or evaluation of special air pollu
tion problems. The faster time response of the newer 
instruments makes mobile monitoring a more attrac
tive proposition for the future. The slow response 
time of older sampling instruments. severely limited 
their application in earlier mobile sampling efforts. 

Basic design considerations and requirements 

The basic design of an air quality surveillance 
system at any of the five programme levels identified 
above involves a number of steps; the selection of 
pollutants to be monitored, the determination of the 
number, mode (fixed or mobile), and location of 
surveillance sites required, the selection of appro-

priate instrumentation, analytical techniques and 
sampling frequencies for satisfactory measurement 
of pollutant levels an.d behaviour, and the develop
ment of appropriate · data handling and analysis 
procedures (26). In addition, the basic design calls 
for the selected parameters to be compatible with 
those of the other levels in the overall system. The 
requirements for, and uses of, air quality data within 
the total system, together with practical considera
tions and limitation~, are the primary factors that 
determine the design of the air quality surveillance 
system. The system design will in fact be a compro
mise between desirable objectives and available re
sources (30). 

Essentially, the purpose of a surveillance system is 
to provide information. The expression " garbage in, 
garbage out " used with reference to the data fed 
into a computer applies equally well to an air quality 
management programme. Good surveillance data 
are essential if the control programme is to function 
effectively. Although the objectives of each pro
gramme are of primary importance in the design of a 
surveillance system, experience indicates that the 
ultimate usefulness and relevance of air monitoring 
systems can be greatly diminished, if not nullified, if 
proper attention is not given at the planning stage to 
a number of essential details designed to optimize 
the performance of the. total system (3). These details 
include: 

(1) the reliability of the system and specification 
of the failure rates of components; 

(2) quality control, including quality specifica
tions and inspection schedules; 

(3) regular maintenance programmes, minimizing 
the length of time equipment is out of action, 
reporting failures, and making repairs; 

(4) testing, both prior to the acceptance of the 
system from the supplier and routinely afterwards; 

(5) the manpower situation, including the avail
ability of the special skills required at all levels of 
operation and maintenance, and provisions for 
training; 

(6) documentation-training manuals, operations 
ahd maintenance procedures, and computer rou
tines; 

(7) systems manag;ement, which includes plans for 
organization, staff responsibility, lines of communi
c1;1tion, and authority. 

Because of the inherent complexity of surveillance 
requirements, including the considerations listed 
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above, a systems design approach is suggested as a 
means of achieving a reasonable compromise between 
desirable objectives and available resources. 

An outline of a systems approach to air quality 
surveillance programme design 

Some indication has been given of the complexity 
of, and issues involved in conducting, an effective air 
quality surveillance programme. A systems approach 
can help by arranging these issues and complexities 
within a framework that can serve as a guide for 
determining the surveillance activities that are re
quired within the total air quality control pro
gramme. 

The total design requirements can be divided into 
9 categories (2) as follows: 

(1) operational requirements; 
(2) systems design and performance requirements; 
(3) development and test requirements; 
( 4) training requirements; 
( 5) existing facilities; 
(6) episode and emergency requirements; 
(7) system effectiveness; 
(8) system support requirements; 
(9) parameters to be measured. 

Taken in this order, proper consideration of each 
requirement will help greatly in achieving an ade
quate air quality surveillance system design. 

Operational requirements 

The operational concept relates to the manner in 
which the surveillance system is to be operated. It is 
determined for the most part by the prior allocation 
of operational requirements to a particular level in 
the overall surveillance effort. As a consequence, this 
category includes the description and application of 
the system; the organizational structure, where 
applicable; operational capabilities; the characteris
tics of the area or region where operations are 
planned; and the intended use of the system. 

Pe1formance requirements 

This category of considerations and param€ters 
includes those necessary for selecting the appropriate 
type of system configuration and operational requi
rements, assuming that the various demands on the 
system have been identified. It is essential to have a 
sufficient amount of data for this category so that 
the most suitable approach can be identified. 

Development and test requirements 

The development and test requirements of an air 
quality surveillance system provides for the valida
tion and verification of the system with respect to the 
system operational requirements. The cost of this 
phase in relation to the overall system cost can be 
significant. 

Training requirements 

An analysis of the operation and maintenance of 
the system and the associated human factors is 
required to define the levels of skill needed to 
provide for efficient working. Furthermore, training 
may be needed for existing data users if the surveil
lance system is to provide data in new formats or 
terms, and the possible requirements should be 
carefully studied. Studies to determine training re
quirements should take into account the resources 
needed to provide this training. In this category, 
therefore, the considerations are those of manpower, 
skills, and selected equipment. 

Existing facilities 

In general, substantial facilities are required for 
surveillance programme activities. They include data 
transmission facilities; data handling, analysis, and 
storage facilities; analytical laboratories; monitoring 
stations; and mobile equipment. All these facilities 
can greatly affect the system acquisition and operat
ing costs. 

Episode requirements 

The episode and emergency requirements category 
includes considerations of the surveillance system 
response to high levels of air pollution. Not only 
must the system hardware design be able to cope 
with conditions of heavy pollution, but the adminis
trative and emergency procedures must be fully 
described and tested. 

System effectiveness 

An important consideration in the surveillance 
system design is a determination of the capacity of 
the system to perform assigned tasks and attain 
specific objectives. Further consideration must be 
given to the ability of the system to remain opera
tional over the required period and to function at 
critical times. In general, this information will be 
obtained from other considerations, such as equip
ment specifications and selected design criteria. This 
category of requirements, more than any other, 
provides for assessing different systems and the 



164 URBAN AIR QUALITY MANAGEMENT 

Table 2. Commonly measured. pollutants and methods used in their determination 

Pollutant 

Grit and dust fall 

Suspended particulates: 
- total 
- smoke 

Sulfur dioxide 

Sulfuric acid mist 

Carbon monoxide 

Ozone 

Oxidants 

Methane 

Higher hydrocarbons 

Nitric oxide 

Nitrogen dioxide 

Method a 

bucket, jar, British Standard deposit gauge (monthly) 

USA high volume filter (gravimetric; 8-hourly) 
British Standard smoke filter (soiling index; daily) 
Tape-filter (soiling index; hourly) 

West-Gaeke (specific for S02; daily or continuous) 
H202 followed by analysis for sulfate .(specific for S02; daily) 
H202 followed by titration or determination of conductivity (net gaseous 
acidity; dailfor continuous). 
coulometric (specific for S02; continuous) 
Stratmann silica gel (8-hourly) 

double filtration (daily) 

non-dispersh(e infrared (continuous) 

chemiluminescence 

neutral Kl (daily) 

·flame ionization (continuous) 

flame ionizatkm (continuous) 

chemiluminescence - reaction with Q3 (continuous) 

Saltzman (daily or continuous) 
chemiluminescence - reduction to NO, then reaction with Q3 (continuous) 

a Continuous methods are those operating automatically and producing a continuous record on 
a recorder chart or a· computer input tape. The other methods are operated manually; the frequency of 
sampling indicated can be varied within limits to suit requirements, e.g., a deposit gauge can be changed 
at 2-weekly intervals and the H202 method for sulfur dioxide can be used over 14-day intervals if the 
pollutant concentration is very low. 

suitability of a given system, and for making a 
comparison between the various possibilities. 

pollutants. These parameters usually include wind 
speed and direction, turbulence, temperature, hu
midity, and solar radiation. 

System support requirements 

The support features of an air quality surveillance 
system are of primary importance. Considered as a 
part of the support requirements are system mainten
ance, laboratories, meteorological and other ser
vices, storage facilities, data transmission facilities, 
data handling, storage, an.d reduction facilities, etc. 
In this regard, the system support requirements are 
important inputs into the determination of system 
effectiveness. . 

Clearly, meteorology is very important in the 
overall air pollution system. In its broader aspec;ts, 
as illustrated on the right side of Fig. 1, the air 
pollution problem can be considered as 11. system 
with three basic components: the emission source, 
atmospheric dispersion and the resulting air. quality, 
and the damage caused by the pollution. Since air 
quality is so closely tied to meteorological condi
tions, the operation of the surveillance. network 
generally includes the measurement of atmospheric 
parameters that affect the nature and distribution of 

The importance of meteorology in describing the 
air pollution problem makes it necessary for the 
surveillance programme to have the services of 
trained meteorologists (31) whose role includes, but 
is not limited to, the following activities: 

(1) forecasting periods of high air pollution 
potential. Forecasting programmes in the USA have 
been described by Gross (32) and Kirschner (33); 

(2) analysing air quality surveillance data with 
respect to meteorological conditions; 

(3) aiding in the development of atmospheric 
dispersion models; 

(4) participating in air pollution surveys; 

(5) participating in site selection decisions con
cerned with surveillance and land-use planning. 

Parameters to be measured 

The number of potential air pollutants is practi
cally unlimited. Historically, however, only certain 
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pollutants have been considered important (see 
Table 2) on account of their pervasiveness in the 
ambient air and the detrimental effects they produce. 
Generally, it will be necessary to monitor air quality 
levels of those pollutants for which ambient air 
quality standards have been established. In addition, 
the surveillance system must respond to other pollu
tants that could become important in the future. 
This response must allow air quality standards to be 
determined from the surveillance results. Thus, al
though the number of pollutants for which standards 
have been set may be small, the number of pollu
tants that should be considered in determining sur
veillance system requirements may be quite large. 

In selecting pollutants to be monitored by the 
local or regional surveillance system, consideration 
should be given to regional characteristics such as 
fuel usage, industrial activities, and special problems, 
in addition to the existing air quality standards. 
Data from the emission inventory can be a useful 
indicator of the pollutants that may be present and 
should be monitored. Before a final selection of 
pollutants is made, special studies should be con
ducted to determine the actual surveillance require
ments. 

The aspect of building up a surveillance capability 
over a period of years is attractive for reasons 
connected with budget and manpower. The selection 
of pollutants for monitoring under these circum
stances should generally attempt to focus on the 
pollutants that are most important in the study 
region rather than meet general requirements. How
ever, the actual selection of pollutants for measure
ment should be based not only on their immediate 
toxicity, but also take into account any implications 
they may have for health in the overall pollution 
picture from the perspective of national or inter
national programmes (34). 

