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The Division of Environmental Health (EHE) of the World Health Organization
(WHO) consists of units for Prevention of Environmental Pollution @EP) and
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Programme on Chemical Safety @CS). PEP is responsible inter alia for the
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The Ecotoxicology Service @COTOX) belongs to the Department of Public
Healft of the Republic and Canton of Geneva. It is the expert laboratory for all
environmental concerns in the area. Fifty people are working at ECOTOX. The
fields of activity include air (indoor, outdoor, industrial emissions controls,
occupational exposure), water (biological, bacteriological and physical-chemical
controls of lakes, rivers and swimming pools), soils and toxic substances analysis,
ecotoxicological testing and environmental noise. ECOTOX is also involved in
forensic analysis, in emergency interventions in cases of environmental hazard and
in evaluation of environmental impact assessments.



FOREWORD

In almost all the large cities of the world, air and noise pollution from motor
vehicles are, or are fast becoming, major problems for the physical and mental
health of the people. The industrialized countries, where 86Vo of the world's
vehicles are to be found, have a long standing and extensive experience of the
problem. In the developing countries, rapid industrial growth and population
increase coupled with rising standards of living are likely to lead to patterns of
motorization that resemble those of the industrialized countries. Since the 1960s,
the world's motor vehicle fleet has been growing faster than its population. The
problems are acute in certain cities in both the developing and the industrialized
world and unless controls are applied or strengthened immediately, the damage to
public health will become very serious.

The World Healttr Organization (WHO) and the United Nations Environment
Programme (UNEP) have a long standing project within the Global Environment
Monitoring System (GEMS) to monitor the air quality of urban areas of the world
in this period of rapid change during which nations strive to achieve a sustainable
economy without degradation of the environment.

The Republic and Canton of Geneva in Switzerland, has developed a
comprehensive and sophisticated air pollution control programme designed to meet
Swiss Federal air quality standards regarding pollutants derived from motor
vehicle emissions.

In recognition of ttre importance of the problem of motor vehicle air pollution
worldwide, WHO and the Ecotoxicology Service of the Department of Public
Health of Geneva have jointly produced this report on the global trends of motor
vehicle air pollution, is effects on public health and the available control
measures.

Our report is intended to provide essential information and encouragement to all
countries in their efforts to deal with the problems created by the intense
motorization process. Case studies (including an in-depth report of the air
pollution management plan of Geneva) are provided of the situation in various
cities in developing and industrialized countries and the motor vehicle emission
control strategies that have been used or proposed.



Through the sharing of experience, countries may be able to avoid mistakes made
in the past and introduce effective measures in the near future to reduce or limit
damage ttrat has already been incurred. Many countries will need to begin
planning or applying more strictly, a progressive motor vehicle emission control
strategy that is feasible and affordable and that will alleviate ttre immediate air
pollution problems.

This report is being published to coincide with the United Nations Conference on
Environment and Development, Rio de Janeiro, June 1992, in support of our
common goals of eliminating the impacts of environmental hazards on the health
of the people and attaining a state of sustainable development for the future. We
believe that if we all 'Think Globally and Act Locally" our planet can regain its
health and our environment can be saved.

Guy-Olivier Minister,Dr Wilfried Kreisel, Director,
Division of Environmental Heal&,
World Health Organization,
Geneva. Switzerland

Department of Public Health,
Geneva, Switzerland
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EXECUTTVE SI]MMARY

This report addresses the problems of air pollution created by the growth of motor
vehicle traffic in the developed and developing countries of the world. The
problem is viewed wittrin the context of sustainable development in which the
protection of health and of the environment are priority concerns. The
conclusions and recommendations of this report are intended to provide guidance
to countries as they go through various stages of development, in the formulation
and implementation of sound policies to prevent serious air pollution problems
ftom occurring or worsening.