Consideration should also be given to the meteor
ological parameters that will be measured in con
junction with air pollutants. The most common 
meteorological observations are wind speed and 
direction; other measurements include atmospheric 
stability, temperature, pressure, humidity, and solar 
radiation. 

Systematic surveillance site selection procedure 

One approach to surveillance system design has 
been suggested by the United States Environmental 
Protection Agency in a recent publication describing 

minimum surveillance requirements as a function of 
regional population and/or existing ambient concen
trations and regional areas (36). Based on qualitative 
evaluations of cities of different population classes in 
the USA in terms of their existing facilities, pollution 
patterns, and geographic structures graphical and 
mathematical methods were developed for estimat
ing minimum requirements for sulfur dioxide and 
particulate surveillance networks (the method is 
stated to be suitable for other pollutants also). The 
development of this approach, although partially 
mathematical, has been the result of empirical stud
ies of a limited nature in the USA and it is highly 
unlikely the same expressions would be suitable for 
other countries. Furthermore, this method appar
ently fails to include any consideration of other 
sampling systems (mobile) or other possible sources 
of data. As such, the approach cannot be used to 
define comprehensive requirements satisfactorily and 
serves only to meet existing legal requirements in the 
USA (25). 

The complex design process needed to achieve an 
effective compromise between desirable objectives 
and available (and limited) resources suggests the use 
of the systems approach that has already been 
described. In applying this approach, the design 
proceeds through a series of activities, which, if 
carefully followed, will help to assure that the design 
objectives are reached. Charlson et al. (19) have 
suggested the rudiments of such an approach by 
identifying three major considerations in the siting 
of surveillance stations-namely, (1) consideration 
of the surveillance system objectives, (2) considera
tion of the physical surroundings (meteorology, geo
graphy, topography, etc.), and (3) consideration of 
the specific decisions that must be made at each site 
location, such as sampling probe height, probe size, 
and flow rate. Keitz (3) elaborated a modified sys
tems approach in developing the data requirements 
and primary performance characteristics for air 
quality monitoring networks while Hamberg (J) 
used a systems approach in outlining basic surveil
lance system design considerations. 

Expanding these considerations, the activity list 
set out in Fig. 3 provides a possible framework for 
surveillance system analysis, from the definition of 
system objectives to the identification of the opti
mum location of the surveillance sites (2). The 
framework embodies a sequential step-by-step series 
of activities that, when accomplished, will yield the 
required system design. 

The key to this analysis is that the approximate 
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Fig. 3. Framework for the selection of locations for surveillance sites (2) 

a~~~v~~c?-vernl I description ~~~~i't7~ various 
~~~~s~~ditional data ~~~:il)' ;~ailab1!ity 

ill.ill'J!Y._1~ 
Review legal status of 
surveillance methods of the region or area under 

study 
surveillance agencies 

sources and the data 
available from these of resources (funds) 

~#-tndquantifya1r 
quality and environmental 
parnmeters pertinent to 
the region 

~~obJectivesofthe 
surveillance system 

~pc;~~f?1~J desirable number 
and approximate location of 
sampling stations and the . 
parameters to be measured In 
each area 

;~Jb-rfffcRmional types of 
data for the purpose of. 
establ1sh111g base con~1t1ons 

Activi~3 
IOenflly "and quantify 
additional descriptive 
factors for specific 
areas of each region 

Activity 6 ~~~~'(~~u~~pecific areas ~~~~~f~Yt~~ desirable 
Identify and quantify 
present problems and 
sources of problems 

according to the likelihood of 
need of measurement in 
relationship to air quality ~~~~~J~Y(i#ferences between 

number and location of 
add1ttonal surveillance 
stat1onsforfutureinstalat1on 

standards specific alternative sites 

Actlvity_j. Activity 27 
Acquire information on air 
quality standards and plans 
of implementation and 
enforcement in the region 

Activity 5 

~~Jformulatecriter1afor 
the parameters to be measured, 
the frequency of measurement, 
and acceptable techniques for 

' measuring each parameter 

t~#~/~Y a2~eta i I ed 
resource analysis 

Analyse alternatives for future 
use and incorporate design 
programmes into the overall 
planning system 

Activl1Y...2A 

Locations for future air 
quality surveilla~cc 
activities 

Identify and quantify the 
air quality standards for 
the region Ac~ , 

Td8nt1fy the intended use of tho 
data and the types, quantity, and 

PCrfOrm an effectiveness 
analysis 

g~a~bWe~ft:gefira!heti~tn!f1~u~f 
ActlYl!Y._1 
Taent1fy and quantify 
pro1ected future changes 111 
the descriptive factors 
for the region 

Ac_tiill'L.§ . . 

ident1f1ed users 

Activity 26 
Perform a cost
effect1veness analysis 

Locations for near-term 
air quality surveillance 
activities 

fSt1mate the clianges 111 the 
quant1tat1ve values of the 
air quality as a result of the 
proiectedchangesinthe 
region's descriptive factors 

fl.ct1v1ty: 9 
Jderitlf)'"°and quantify the 
potential future air pollution 
problems and sources 

AcJ.!Y!1y 10 
hfontifyaTl data users 
and their needs 

Act~ 
Esfimate costs for 
D.lternat1ves 

surveillance requirements are .first determined by 
factors such as regional characteristics, air quality 
conditions and standards, intended data us~s and 
.surveillance objectives. More specific surveillance 
possibilities that satisfy these requirements are then 
compared through cost-effectiveness analysis of 
other factors, such as available resources, perfor
mance characteristics, accessibility, and existing 
facilities. 

Fig. 3 illustrates the necessity of considering the 
specific air pollution problems of each region in 
selecting suitable surveillance sites. Certain activities 
in the sequence require a high degree of coordination 
between various programmes if a wide range of 
comparable data are to be obtained. Cooperation 
and coordination with other agencies in the follow
ing activities (Fig. 3) are essential: 

activity 

activity 
activity 
activity 

4 information on air quality and other 
standards; 

7 identification of projected future changes; 
10 - identification of data users and needs; 
12 - identification of surveillance system objec

tives; 

activity 13 identification of criteria for measurement 
and sampling; 

activity 15 identification of various surveillance 
agencies and future plans; 

activity 16 - identification of additional data sources. 

The responsibility for coordination must rest with 
higher programme levels (i.e., state, national, and 
international) (37). Initial efforts in this · direction 
include the WHO compilation of air quality stan
dards on an international basis (18). Economic 
planning organizations, such as OECD in Europe, as 
well as general planning agencies, can provide pro
jections of future economic and other possible 
changes and they appear to be anxious to aid in 
these efforts. The general identification of data users 
and needs has been discussed earlier (see p. 155). 
In this regard, there is a definite need to specify more 
fully the actual data users (by agency) and data 
requirements at each programme level. The general 
objectives of each programme level identified must 
be defined more specifically and the objectives of 
each programme balanced with those of the overall 
surveillance effort. 
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METHODOLOGIES IN AIR QUALITY 
MONITORING 

Apart from surveillance site location, the repre
sentative qualities of air quality surveillance data will 
depend on the sampling and analytical procedures 
selected for monitoring activities. Three important 
considerations include (1) sampling procedures, 
(2) sampling frequency, and (3) analytical tech
niques. 

Basic considerations of sampling 

There are four basic considerations for minimizing 
sources of error and optimizing efficiency in air 
sampling. 

(1) The sample to be collected must be representa
tive in terms of time, location, and the condition to 
be studied or documented. 

(2) A large enough sample of air must be collected 
to permit accurate analysis. The volume will depend 
on the expected contaminant concentration as well 
as on the sensitivity of the analytical method. 

(3) The sampling rate must be chosen to provide 
maximum collecting efficiency. In sampling parti
culates by means of membrane filters the choice of 
flow rate may be limited by the fact that the pressure 
drop through the filter increases exponentially with 
face velocity, thereby introducing a severe design 
requirement for the sampling pump. 

(4) The duration of the sampling period and the 
frequency of sampling should accurately reflect the 
occurrence of fluctuations in pollution levels, in so 
far as these are required to be known. 

Air quality sampling procedures must meet certain 
criteria if data are to be comparable and representa
tive of the state of the air. However, generally 
accepted specifications design details of air quality 
surveillance stations unfortunately have not yet been 
rigidly defined and there is a serious lack of stan
dardization among different monitoring networks, 
and frequently within a single network. 

Charlson (38) pointed out that the Continuous Air 
Monitoring Programme (CAMP) stations operated 
by the United States Government in a limited num
ber of cities use " nose-level " sampling points, 
whereas in California sampling is performed 
15-30 m above the ground. Obviously, comparisons 
of air quality data from geographically different 
areas obtained with these different techniques are 

difficult to justify unless it can be shown that 
pollution is little affected by height above the 
ground. 

Yamada (39, 40) surveyed monitoring practices in 
the USA and found that the location specifications 
of monitoring stations differ significantly. He also 
noted that most differences, as well as potentially 
erroneous practices, are connected with details such 
as type, size, length, and condition of sampling tubes. 
His findings suggest that numerous errors could 
occur as a result of the wind channelling effect of 
adjacent tall buildings and nearby hills, and the 
proximity of the sampling tubes to local sources. In 
another paper, Yamada & Charlson commented 
further on the latter point (41). The importance of 
proper sampling procedures has recently been illus
trated by Butcher & Ruff ( 42), who indicated pos
sible errors in the analysis of atmospheric nitrogen 
oxides and ozone on account of chemical reactions 
in the sampling probe if residence times are long 
(i.e., more than about 5 seconds). 

The need for as much standardization as possible 
in specifications dealing with the design of networks 
and station details is obviously urgent because many 
important conclusions and decisions in air quality 
management will eventually be based on data ob
tained from monitoring network operations. Fur
thermore, valid comparisons of air quality data, as 
well as exchanges of information on exposure-effect 
relationships between cities or countries, cannot be 
justified until air quality data are more representa
tive (43). 

Judging from the studies cited above, insufficient 
consideration has been given to surveillance station 
design; it is suggested that a set of criteria should be 
developed dealing, among other things, with: 

(1) sampling probe height; 

(2) sampling probe diameter; 

(3) sampling probe flow rate; 

( 4) possible meteorological obstructions; 

(5) delay times between sampling and analysis; 

(6) chemical reactions and abs.orbtion in the sam-
pling lines; 

(7) other possible changes that could influence the 
sample-temperature, humidity, pressure, etc. 

Agreement to standardize these criteria appears 
imperative if comparability and consistency in the 
interpretation of data are to be achieved. 

The Oregon-Washington air quality monitoring 
criteria experience in the USA (44) is an example of 
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agreement between states in developing monitoring 
programmes. The purpose of formulating joint crite
ria for air quality sampling was to insure that · the 
overall operations conducted by both states, espe
cially in the border areas, would produce c'ompars 
able and compatible results and policies. Briefly, the 
proposals established sampling criteria and defined 
the following types of monitoring station. 

(1) Primary air mass station; 

(2) Primary ground-level monitoring stations 
including: (a) primary fixed stations, and (b) pri
mary mobile stations; 

(3) Special stations: (a) special source stations, 
and (b) special air mass stati~ns. 

The criteria include requirements for probe height, 
surrounding area characteristics, environmental con
ditions, and critical construction materials. By estab
lishing these criteria, comparisons were limited to 
data taken from the same type of monitoring station, 
thereby helping to assure comparability .and com
patibility. 

Sampling frequencies 

An important decision concerning the develop
ment of monitoring procedures concerns the fre
quency of sampling. In short, the sampling frequen
cy, with regard to both the duration of srimpling and 
the interval between successive measurements, 
should be selected to provide the information desired 
for a particular set of surveillance objectives. 

Air pollution concentration levels fluctuate, and in 
order to protect potential receptors against air pollu
tion damage it is generally necessary to measure the 
changing pollution levels, particularly during periods 
of high concentrations. Although the sampling time 
does not affect the mean value over a long period, it 
does affect the ranges of concentration recorded. 
Larsen (45) studied this empirically and related the 
sampling time to the value of the standard geometric 
deviation. Saltzman (30) used an analytical approach 
for the same purpose. The results of these studies 
indicate that if random sampling techniques are 
used, the number of samples required will increase as 
the standard geometric deviation increases. In other 
words, the greater the fluctuation of the · pollutant 
level, the more numerous the samples that must be 
taken to assure statistical accuracy. Saltzman ( 47) 
has shown that in order to observe the entire 
variance structure in a fluctuating pollutant concen-

tration, the sampling interval must be at least 10 
times shorter than the cycle time of the fluctuation. 
For example, to follow the changes in concentration 
of a pollutant that varies with a period of 24 hours, 
roughly 12 samples, each averaged over 2 hours, will 
be required. 

In order to select the optimum sampling time it is 
necessary to know which pollutant fluctuation 
periods are of biological, psychological, or physical 
importance (47, 48). Assuming that this information 
is available, the sampling period would be estab
lished in such a way that the important variations 
could be detected. 

Since the surveillance information will in many 
cases be used to characterize an air pollution prob
lem, the sampling frequency must be chosen in such 
a way that the air quality fluctuations can be defined. 
These changes are related to cyclic occurrences that 
influence air quality, such as routine human behav
iour and climatic seasons, and to random influences. 
The latter are, for the most part, associated with 
meteorological and manufacturing events. The cyclic 
activities generally have a duration of 2-3 hours or 
more; examples are the peaks of pollution concen
tration that occur as a result of the morning and 
evening rush-hour travel to and from work and the 
general daily cycles of human activity. These activity 
cycles can also influence diurnal concentration pat
terns of secondary pollutants formed in photochemi
cal smog, such as oxidants and nitrogen dioxide. 
Random fluctuations can last almost any length of 
time but because of;atmospheric mixing characteris
tics these periods are seldom less than 1-5 minutes 
in duration (fumigation is an example of random 
fluctuation). 

Thus, although an instantaneous record of air 
quality may be desirable for some special purposes, 
it is not a necessary requirement for characterizing 
fluctuations in air quality. If a short sampling time is 
selected it will be necessary to record and store very 
large amounts of data that in most instances will be 
averaged over longer periods prior to decision
making. 

The number of samples needed to define fully the 
air quality of a given region depends on the vari
ability of the parameters concerned. Advanced 
knowledge of the variability of the parameters to be 
sampled in relation to the precision required in the 
final results is therefore necessary. To obtain this 