The report begins with a comprehensive review of the health problems caused by
motor vehicle pollution with reference to the pollutants ozone, carbon monoxide,
lead, nitrogen dioxide, sulfur dioxide and suspended particulate matter. The
second part of this chapter sovers the health effects of motor vehicle noise. This
is followed by a description of how people are exposed to motor vehicle air
pollutants and an estimate of the numbers of people who are exposed to them in
traffic, alongside busy roads and in residential areas of high traffrc density. Motor
vehicle controls are reviewed in terms of the efforts made to reduce emissions
(g/km) and to reduce vehicle usage (km/yr).

Motor vehicles are the major source of the following air pollutants affecting tle
health of populations: carbon monoxide (CO), nitrogen dioxide (NOt,
photochemically reactive hydrocarbons which react with NOr to form ozone (Or)
and suspended particulate matter (SPM) which contains lead @b).

At least 90% of the carbon monoxide in urban environments comes from mobile
sources. The high levels found in traffrc congested areas (20 to 30 mg/m3) can
lead to levels of 3% carboxyhemoglobin (COHB) which produce adverse
cardiovascular and neurobehavioral effects and seriously aggravate ttre condition of
individuais with ischemic heart disease.

Nitrogen dioxide, the brownish-red gas responsible for the classic smog haze of
polluted cities can cause respiratory problems in sensitive individuals, for example
asthmatics and young children. An extensive meta-analysis of available studies
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shows an approximate 20% inqease in risk of respiratory illness for children who
have an increase of 30 y.glm3 exposure over a period of weeks (e.g. children
living in homes using natural gas for cooking as compared to children living in
homes using electricity). Where high annual levels of NO, of the order of
100 pglm3 are produced by motor vehicles, as in Los Angiles, this is a major
cause of concern.

Ozone is produced from the photochemical reactions ofhydrocarbons and oxides
of nitrogen which in urban atmospheres are primarily of motor vehicle origin (60 -
80%). At levels of ozone of 200 - 400 pglnf , which fall above the WHO
guideline range of 150 - 200 pglm3 for a l-hr average, people experience lung
inflammation, decrements in pulmonary function and decrease in resistance to
pulmonary infections. Areas with high traffic density and poor dispersion such as
Los Angeles and Mexico City experience 03 of the order of 600 - 7N pglrrif
which seriously damages the health of people, especially sensitive individuals. This
is the major rqson why developing countries must plan for emission controls
now, before their development leads to similar conditions.

Suspended particulate matter (SPM), including sulfuric acid aerosol is produced by
the combustion of motor fuel, especially diesel fuel. These emission components
are thought to be the main cause of the excess mortallty that was observed during
the London and New York smog episodes ofthe 1950s and 1960s. These
pollutants were generated from coal combustion so their chemical constituents are
somewhat different from those of motor vehicle SPM but it is believed that the
respirable fraction (PMro) of urban SPM from non-coal combustion processes will
have similar effects. Motor vehicles produce a relatively smaller proportion of
SPM in the urban environment than they do of CO and NO.. However, vehicle
and urban SPM combined are related to observed adverse health effects in the
populations exposed. Excess mortalrty for exposures to these pollutants is
estimated to be 1 in 10,000 for current levels of PMls in Los Angeles, and the
same effects may be expected in metropolitan arqs of other countries with similar
exposures.

Exposure to high levels of motor vehicle pollutants occurs essentially in three
situations: a) while inside vehicles (from the immediately surrounding traffic) b)
while working in, or walking alongside congested streets, and c) through residence
in urban neighborhoods with high motor vehicle traffic pollution (and for ozone,
in urban areas downwind from the city center). Human exposure in these
categories are reviewed and an estimate is made of the numbers of people exposed
in each category. It is estimated that globally, 3.4 billion urban vehicle trips are
taken daily and that at least 120 million people spend a considerable part of their
working day in roadside settings (for example street vendors and workers in shops
fronting onto busy streets).