information, intensive field studies may have to be 
undertaken. Existing data in the form of meteoro
logical studies and routine reporting, as well as other 
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Table 3. Air quality standards reference methods in use in the USA (11) 

Pollutant Averaging time Reference method Principle of detection 

S02 1 h, 3 h, 24 h, pararosaniline colorimetric 
annual 

Particulate matter 24 h, annual high-volume sampler gravimetric 

CO 1 h, 8 h non-dispersive infrared spectrometry infrared 

Photochemical 0.5 h, 1 h gas phase OJ-ethylene reaction chemiluminescence 
oxidants (ozone) (calibrated against neutral 

buffered Kl) 

Hydrocarbons (other 
than methane) 3 h 

N02 annual 

gas chromatography 

gas phase 

flame ionization 

chemiluminescence 

records, can be extremely useful for estimating the 
variability of many of the parameters. 

Measurement techniques 

An important decision in surveillance system 
design concerns the selection of measuring instru
ments. The accuracy of the air quality determination 
and the delay in obtaining the results will depend 
upon the characteristics of the measurement 
methods selected. For some pollutants, measurement 
techniques are well established and sufficiently pre
cise and accurate to produce high quality data for 
widespread application. For other pollutants, how
ever, satisfactory measurement techniques have not 
been developed and the methods in use provide only 
crude estimates of actual concentrations (22). 

A number of reviews have been published on 
various analytical techniques, including those of 
Katz (49), Altschuller (50), Stevens (51), and others 
(52, 53, 54, 56). Mueller et al. (55) have discussed 
and reviewed the various analytical chemistry tech
niques concerned with air pollution that were avail
able in 1969/70, including the sampling, physical 
properties, and chemical composition of particulate 
matter. These reviews indicate the rapid develop
ment of air quality monitoring instrumentation. 

However, analysis of the chemical and physical 
properties of the atmosphere is still quite difficult for 
several reasons. First, as noted earlier, the number of 
compounds and substances that can be present in the 
air is very large, and the analysis for specific com
pounds and quantities in this mixture may require 
very elaborate instrumentation. Secondly, the con
centrations of air pollutants are generally very low, 

often less than 1 mg/m3. As a result, the methods 
and instruments for measuring air pollutants in these 
mixtures and at very low concentrations must be 
carefully selected, evaluated, and standardized. 

Criteria for selecting methods and instruments 
must include the following factors: specificity; sen
sitivity and range; stability; precision and accuracy; 
sample averaging time; reliability and feasibility; 
drift and calibration characteristics; response lag; 
rise and fall times; effects of environmental in
fluences such as temperature, pressure, and humid
ity; maintenance requirements; and data output 
compatibility. A careful analysis of the uses to which 
the data are to be put is necessary for determining 
the importance of the various criteria. 

In establishing air quality standards the measure
ment method must be specified. The method, pre
ferably the most accurate and precise of those 
available, serves as a reference standard against 
which other techniques can be compared for equi
valence. As indicated in Table 3, reference methods 
have been established in the USA for 5 pollutants. 
At the present time, however, these and other tech
niques are undergoing intensive review by the United 
States Government and a committee composed of 
representatives from national professional health, air 
pollution, and testing societies. The major part of 
the capital cost of an air pollution survey lies in the 
cost of equipment and instruments. While the cost of 
the simplest type of deposit gauge is negligible, each 
instrument for the daily manual determination of 
smoke and sulfur dioxide, or any of the other 
common pollutant gases, costs about US$120. A 
non-dispersive infrared recorder for carbon mon
oxide costs about USS2 500, and the usual sulfur 

7 
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dioxide recorder a little more, say, US$3 500. The 
present generation of instruments, such as those 
based on chemiluminescence, cost US$7 000-10 000 
each. 

Atomic absorption instruments or mass spectro
meters are now finding increasing application in air 
pollution analysis; the cost of these instruments may 
be as much as US$100 000, or even more. The cost 
levels for the more elaborate techniques strongly 
suggest the need for cooperation or sharing of 
facilities with other agencies or programmes, even on 
an international level,. especially if research pro
grammes are being conducted (57). While the prices 
quoted above were reasonably correct at the end of 
1974, the effects of continuing inflation must be 
borne in mind. H.owever, as they stand, these prices 
provide a scale for estimating the cost of a survey 
and also indicate the relative costs of different types 
of instrumentation. 

In selecting sampling and analytical techniques for 
air quality surveillance consideration must be given 
to some important factors. ' 

Support facilities. In general, the operation of a 
surveillance system will require various laboratory 
facilities, maintenance services, storage areas, etc. 

The complexity of these facilities is decided by the 
objectives of the programme and the depth of the 
surveillance effort. 

Manpower needs. The skills and training of man
power resources needed for surveillance system 
operation depends on the characteristics of the mon
itoring system. Daily samplers for smoke and the 
various pollutant gases, high volume aerosol sam
plers, and so on, do not require highly trained 
personnel for routine collection and operation al
though the subsequent laboratory analysis of sam
ples involves chemists or highly trained technicians. 
On the other hand, requirements for trained man
power to operate automatic equipment are generally 
high. 

Calibration procedllres. The continuous produc
tion of valid and useful data requires careful main
tenance of the analytical equipment and instruments. 
This includes calibration prior to installation and on 
a routine basis thereafter. For automatic analysers, 
dynamic calibration techniques should be used. 
Manpower requirements and the use of recognized 
reference methods must be considered in defining 
calibration procedures. These procedures should be 
standardized on a broad basis. 

Fig. 4. Data flow in the surveillance system (2) 
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Flexibility. Because of the high cost of air quality 
monitoring instrumentation it is necessary to analyse 
carefully the system needs relative to surveillance 
objectives and to specify a degree of flexibility in the 
programme design phase. For example, mobile mon
itoring may eliminate the need for fixed monitoring 
stations, thus offering the possibility of making large 
savings in initial capital expenditure as well as 
providing a system that can easily be modified as 
new sampling and analysis become available. 

Data acquisition, handling, and analysis 

A major consideration in surveillance system 
design concerns the flow of data from the monitor
ing stations to the ultimate data user. The various 
factors are shown in Fig. 4 and include collection 
stations, the analytical system, the data transmission 
system, the data handling and dissemination system, 
and the data users. It can be seen that the data flow 
system links together the various elements of the 
surveillance programme. Historically, the lack of 
proper planning of the data system has resulted in 
serious deficiencies in the capability of air monitor
ing programmes to produce valid data in a useful 
form. 

Collection station activities can be divided into 
two categories. The usual mode of operation is the 
collection of samples at the monitoring station: these 
air samples can be used for chemical analysis, meteo
rological measurements, etc. The alternative is to 
collect data from other sources, public or private, to 
compliment the other data. 

The analytical system is one of the critical ele
ments in a data system. Lack of accuracy and 
precision at this stage will propagate errors through
out the entire surveillance programme. The analysis 
phase consists of either on-site analysis, as repre
sented by monitoring instruments installed at the 
surveillance site, or analysis of samples sent to 
central laboratories for evaluation. At the present 
time the former approach is generally used for 
gaseous analysis, while particulate samples are 
handled by the latter technique. The use of stan
dardized methods of analysis, quality assurance, and 
uniform data reporting is mandatory in the analysis 
phase, not only to assure the comparability of the 
data, but also for the subsequent use of the data 
within the system. To assure the proper identity and 
accuracy of the analytical data certain checks should 
,be incorporated in the surveillance process at each 
level of data handling. These checks are most easily 

made at the analysis level and become more difficult 
subsequently on broader and higher levels within the 
overall programme. 

In the design of the surveillance system, certain 
data transmission priorities have to be established. 
To determine these priorities, consideration must be 
given to the need for the data in a certain time 
frame, the ability of various transmission systems to 
accomplish the required task in that time frame, and 
the cost of each mode of transmission. The high 
speed data transmission offered by telemetry may be 
useful for activities concerned with the avoidance of 
air pollution episodes. Justification for telemetry, as 
opposed to data delivery, must be determined by 
analysing the costs involved, the data requirements, 
and the requirements and availability of manpower 
skills for the operation and maintenance of transmis
sion facilities (]). 

Various techniques have been used for data pro
cessing and the closely related question of data 
presentation. In general, the purpose of the data 
processing activity is to condense a great amount of 
data into information that can be utilized by the 
decision-makers. The most common reporting para
meters of air quality data are instantaneous values, 
mathematical means and variations, including run
ning averages, and time values indicating the length 
of time a given measurement was above a certain 
level. Graphical presentations in the form of arrow
head charts (Fig. 5) are used to present the frequency 
with which a sample of a certain averaging time 
exceeds a given concentration. Brasser (46) has used 
log-normal representations of surveillance data to 
plot isopleths of the time certain concentrations are 
exceeded on a map of the region being monitored. 
These maps reveal the extent of the air pollution 
problem and the variation in concentration levels of 
pollutants with time throughout the region. The stan
dard and special reporting performed in conjunction 
with the data handling and dissemination system 
must fulfil the needs of the data users at all pro
gramme levels. Thus there is a need to standardize 
reporting formats as well as to establish certain data 
quality criteria (57). One example of a centralized 
system is SAROAD, i.e., Storage and Retrieval of 
Aerometric Data (35). 

As a final element in the data system, storage 
requirements must be examined in surveillance 
system design. As the numbers and types of data 
users increase demands will be made for previously 
recorded data, which must be extracted for a variety 
of broad or specialized uses. The use of automated 
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Fig. 5. Computer plot of concentration against averaging time and frequency for sulfur dioxide at site 256, Wash
ington, DC, USA, 1 December 1961 to 1 December 1968 (45) 
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storage and retrieval techniques can greatly speed 
up, and often reduce the cost of, such activities. 

System configuration 

It is clear that the range of possible surveillance 
system configurations is limited by considerations of 
available resources. The variable factors that de
termine the system configuration have already been 
described; they include: 

(1) number of stations (including mobile capabil
ities); 

(2) station locations; 
(3) types of sensor installed at stations (deter-

mined by pollutants to be monitored); 

(4) analytical techniques to be used; 
(5) data handling facilities to be used; 
(6) meteorological measurements to be made at 

stations. 

The final cost of the surveillance system, including 
both capital and operating costs and the quality and 
usefulness of the data obtained will depend primarily 
on the choice of these variables. To determine the 
optimum values for the system configuration vari
ables, the cost of obtaining the data must be bal
anced against. the desired quality and quantity of 
these data. 

Unfortunately, procedures for designing air qual
ity systems have not yet developed to the stage where 
a compromise can easily be made between system 
objectives and system constraints in order to arrive 
at an adequate design. It must be recognized that 
final decisions about the assignment of practical 
values to the configuration variables will have to be 
made largely on the basis of experience and technical 
judgement. The use of a systems design approach 
can usually help in reaching a decision by providing 
a rational procedure for problem analysis. 

Although the range of possible surveillance 
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systems is large, fixed stations, generally with uni
form instrumentation at each site, have been chosen 
in the past for the majority of programmes. For the 
more elaborate systems the network stations have 
been linked to a central computer for automatic data 
collection and preliminary analysis. A range of 
possible fixed station configuration has been in
vestigated by Skinner et al. (58). The results of the 
analysis show that the product of the number of 
sampling sites (L) and the number of sensors per 
site (S) roughly fixes the total system cost. As the 
number of stations and sensors increase, the use of 
automatic systems becomes more attractive than 
manual operation (on the basis of United States 
conditions and data). Conversely, with small L x S 
values the costs of an automatic system will have to 
be carefully balanced against those of the manual 
system. 

Experience with automatic systems in the USA 
has been variable. Often, costs and delays have been 
much higher than anticipated because long " run
ning-in" periods were required, personnel were in
adequately trained for the complex task of continu
ing calibration and maintenance, and no results were 
obtained during long periods on account of the 
malfunctioning of the equipment. Operationally, 
these costs are very important and greatly inflate the 
cost of the automatic system. Hamberg (1) recom
mends air pollution control agencies that are con
sidering installing automatic telemetering surveil
lance equipment to hold discussions with other 
agencies that have already obtained some experience 
with automatic systems. 

It appears that the range of choice of fixed 
monitoring stations under the constraint of limited 
funds lies between the establishment of one or two 
high quality stations and the establishment of a large 
number of medium or low grade stations. The initial 
development of most existing surveillance networks 
appear to have followed a middle-of-the-road policy 
between these two extremes by using automatic 
equipment and establishing as many surveillance 
stations as possible. The limiting feature of these 

'systems lies in the sensors installed at each station. 
When new monitoring technology is developed, the 
investment required to re-equip many monitoring 
stations becomes prohibitive, especially as the new 
instrumentation is likely to cost more than the old. 

In short, although monitoring equipment may 
become. obsolete within a short time (possibly in less 
than 5 years), the cost of replacing the equipment 
may be equal to, or even greater than, the initial cost 

of the system. These considerations give rise to the 
dilemma that investment in a limited number of high 
quality, reliable, and accurate surveillance systems 
does not provide adequate area coverage while a 
widespread system does not provide reliable and 
accurate data because of compromises in instrumen
tation. 

It seems possible that the dilemma could be 
resolved by using mobile monitoring equipment in 
conjunction with a few (1 or 2) high quality fixed 
surveillance stations. Unfortunately, this system has 
not been adequately investigated with respect to 
costs and effectiveness. This suggests that an in
tensive analysis should be made of the use of high 
quality mobile sampling in conjunction with the 
operation of one or two first-class fixed monitoring 
stations for regional surveillance. 

For the higher programme levels (national and 
international) the alternative approaches appear to 
be special studies (both long- and short-term) and 
the long-term monitoring of global or other wide
spread pollution phenomena. The development of 
these programmes should follow the systems design 
approach in selecting possible alternatives to surveil
lance activities. The extensive geographical areas and 
wide range of climatic conditions that must be 
investigated suggest that for this application also a 
mobile system may be more effective than the con
struction of a large number of remote, simple sur
veillance networks. 

CURRENT LIMITATIONS 
AND SUMMARY 

The air quality management approach to air pol
lution control is a complex undertaking. The 
complexity arises from the need to understand both 
the causes of air pollution produced by emission 
sources and the detrimental effects of pollution on 
man and his environment. A fundamental ·require
ment for understanding the mechanism of air pol
lution is the regular and accurate assessment of air 
quality. Air quality surveillance is the procedure of 
monitoring the state of the atmosphere in order to 
provide the basic information needed for the air 
quality management. This chapter emphasizes that a 
systematic appraisal of surveillance requirements is 
necessary for local, regional, state, national, and 
international management programmes. 
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Limitations 

, At the present time serious limitations.stand in the 
way .of effective air quality surveillance; as a result, 
an overall air quality management programme is 
inhibited. These shortcomings can be grouped into 
the following categories: 

(1) organizational; 

(2) operational; 

p) analytical. 

The resulting limitations in each of these categories 
arise from the lack of available resources and in
formation, and time constraints. The impact of these 
limitations directly influences the basic design con
siderations of air quality surveillance systems. 

The close interrelationships of the various systems 
within the air quality management approach re
quires a high degree of organizational detail in the 
programme. For instance, for effective functioning 
of the overall system each progrnmme element 
should be on · approximately the same level of tech
nical development. An elaborate surveillance system 
would be ineffective if it were linked with simpler air 
quality management programmes. The .organiza
tional requirements for a sound air quality manage
ment programme have not yet been properly devel
oped and it is unreasonable to invest considerable 
resources on surveillance system design and develop
ment if the system cannot utilize the monitoring data 
and results effectively. Prior planning for the total 
programme is therefore essential. 

Another major limitation in the organization cate
gory is the need · to define system-wide data needs 
and requirements. Although some basic considera
tions have been described, there is a considerable 
gap in our knowledge about specific data require
ments. Since these needs are closely associated with 
the programme levels of the various data users, a 
substantial effort will have to be made to examine 
the whole framework of air quality management 
from local to international levels so that data needs 
can be -identified with the necessary precision to 
permit the design of a surveillance system. 

Organizationally, the limitations described above 
suggest that until specific information is available, a 
modest approach to air quality surveillance may be 
desirable and that the quality of the data is more 
important than the quantity. In any case, a closer 
examination of surveillance system requirements 
should be undertaken before the system is designed, 
and a consideration of the overall air quality man-

agement programme should be included in this 
examination. 

At the operational level, a considerable number of 
limitations stand in the way of effective quality 
surveillance. In the design phase, it appears obvious 
that in many circumstances the complex surveillance 
system design procedures outlined here will .be 
beyond the limited resources and time available for 
many programmes. Although voluminous coverage 
could be given to each topic of the design considera
tions, in most cases the information needed to meet 
basic design requirements will not be available. For 
example, the objectives of the surveillance system 
may not be clearly defined in some instances or the 
regional characteristics of the area under considera
tion may not be known well enough to permit a 
comprehensive planning effort to be undertaken. 
Attempts should be made to identify actual design 
criteria, and if .critical information is lacking special 
efforts should be made to obtain the data before the 
design procedure begins. 

Also at this level it is necessary to balance . the 
various components in the surveillance system. A 
highly automated data acquisition system coupled to 
ineffective sensors will not provide data of optimal 
accuracy and usefulness. Conversely, complex in
strumentation will not be utilized effectively if the 
provision of trained manpower and use of data
interpreting techniques are not considered. The need 
t6 blend the various system components into an 
effective surveillance programme is a major obstacle 
in the design phase of air quality management. 

Faced with the operational limitations described 
above, a high degree of flexibility should be main
tained in the overall surveillance system design if 
specific information and data are not available, In 
addition to flexibility, the operational design criteria 
should provide for uniform data quality rather than 
quantity in the systems design. 

Special consideration should be given at the 
operational level to the use and role of mathematical 
modelling (or other simulation techniques) in the 
surveillance effort. Although modelling can be used 
to extrapolate certain surveillance data, the use of 
models does not preclude the need for continual 
routine surveillance activities. However, modelling 
techniques can be useful in many surveillance pro
gramme activities. The advantages and limitations of 
these techniques should be investigated in conjunc
tion with the design of the surveillance programme. 

Current limitations in analytical techniques ap
pear to be one of the.major constraints in air quality 
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surveillance system design. Monitoring techniques 
have not been developed for many pollutants and 
reference methods and standard procedures for a 
great many other pollutants are either lacking or 
under review. The resulting uncertainty about ana
lytical techniques and the high cost of newly devel
oped sensors will mean that the selection of ana
lytical methods in the surveillance programme 
design will be of critical importance. Tested and 
recommended techniques must be studied to ensure 
that they will provide data meeting the specifications 
for accuracy, precision, and stability, and that data 
from different programmes will be comparable. 

Sampling systems and techniques must be con
sidered as ah inherent part of the analytical system. 
The lack of standardization in sampling techniques 
represents a serious obstacle to the comparison of 
data from different sources and seriously reduces the 
value of the data for higher programme levels. 
Sampling procedures should be standardized on an 
international basis or reference techniques specified 
so that results obtained by different methods can be 
compared analytically. 

Associated with analytical limitations is the need 
to develop standard formats for the reporting and 
presentation of air quality data. In addition to 
standard formats, techniques must be developed for 
estimating the accuracy of, or errors in, reported 
data. The application of standard methods will 
greatly facilitate comparisons of data and make for 
system-wide compatibility. 

Summary 

While the limitations discussed above present a 
formidable challenge to the successful design and 
operation of an air quality surveillance programme, 
the overriding need to know the effects of man's 
activities on his environment in a timely and precise 
manner makes some form of air quality surveillance 
essential. A systems approach has been suggested to 
cope with the many problems inherent in the devel
opment and operation of an air quality surveillance 
programme. For this approach to be effective, 
cooperation is required at all levels and must extend 
from the standardization of surveillance procedures 
and techniques to the development of comprehensive 
objectives for each level in the overall programme. 

Previous experience, particularly with regard to 
surveillance programmes in the USA, suggests the 
need for considering the quality rather than the 
quantity of data. The high cost of analytical sensors 

that provide quality data and other requirements of 
the surveillance programme indicate that use of 
mobile monitoring techniques may be more effective 
than the establishment of fixed network. A careful 
study will reveal which approach is likely to be more 
effective in meeting the objectives of specific surveil
lance programmes. 

The complexity of the principles and procedures 
for air quality surveillance coupled with the limita
tions mentioned above suggest the need for con
siderable restraint in system planning and develop
ment. Many basic questions and issues remain to be 
resolved prior to the actual design of a monitoring 
system. Careful study and cooperative efforts are 
necessary to assure the resolution of these issues and 
achieve an effective air quality surveillance pro
gramme. 
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INTRODUCTION 

Monitoringb of air quality has become an increas
ingly important function of all air pollution control 
agencies. In the past, initial monitoring schemes used 
a single monitoring station or a small number of 
stations, often operated by different laboratories. To 
cope with the rapidly growing demand for com
parable data from many locations some automated 
monitoring systems are now in operation and many 
more are in the planning or implementation stages. 
An effective atmospheric monitoring programme 
requires reliable ambient air pollution measurements 
over prolonged periods that indicate cha!1ges and 
tre;:ids in the air quality, and properly trained 
personnel are needed to carry out the programme. 

a Head, Laboratory of Environmental Monitoring, 
National Institute of Public Health, Antonie van Leewen