The control measurqs necessary to contain the problem of large numbers ofpeople
being exposed to high levels of pollutants are presented and evaluated. With the
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economic development and motorization expected over the next decades, this
problem will become even greater. The controls described are either vehicle-
based, to reduce the mass of pollutants per kilometer of travel G/km) or driver-
based, to reduce the number of kilometers of motor vehicle travel per day. The
hardware controls on emissions (catalyst, engine design, inspection and
maintenance etc.) are costly and driver incentives to re<luce vehicle use are not
popular. Developing countries without high capital resources will be faced with
challenging problems to develop control strategies that are acceptable both
economically and socially.

Case studies of motor vehicle pollution in various cities in the devcloping world
(Bangkok, Mmila, Mexico City, Surabaya and Taipei) and the developed world
(Los Angeles and Geneva) are presented. The traffic congestion and uncontrolled
emissions of developing countries provide a marked contrast to developed
countries where emission controls are mandatory and funding is available for
public transport systems. Examples are provided of situations in which the
potential for serious air pollution episodes is very great and situations in which
uncontrolled growth of emissions is taking place and where massively expensive
and controversial controls must be instdled in order to prevent these periodic
episodes.

A detailed report of motor vehicle pollution and its control in Geneva is presented
to provide a broad outline to authorities of the sorts of activitie.s that must be
considered in order to evaluate their situation, estimate future growth and develop
a staged sequence of control measures that are acceptable to the public and
economically feasible in the given situation.

The most important findings of the report are set out in the summary and
conclusions. It has been cleuly demonstrated that motor vehicle air pollution can
have serious adverse health effects on the population. These problems are likely
to be particularly acute in the rapidly growing cities of the developing world if
uncontrolled growth of the vehicle fleet is allowed to take place. It is concluded
ttrat planning must begin now to provide for alternatives to the motor vehicle and
to reduce emissions of the vehicle fleets that the growing populations will demand
as their economic status improves. It is hoped tlat this report will provide a
rational basis for administrators who are responsible for air quality management
planning to develop appropriate control strategies as they strive to achieve a state
of sustainable development that does not adversely affect the health of the people.
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Chapter 1

INTR.ODUCTIONl

In their efforts to achieve sustainable development, politicians and administrators
worldwide are facing a growing problem of motor vehicle traffic emissions and
their effects on health.

This book examines three aspects of the problem of air pollution caused by motor
vehicle traffic: the effects of traffic emissions on health, ways of limiting personal
exposure to the emitted pollutants and ways of limiting the emissions themselves.'

Only those issues relating directly to motor vehicles are considered here. Those
that are indirectly linked are not discussed, most notably, the contribution of
motor vehicles to global CO2 production, the related greenhouse effect, the role of
infrastructure (road network construction and design) and land use planning. A
brief bibliography on the more general aspects of air pollution has been prepared
for the interested reader and is to be found at the end of this chapter.

Noise from motor vehicles, in terms of its effects on health, is considered but
engineering controls to limit this form of pollution iue not. Traffic accidents,
which represent a serious public health problem are also beyond the scope of this
report. It should be noted however, that constraints on the number of vehicles on
the road will improve road safety and reduce the rate of trafftc accidents in
addition to reducing air pollution.

The purpose of this report is to provide a basis for informed decision making on
how to control automotive air pollution in both developing and developed
countries. The importance of context is emphasized throughout and descriptions
of the situation in a variety of cities of widely different character, are provided.

Where we stand today

Across the entire globe, motor vehicle usage has increased tremendously. In
1950, there were about 53 million cars on the world's roads; only four decades

I The editors thank Michael P. Walsh for his assistance on this chap0er.

2 A complementary document for the use of this material in training courses at
university and pre-university levels is under preparation and will be published in 1993.



Motor vehicle air pollution

later, t}te global automobile fleet is over 430 million, more than an eight-fold
increase. on average, the fleet has grown by about 9.5 million automobiles per
year over this period. Simultaneously, as illustrated in Figure 1, the truck and bus
fleet has been growing by about 3.6 million vehicles per year (Motor Vehicle
Manufacturers' Association of the United States, Inc., 1991). While the growth
rate has slowed in the highly industrialized countries, population growth and
increased urbanization and industrialization are accelerating the use of motor
vehicles elsewhere. If the approximately 100 million two-wheeled vehiclqs around
the wodd are included furowing at about 4 million vehicles per year over the past
decade), the global motor fleet is now approximately 675 million. As Figure 2
shows, the growth of motorization exceeds the growth of population.