hoeklaan 9, Bilthoven, Netherlands. 

b The term " monitoring " is used here to signify the 
process of making repetitive quantitative observations for 
defined purposes of the concentrations of one or more 
pollutants in the air, or of other indicators of the state of 
the environment, according to prearranged schedules in 
space and time. If, as is usual, this involves making 
measurements at a number of sites, the measurement and 
data-handling methods must be similar, or at least compar
able, at all the sites. This definition follows closely that 
given by the United Nations Inter-Agency Working Group 
on Monitoring (]). 

Before establishing a sampling scheme or conducting 
a sampling programme the objectives must be clearly 
stated in sufficient detail to permit the selection of a 
system based on the specific requirements. Only if 
precise instructions are given concerning the in
formation to be obtained is it possible to obtain 
comparable results on a national and international 
basis. Monitoring site selection, sampling frequency 
and duration, and data processing procedures are 
closely linked to the objectives of the programme. 
The amount of preliminary information needed 
before sampling can start will depend on the com
plexity of the system to be used. 

PURPOSE AND USE 
OF 1IONITORING SYSTEMS 

Once the problem to be studied has been clarified 
it is possible to select a monitoring system that can 
be used to provide all the relevant information. The 
more common types of system can be broadly 
divided into three areas-namely, research, surveil
lance, and special purpose monitoring. For the 
purposes of this discussion, however, it is simpler to 
divide them into categories according to their suit
ability for dealing with the following specific ques
tions. 

179 -
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(1) Geographical distribution of pollution. Data are 
required for estimating the amount and composition 
of pollution in the area concerned. For planning 
purposes both urban and rural areas may have to be 
surveyed and studies made of " background pollu
tion levels ". 

(2) Determination of air pollution trends. Data for 
establishing trends in the degree of pollution with 
time (e.g., from year to year) and the influence on 
these trends of changes in emissions due to planning, 
growth of industry, density of traffic, and population 
movements. 

(3) Origin of the pollution at any given locality. 
Determination of the source and dispersion of pollu
tion on the local, regional, national, and interna
tional scale. The study of pollution transport from 
source to receptor is an integral part of all adequate 
control strategies. In this type of system use is often 
made of dispersion models to estimate the local (up 
to approximately 20 km), regional (20-200 km), or 
long-range (several hundred to several thousand 
kilometres) transport of air pollutants. 

(4) Determination of the effect of pollution. Here, 
the influence of pollution on human health, animals, 
vegetation, and materials is studied. When informa
tion on acute effects is wanted, the period over which 
the monitoring system should provide average pollu
tion concentrations is short. In connexion with 
epidemiological studies, however, short-term peak 
concentrations are of little value. Here, a suitable 
longer period of sampling (24 hours, for example) 
can be selected. Site selection plays an important 
role in this type of monitoring system. The stations 
should be located, for instance, in places where 
people are living or working, both inside and outside 
buildings, or where the damaged plants or materials 
are found. The measuring stations should be selected' 
in such a way that the area containing the popula
tion under study is well covered. 

(5) Compliance with air quality standards. Pol
lution levels are related to· accepted or proposed air 
quality standards. In most cases the monitoring 
systems themselves have been used!to gather data for 
establishing the standards. Once these goals for air 
pollution control programmes are set, regular pro
gress in compliance with the standards must be made 
and confirmed. 

(6) Assessment of control. Directly related to the 
previous question is the availability of a monitoring 
system for assessing the effectiveness of measures to 

reduce pollution levels. It is extremely important to 
determine the effect of countermeasures on the trend 
of pollution. A continual effort must be made to 
obtain data that permit the evaluation of progress 
towards meeting air quality standards and goals. 

(7) Air pollution warning systems. These systems 
are developed to give short-term warning of pollu
tion risks; that is, to allow an undesirably high level 
of pollution under unfavourable meteorological cir
cumstances, and the possibility of the pollution 
spreading over wide areas, to be predicted so that 
countermeasures can be taken before danger levels 
are reached. It is sometimes possible to use a single 
pollutant as a tracer for all pollutants coming from 
the same type of source when high pollution concen
trations occur only under certain meteorological 
conditions that influence uniformly all pollutants 
coming from the same type of source. For the 
purpose of issuing warnings, the control centre must 
receive the data from monitoring or sampling sta
tions immediately. Tele-transmission is therefore 
necessary in this type of system. Air pollution 
hazards arising from accidents can generally not be 
with dealt by a measuring network unless the mon
itoring or sampling stations are arranged in ex
tremely high density; in fact, better results can be 
expected from well equipped mobile units kept in a 
state of alert. 

STRUCTURE OF AUTOMATED 
SYSTEMS 

Level of automation 

Once the problem to be studied is defined, and the 
type of system indicated, a decision must be made on 
the level. of automation to be applied. This decision 
often depends on the available resources. Whenever 
possible, the level of automation necessary for 
optimal functioning of the system should be chosen, 
but there may be exceptions to this rule. In countries 
where labour costs are high and instrumentation 
relatively cheap it is possible that automated sys
tems,. providing more information than is required, 
will be cheaper than manually operated or semi
automatic systems that produce the minimum 
a~ount of information needed. The following sys
tems can be distinguished. 

(1) Manually operated measurements. Manual 
start and stop procedures with sampling through an 
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instrument; laboratory analysis of the sample may 
be more or less automated. 

(2) Automatic sampling. Automatic start and stop 
procedure (time-switch); sample removed manually 
(if this takes place after each sample is taken it 
should be called semi-automatic sampling; auto
matic sampling should only refer to sampling by 
means of a time-switch combined with a sequential 
sampler). Here also, laboratory analysis of the sam
ples can be more or less automated. 

(3) Automatic monitoring. The sampling and ana
lysis is performed by automatic monitoring instru
ments that produce printed data sheets, charts, or 
paper or magnetic tape recordings of air pollution 
concentrations and other relevant information 
(meteorological factors, etc.) without human inter
vention except for regular maintenance visits to 
change reagents and renew tapes, graph paper, etc. 

(4) Fully automatic monitoring with data transmis
sion. The electrical output of the instrument is not 
only recorded at the measuring station but also 
transmitted, possibly via a telephone line, to the 
central control office where the data are recorded 
and stored in a computer for subsequent evaluation. 

The principal characteristics of a monitoring sys
tem should be: 

(1) a modular structure, the system being built up 
of separate, easily interchanged parts or elements; 

(2) the possibility of extending the measurement 
capacity; 

(3) operational flexibility, so that changes in the 
system can easily be made when necessary; 

( 4) low maintenance costs. 

The system can be made up of several units, as 
follows. 

Monitoring station 

A monitoring station contains equipment for: 

(1) sampling, 

(2) measuring, 

(3) data collection, 

(4) data transmission and control. 

The sampling part of the measuring station to
gether with the sensors are the most important units 
in the whole system. The validity of the final data 
depends on the correct location of the sampling 
probes and choice of sensor. 

Local peculiarities that could invalidate the sam
pling results must be avoided: for example, localized 
windfields and the absorption or adsorption of pol
lutants on nearby surfaces such as walls or the 
ground. Acts of vandalism must also be guarded 
against. These criteria indicate that the air intake 
should, if possible, be located at a distance of several 
metres from buildings and vegetation (trees), and 
elevated 3-4 metres above ground level. Apart from 
the correct siting of the air intake it is important that 
the whole sampling system should be constructed in 
such a way that data from stations measuring the 
same parameters are comparable. 

A high capacity sampling manifold should be 
used. The aim should be to achieve uniformity in the 
sampling volume and velocity, the number of pos
sible connexions for different monitors, the material 
used for the construction of the manifold, and 
protection against the effects of external temperature 
and pressure changes, with particular regard to 
condensation within the sampling system. On ac
count of the different requirements, separate sam
pling probes should be used for gaseous pollutants 
and suspended particles (aerosols). If possible, auto
matic controls signalling and correcting deviations 
from the desired performances of the monitors 
should be built into the sampling system. Regular 
maintenance of the whole sampling system at inter
vals of 3-6 months, with careful cleaning of the 
manifold, is necessary for avoiding inaccuracies due 
to the contamination of the walls. 

Sensors 

Although a large number of measuring instru
ments have recently become available, only a small 
number are suitable for use in automated monitoring 
systems, one reason being the uncertainty about 
whether the required specifications can be met. In 
choosing a sensor the following questions have to be 
answered. 

(1) What range of sensors will cover the pollutant 
concentrations under investigation? 

(2) What are the required averaging times (min
utes, hours, days)? 

(3) What types of personnel are available to 
operate and maintain the system? 

(4) What other pollutants are, or may be, present 
that could interfere with the functioning of the 
monitor? 

(5) Are laboratory or technical workshop facilities 
available? 
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Without answers to these questions the selection of 
instrumentation is extremely difficult.· 

Apart from the selection of a sensor it is necessary 
to judge the merits of a given type of instrument. For 
this purpose two sets of .data must be available. The 
first set should consist of data, including per
formance details obtained through laboratory 
evaluation of the instrument carried out under care
fully controlled testing conditions. The second set of 
data should be obtained from field observations over 
a long period, and should include maintenance, 
calibration, and repair requirements. 

The following points must all be considered: 

(1) functional characteristics-measuring ranges, 
measuring. interval, accuracy, repeatability, selectiv
ity; 

(2) operational characteristics-behaviour with 
respect to external conditioJ;Is such as temperature 
and humidity, and energy and maintenance require
ments; 

(3) dimensions of instruments and associated 
equipment; 

(4) control of the correct functioning of the in
struments(" status" signals); 

(5) reference measurements and determination of 
zero drift (zero check); · 

(6) signals indicating need for maintenance and 
repair. 

Data collection 

Traditionally, continuous monitoring instruments 
have been used together with a strip-chart recorder. 
This type of recorder has certain advantages over 
even the most elaborate data acquisition system. 
Briefly, these advantages are as follows. The recorder 
provides a visual record of the instrument's past 
performance. Daily zero drifi corrections, which are 
generally more serious than the span drift, can easily 
be made. A permanent record is provided, per
mitting supervision of the operator and daily valida
tion using original data. The main disadvantage of 
the strip-chart recorder is the manpower require
ment. Some of the manpower needed for reading out 
and. averaging records or charts can be replaced by 
the use of magnetic tapes or punched paper tapes for 
data collection. However, a visual control mecha
nism has always been built into even the most 
complex automated monitoring systems so that a 
final validation cani be made of the computer output 
against an original record. The collected data com-

prise two sets; one set is related to actual measure
ments, the other to reference measurements and zero 
checks. Both sets of data can be transmitted to a 
central control where subsequent data validation is 
performed, or corrections can be applied to mea
sured values il,t the .station itself by taking into 
account zero and reference measurements . made at 
the station. Representative values for measured 
lev:els of pollutants and meteorological quantities 
have to be related to a chosen integration interval. 
To benefit from a high repeatability characteristic 
(necessary for warning purposes), each monitor must 
be interrogated at a 1 sampling interval of l minute. 
As a standard, hourly averages for air pollutants can 
be used. When hourly averages are built up from .1-
minute values corrections for the time-constant of 
the monitor itself and the rate of change of the 
concentration of the pollutant under study have to 
be taken into account. Usually, special provision is 
made for the visual presentation or other on-line use 
of the I-minute values when required. 

Data transmission and control 

In fully automated systems the measured data 
(and status signals) are transmitted by telephone or 
telex lines reserved for this purpose directly to the 
central control office, or through a regional centre 
when a large number of stations (30 or more) are in 
operation. Signals are sent. over the same line from 
the control centre to the monitoring stations to 
control the collection and transmission of data as 
well as to supply reference measurements. 

Regional centres 

The regional centre collects, by means of telephone 
links, all raw data gathered by the automated mon~ 
itoring stations. After pte-processing (data reduction 
to hourly averages, for example) and presentation, 
the data are transmitted to the national centre. If the 
regional centre is equipped with a process computer 
it may control all the monitoring stations. At the 
regional centre a display of data is used by the 
regional authorities for forecasting purposes. How
ever, warning and forecasting are often left to the 
national centre since air quality control regions are 
in most cases larger than the regional networks. 
Regional data processing comes under control of the 
national centre when a coordinated approach over a 
larger (national) area is required. Some of the auto
matic functions that the regional processor could be 
expected to perform are as follows : 

(1) data collection from the monitoring stations~ 
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(2) validation of messages transmitted between 
the centre and the station; tests for both the accep
tance of electric signals and individual measure
ments; 

(3) data reduction to hourly averages; 

(4) intermediate data storage (before collection by 
the national centre); 

(5) data presentation (on teletype, visual display, 
and other media); 

(6) operational performance of the monitoring 
instruments through signalization control for all 
monitors; 

(7) automatic restarting after a power failure. 

The national control centre 

Depending on the existence and layout of regional 
centres, the national centre has the following prin
cipal functions: 

(1) timing and control of the whole network; 

(2) organization and verification of communica
tions with the. regional centres (if any exist); 

(3) processing and storage of information received 
from the network; 

(4) control of data presentation. 

To perform all these functions a computer room and 
a network control room, from which all operations 
can be supervised, may be necessary. 

To obtain the optimal benefit from a large auto
mated system the control centre should deal with the 
following activities. 

(1) Automatic functions: 

(a) timing of the network, 

(b) control of the network, 

(c) data transmission and processing, 

(d) continuous information on actual air quality 
in the different regions of the network, 

(e) survey of error messages, 

(!) survey of number of times threshold values 
are exceeded, 

(g) survey of occurrence of high pollution levels 
or alert situations, 

(h) survey of technical failures, 

(i) data storage and peripheral devices (magnetic 
tape, discs, etc.), 

(j) data presentation and visual display-logging 
typewriter, analogue recorder, or punched paper 
tape. 

(2) Non-automatic functions: 

(a) dialogue with monitoring stations and re
gional centre, 

(b) change of parameters (calibration constants, 
time, etc.) 

(c) starting and restarting in a region or the whole 
network, 

(d) display of selected data, 

(e) off-line data processing. 

DATA ANALYSIS 
AND PRESENTATION 

With the new automatic monitoring systems, as 
compared with manual systems, it is possible to 
obtain a very large amount of information in a short 
time. The use of such a system is only worthwhile, 
however, when the data output is also analysed 
automatically; that is, within the system itself. At the 
end of the data flow within the system the analysis 
and presentation of data can be performed on-line or 
off-line. In the first instance this processing is con
cerned with the actual measured data, the presenta
tion of which has to show the degree of pollution 
over the study areas. For this purpose a wall map 
with indicator lights is useful for displaying the 
monitoring stations where measured pollution con
centrations exceed a certain level. If air quality 
standards exist they can be used as automatic warn
ing levels to indicate that action must be taken. 

Even more important than the actual measured 
values are the changes of the pollutant concentra
tions with time. For this, it is necessary to calculate 
on-line the short-term changes during hours or days. 
In this way it is possible to study the development of 
critical situations ("smog", for example) due to 
certain meteorological conditions (low dispersion) or 
high emissions of reactive pollutants. Most warning 
systems incorporate on-line data analysis to forecast 
the development of these critical situations in vari
ous regions. The existing Rijnmond system in Rot
terdam, Netherlands, is an example of this approach. 
The data analysis provides possibilities for rapid 
evaluation of changes in short-term trends and the 
study of correlations between neighbouring monitor-
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ing stations for different environmental conditions. 
This study of area and time correlations will also 
yield much information on the system structure 
required for the monitoring networks. Displays of 
measured data from a large number of monitoring 
stations over short periods (1-10 minutes) also offer 
the possibility of studying the transport of pollutants 
over greater distances (up to several hundred kilo
metres). Using the meteorological information col
lected at the monitoring stations, the operator of the 
system at the national centre can track the drift of 
pollutant clouds from high emission regions in the 
direction of the wind, and the spread of the 
" plumes " of pollution over larger :regions when the 
wind speed is high. The possibility of establishing 
monitoring stations at different heights on high 
towers should be investigated when monitoring sys
tems are designed. Such elevated stations improve 
and facilitate the interpretation of measured data. 

Apart from the on-line analysis of data it is 
necessary to have facilities for data reduction and 
presentation for statistical studies, planning pur
poses, trend studies, etc. For data reporting a suit
able format must be chosen. Frequently used indexes 
are average concentration values with time (day, 
month, season, year) and area (averages for a 
number of monitoring stations). A classification of 
average pollutant concentrations according to wind 
direction and speed is used to study the location of 
the most important sources of the pollution. 
Examples of this application are given iil Table 1 
and Fig. 1, based on measured values from a 
monitoring station of a pilot network in the. city of 
Enschede, Netherlands. 

A useful method of data reduction employs the 
frequency distribution of air pollution concentra
tions. The total number of measured concentrations 
during a certain period is divided into classes of 
absolute concentration values. A logarithmic scale is 
often used for sulfur dioxide concentrations ex
pressed in a cumulative frequency distribution (see 
Table 2). From this is obtained the concentration 
below which the chosen percentage of the total 
number of measured values (percentiles) is found 
(Fig. 2). In most cases, the logarithmic fit is not very 
close at the higher concentration end of the curve. 
Frequency distribution is also used in relation to 
certain air quality standards. In practice, it is not 
possible to establish as a standard a maximum 
concentration that should never be exceeded;i Every 
concentration lower than emission concentrations 
will be exceeded sooner or later. The standard for 

Table 1. Monthly average sulfur dioxide in the air 
in rel.ation to wind direction in January 1973 measured 
at the town centre monitoring site in Enschede, 

Netherlands 

Average wind direction Monthly average 502 (µg/m3) 

E 

ESE 

SSE 

s 
SSW 

WSW 

w 
WNW 

NNW 

N 

NNE 

ENE 

139 

131 

135 

108 

70 

55 

57 

46 

48 

52 

68 

100 

Table 2. Cumulative frequency distribution of 24-hour 
averages of sulfur dioxide concentrations measured 
at the town centre monitoring site in Enschede, 
Netherlands, during the period 1 October 1972 

to 1 April 1973 

Class interval (µg/m3) Percentage 

< 30 3.79 

< 60 40.15 

< 90 61.36 

<120 73.48 

<150 83.33 

<180 93.94 

<210 97.73 

<240 98.48 

<280 99.24 

ambient air quality should be a maximum concentra
tion combined with the percentage of time during 
which this concentration may be exceeded. This 
maximum is therefore often expressed as the 95- or 
98-percentile of the cumulative frequency distribu
tion. Frequency distributions expressed in graphic or 
tabular form are, however, not suitable. for general 
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Fig. 1. Monthly averages for sulfur dioxide in relation to wind direction in the town centre of Enschede, Nether
lands, January 1973 • 

• Values shown are µ.g 502 per m3 . 

presentation. A map with superimposed lines of 
equal pollution concentrations calculated from the 
measured concentrations by interpolation of the 
concentration gradients between the monitoring sta
tions is often used (Fig. 3). When only time averages 
are used in preparing such maps there is a serious 
loss of information about the duration of periods of 
high or low concentrations. A comparable method 
based on frequency distributions was therefore de
veloped by Brasser (2). For measurements over a 
period of 1 year the frequency distributions are 
determined for all stations in the area. In each 
distribution the percentage of measurements that 
exceed a certain concentration is calculated and 
mapped, thereby producing lines of equal interval in 
excess of the chosen concentration. Another pos-

sibility is to map the concentrations found at a 
chosen percentile of the frequency distributions, as 
in Fig. 4. 

When the standard is used as the chosen con
centration, the part of the study area where the 
standard is exceeded can be seen directly on the 
map. Another method for comparing measured con
centrations with the standard, also based on fre
quency distribution, has been developed recently by 
Brasser (3). From the cumulative frequency distribu
tion a curve is constructed on log-normal paper. For 
example, the proposed standard for sulfur dioxide in 
the Netherlands is presented as two points (the 50-
percentile and the 98-percentile). A test index can be 
calculated as the quotient of the 50- and 98-per
centile concentrations of the frequency distribution, 
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Fig., 2. Cumulative frequency distribution of 24-hour average concentrations of sulfur dioxide in the town centre 
of Enschede, Netherlands, fo(the period 1 October 1972 to 1 April 1973. 
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each divided by the standard concentrations at the 
same percentiles. When the test index is 1.0 the 
situation exactly meets the standard. This test index 
gives a clear picture of the overall pollution situation 
in the area under study. An example .is given by 
Brasser (3). 

Although the various ways of presenting data 
described here do not exhaust all the possibilities, 
these procedures are found in practice to provide the 
information needed by planners, air quality control 
officers, air management officers determining control 
strategies, and officials concerned with initiating 
legal action against. offenders. In this section dealing 
with data analysis and presentatipn no mention has 
been made of the difficulties encountered in using 
data stored in data banks. The correct storage and 
retrieval of relevant data for different evaluation 
purposes require extensive review. and are therefore 
not covered in this chapter. However, for a properly 

functioning and useful data bank a prerequisite is 
the systematic and harmonized collection · of data 
from the various monitoring systems. A systems 
approach similar to that used in well designed and 
carefully operated monitoring systems is of extreme 
importance, especially for international data banks 
of environmental information. 

EXISTING MONITORING SYSTEMS 
AND FUTU~E DEVELOPMENTS 

In.the past, monitoring systems consisted only of a 
number of monitoring stations where one pollutant, 
or sometimes two, was measured by means of 
manual or semi-automatic methods. The layout of 
the .total network of stations was largely ad hoc and 
depended on the availability of trained personnel in 



AUTOMATIC AIR QUALITY MONITORING SYSTEMS 187 

Fig. 3. Lines of equal monthly average concentrations of sulfur dioxide in the tov,m centre of Enschede, Nether
lands, January 1973 • 

100 

/ 
• Values shown are µg of S02 per m3-. 

the study area. As a rule, almost all the stations were 
located in urban areas and the immediate surround
ings of an industrial zone. Comparison of results 
from different stations was often difficult because of 
differences in sampling location and equipment, and 
in the analytical techniques employed. In recent years 
larger networks developed along the lines described 
earlier in this chapter have been constructed and are 
now in use. The United States Environmental Pro
tection Agency (EPA) networks may be described 
briefly; first, the Continuous Air Monitoring Pro
gramme (CAMP) that has been in existance since 
1962 in six major cities throughout the USA. Several 
pollutants have been measured continuously and the 
data have been used for determining pollution 

trends. In the Community Health and Environ
mental Surveillance System (CHESS) a Continuous 
Health Air Monitoring Programme (CHAMP) will 
come into operation in the near future. This network 
will consist of approximately 50 continuous measure
ment stations with some telemetering facilities to 
permit data processing at a central control station. 
An even more fully automated system is planned for 
the Regional Air Pollution Study (RAPS) in 
St Louis, MO. Here, 25-40 stations are planned to 
study air pollution processes and effects in a single 
urban region in order to verify existing air pollution 
simulation models and develop better models. Most 
of the monitoring stations mentioned in the existing 
or planned systems in the USA are located in urban 
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fig. 4. Distribution of 24-hour average sulfur dioxide concentrations in the town centre of Enschede, Netherlands, 
for the period 1 October 1972 to 1 April 1973 • 

• The contours enclose areas in which 98 % of the average values fall below the value indicated (i.e., 98-per
centiles). 

areas. This is also the case in Japan, where adequate 
monitoring systems exist in Osaka and Tokyo. To 
study the transport of. air pollutants and their fate 
over a period of time (i.e., sources and sinks for the 
separate pollutants) it is imperative to ha'le also 
rur11l monitoring stations outside the areas with the 
high concentrations, that is, urban and industrial 
zones. The first network to incorporate rural monitor
ing stations on a large scale is installed in the Nether
lands. Here, approximately 100 monitoring stations 
are located in a regular grid pattern with an additional 
set of approximately 100 stations in the cities and 
industrial areas, as shown in Fig. 5. Most of the grid 
stations are located outside the cities and are sited in 
such a way that direct effects from local sources are 
avoided. With this system it is possible to study the 

fate of pollutants at distances of 20-100 km from the 
sources when sink mechanisms are significant. For 
warning purposes also, it has been shown that it is 
important to have a continuous survey of the pol
lutant levels over a larger area than the one for 
which the warning is delivered. Systems comparable 
with that in the Netherlands are being planned for 
several areas in Belgium, the Federal Republic of 
Germany, Mexico, and some other countries. Smal
ler, but fully automatic, monitoring systems are 
already in operation .in Italy and Sweden. 

Although a fully automatic system has many 
advantages and is sometimes essential when warn
ings have to be issued or when a large number of 
stations are in operation, semi-automatic or even 
manual systems can a~so serve several purposes. In the 
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Fig. 5. The Netherlands national network for air pollution monitoring 
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field of international cooperation, especially where 
large areas are involved and comparability of re
sults and practical restraints are important, less 
elaborate monitoring stations often have to be used. 
In the project . on long range transport of air pol
lutants of the Organization for Economic Coopera
tion and Development (OECD) a large number of 
ground stations are in use all over Western Europe. 
Semi-a.utomatic sampling is used to collect the 
samples for subsequent· laboratory analysis accord
ing to • agreed measuring methods. This project has 
been set up for restricted research purposes and is to 
operate for a limited period. It therefore does not 
come ~ithin the strict definition of monitoring given 
at the beginning of the chapter (p. 179). The WHO 
collaborative programme in air monitoring is an
other example of a system in which elaborate meth
ods are not necessary. Here, the aim' is fo improve 

~ the international comparability of data and to study 
trends of air pollution in urban and industrial areas. 

It is to be expected that the future imernational 
cooperative developments in monitoring systems will 
be based on 'existing national and international 
systems. An example of this is the proposed Global 
Environmental Monitoring System (GEMS) within 
the Earth Watch of the Environmental Programme 
of the United Nations. The principles governing 
intergovernmental cooperation in monitoring in
clude the following: 

(1) with regard to monitoring on an' international 
basis, priority should be given to global and multina
tional problems; 

(2) the exchange of information about local 
problems that are of widespread occurcence, and the 
methods used to monitor them, is of, high impor
tance; 

(3) monitoring systems should be designed to 
meet adequately defined objectives, and arrange
ments for the evaluation of the data must be an 
integral part of the system design. 

It is clear, therefore, that there must be interna
tional agreement on sampling locations, measuring 

methods, the use of instruments, etc., and that 
arrangements must be made to collect suitably pro
cessed and condensed data according to an agreed 
standard format so that they will have international 

/significance. Apart from the construction of new 
monitoring systems, , it is therefore to be expected 
that international collaboration will be intensified in 
these two fields. This will probably apply not only to 
fixed ground stations, but also to mobile measuring 
units in motor vehicles and eventually to those in 
aircraft and earth satellites. 

T-1"aditional approaches to the study of pollutants 
in separate single media (air, water, food, etc.) will 
also be extended to the study of transfers of pol
lutants between these media and to chemical trans
formations of the pollutants. Better mathematical 
and ecological models will be developed to describe 
both the transport and the environmental pathways 
of pollutants. To design and establish a monitoring 
systym that can fulfil all the above-mentioned tasks 
will require considerable resources and a continuous 
exchange of knowledge and experience gained with 
existing systems. The main: and overall deciding 
factor should, however, always be clear and ade
quate descriptions of the intended objectives in 
planning the system and of the actual results ob
tained once the systems are in operation. 
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Damage function, 95-97 
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measurement, 23, 164 
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protection costs, 47 
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domestic, 52 
Hydrocarbons, 21, 43, 151 

measurement, 164, 169 
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Indices of pollution, 37, 56, 185-186 
Indoor pollution, 37, 110 
Industrial zones, 54 
Industry, abatement of pollution 

from, 70 
classification, 70-72 
emissions from, 131-132 
environmental effects, 70 
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tract, 39 

Information, public, 32 
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International control of pollutant 

emissions, 63 
Inversions, 102 

advection, 106-107, 113 
anticyclonic, 104 
ground-based, 106 
penetration of, 111 
subsidence, 104 

Lachrymatory compounds, 21 
Land use programmes, 54 
Lapse rate of surface air, 103 
Lead, 11, 20 
Legislation, 15-17, 24-33 

enforcement, 30 
Log-normal distribution, of air 

pollution, 56, 171, 185 
Looping, phenomenon of, .114 

Malodorous emissions, 10-11, 15 
See also Odour 
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Manual dexterity, and carbon mon
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Mass spectrometer, 170 
Mathematical models, box, 117-119 

diffusion, 146-150 
empirical, 117 
K-models, 118 
physical, 117-119 
puff, 118 
regression, 62 
sensitivity analysis, 118-119 
statistical, 117 
uses, 53, 75-76, 91, 165, 174 

Maximum allowable concentrations 
of pollutants, 13 

Maximum concentrations, see Peak 
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Mean concentration of air pollution, 
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Measurement of air pollution, 41, 
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Meteorological conditions, effects 
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Meteorological control, 17-18 
Meteorological data for pollution 
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Micrometeorology and air pollu-
tion, 22 

Mist, 19, 37 
Mixing height, 101-103 
Mobile combustion plant, emis

sions, 129-130 
Mobile sampling, 162, 173 
Models, laboratory, 115-119 

See also Mathematical models 
Monitoring of air pollution, 22, 

121-123, 153-190 
Morbiqity, associated with air 

pollution, 35, 38, 40-41, 58 
Mortality, associated with air 

pollution, 35, 38, 40, 44, 58 
Motor engine design, 91 
Motor traffic pollution, 20-21, 44, 

52, 69, 77, 80-81, 92-93 
Mucus, hyposecretion, 37 

National Office for Physical Plan-
ning (Netherlands), 76 

Natural gas, 68 
Nitric oxide, 45, 164 
Nitrogen dioxide, concentrations 

in air, 46 
effects on health, 45-46 
measurement, 164, 169 

Nitrogen oxides, 21, 45, 151 
measurement, 23, 167 
See also Nitric oxide; Nitrogen 

dioxide 
Noise, 54 
Non-dispersive infrared measure

ment method for carbon mon
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Nose irritation, 44 
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See also Malodorous emissions 
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Oil refineries, 91 
Organic acids, 151 
Oxidants, measurement, 164, 169 

See also Photochemical oxidants 
Oxidant precursors, 44 
Oxyhaemoglobin, 41 
Ozone, 21, 43 

effects, 45 
measurement, 23, 164, 167 

Parks, 76-77, 80-81 
Particle size of pollutants, 37 
Particulates, suspended 

effects on amenity, 39-40 
effects on health, 36-41 
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Particulates, (continued) 
emissions, 151 
long-term goals, 48 
measurement, 41, 164, 169 
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effects on health, 38 
measurement, 168 
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51, 54, 62 

Peroxyacyl nitrates, 43-44 
Petrol engine emissions, 130, 151 
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chemical 
Photosynthesis, 60 
Physiological effects of pollution, 36 
Physiological reserve, 57, 61 
Pine trees, effects of sulfur dioxide 
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Planning, permission, 18 
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uptake by ground, 108-110 

Pollution potential, 119 
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Probit analysis, 5-c 
Psychomotor functions and carbon 

monoxide, 42 
Public involvement, 24 
Pulmonary function, 38-39, 41, 
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Rats, experimental lung tumours 
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Reference methods, 169-170, 175 
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Respiratory functions, 37 
Respiratory tract disease, 41, 44, 58 
Response-exposure relationships, 
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Risk function, 61-62 
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See also Particulates, suspended 

Smuts, 14 
Social effects of pollution, 49 
Solvent refining of coal, 97 
Solar radiation, loss through pollu

tion, II, 107 
Source inventory, 22, 53, 75, 91, 

117, 127-152 
Sputum, production, 38-39 
Stability, atmospheric, 104, 113, 122 

See also Instability 
Staff, for air pollution control, 

31-32 
Standards of air quality, 26, 46-47 
Statistical formulation of air quality, 

55-57 
Storage and retrieval of data, 171 

See also Data handling 
Strategy for air pollution control, 26 
Stratosphere, 102 
Study of Man's Impact on Climate 

(SMIC), 115 
Subsidies, 17, 53 
Sulfur, atmospheric turnover time, 

115 
control, 97-99 
removal from fuels, 14, 90 
See also Desulfurization 
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:Sulfur dioxide, 14 
concentration data for Entschede, 

Netherlands, 184-187 
effects on health, see Sulfur 

oxides 
emissions, see Sulfur oxides 
measurement, 23, 164, 169 
removal from flue gas, 14-15, 90, 

97-99 
uptake by the ground, 110 

Sulfur oxides, effects on amenity, 
39-41 

effects on health, 36-41 
emissions, 151 
long-term goals, 48 
methods of measurement, 41 
See also Sulfur dioxide; Sulfuric 

acid mist 
Sulphuric acid mist, 19, 37, 164 
:Sunshine, see Solar radiation 
Superadiabatic layer, 113 
Surface heat balance, 122 
:Surface mixed layer, 103, 106-107 
Suspended particulates, see Particu-

lates, suspended 
Synergistic effects of pollutants, 

37,40 

URBAN AIR QUALITY MANAGEMENT 

Systems analysis, 53 
Systems approach to surveys, 163-

165 

Tax, on emissions, 94 
Telemetry, 173, 180-183 
Throat irritation, 44 
Tolerance limits, 62 
Topography and dispersion of 

pollutants, 111, 113-114, 167 
Town and country planning, 67-

83 
Trajectory analysis, 115 
Transport of pollution, global, 

115, 155, 160 
long-distance, 15, 19, 101-102, 

115 
Trends, 121, 180, 183-184 
Tropopause, 101-102 

United Nations Environment Pro
gramme (UNEP), 190 

Universal Transverse Mercator, 142 
Upper Air Synoptic Network (Eu

rope), 104-105 

Uptake of pollutants by the ground, 
108-110 

Urbanization and pollution, 67-69 

Valleys, temperature stratification 
in, 121 

Vegetation, effects on climate, 75 
effects of pollution on, 13, 40, 

43, 45, 49, 56, 59, 61, 68, 
75, 110, 117 

Ventilation coefficient, 119 
Vertical mixing, 102 
Visual range (visibility), 40-41 

Warnings of high pollution, 18, 
180, 183, 188 

Waste, recycling, 78 
Weather, 102-114 
Wind, 106-107, 184-185 
Wind tunnel, studies, 115-117 

tests, 19 
World Health Organization (WHO), 

10, 39-50, 160, 166, 190 
World Meteorological Organization 

(WMO), 115, 123, 160 
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