Looking at the global vehicle population today, it is clear that there are wide
disparities between regions of the world and vehicle modes. Figure 3 shows the
distribution of the vehicle population in various regions of the world. Seventy-
three percent of the world's vehicles are to be found in the OECD (organization
for Economic Cooperation and Development) countries. In the poorest countries
of the world where 57 % of the world's population live, are to be found only 1.7 %
of the world's vehicles. Most of the world's people still live and work largely
without motorized transport.

Table 1 shows the enormous variation in motorization between countries and
regions, ranging from less than 1 to more than 600 vehicles per 1000 inhabitants.
If the developing countries reach rates of ownership comparable to those for
Europe and Norttr America now, the problems related to massive concentrations of
population in urban areas will be greatly exacerbated.

Comprehensive data are not available on air pollution emissions from
transportation and other activities, for all countries. For the twenty-four OECD
countries, however, available data shows that motor vehicles are the main source
of emissions of carbon monoxide (co), oxides of nitrogen (No), and volatile
organic compounds Crable 2). ln urban areas where pollution levels tend to be
highest, the motor vehicle contribution tends to be even higher. Usually, over
90% of the co in city centers comes from vehicles and it is cornmon to find 50 to
60% of the hydrocarbons (HC) and NO, coming from this source.

Future trends in motor vehicle registrations and emissions

As illustrated in Figure 2, worldwide, the number of motor vehicles is growing far
faster than the global population - 5.2Vo per year between 1960 and 1989,
compared to 2.r% per year, respectively. Analysis of the trends in global motor
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Introduction

vehicle registrations reveals that the global fleet has been growing linearly since
before 1970 and that each year for two decades an additional 16 million motor
vehicles, not including two-wheeled vehicles, have been added to the world fleet.

Worldwide registrations have been growing by about 1.8 cars per 1000 persons or
2.3 vehicles (cars plus trucks and buses) per 1000 persons (Figure 4) Motorcycles
per capita over the last decade have been stable. If this trend were to continue
until 2010, there would be 154 motor vehicles per 1000 persons (excluding
motorcycles) compared with 112 in 1990. As illustrated in Figure 5, per capita
vehicle growth is universal although still overwhelmingly dominated by the OECD
countries. The contribution of Africa and large areas of Asia to this growth is
minimal, although air pollution from motor vehicles is already a problem in the
large cities of these regions, where the per capita vehicle growth is concentrated.

Projections of the future vehicle population have been made, taking into account
population growth and economic development, which are the major factors
influencing vehicle growth. Estimates of cars, trucks and buses, and motorcycles
for the next forty yqus are summarized in Figure 6. In making these estimates, it
was assumed that vehicle saturation, increased congestion and increasing policy
interventions by governments would restrain future growth, especially in highly
industrialized areas. In spite of these factors, vehicles per capita are estimated to
rise in all areas of the world. It should be emphasized that without policy
interventions, the growth is likely to be much higher.

As noted earlier, the global vehicle fleet has tended to be dominated by the highly
industrialized areas of North America and Western Europe. This pattern is
gradually changing not because these areas have stopped growing but because
growth rates are accelerating in other areas. By early next century, based on
current trends, the rapidly developing areas of the world (especially Asia, Eastern
Europe and Latin America) and the OECD Pacific region will have as many
vehicles as North America and Western Europe (Figure 7) although per capita
rates will remain substantially lower.

Decisions have to be taken concerning land-use planning, mass transit construction
and fuel characteristics. These choices will strongly influence development over
the next 20 to 50 years. In order to minimize future costs in terms of health and
clean-up, solutions to air pollution problems need to be found and implemented
immediately. We hope the information contained in this report will contribute to
these vital initiatives.
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Introduction
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Figure 2. Historical trends in vehicles and population.

+ CARS

+ TRUCKS & BUs$

-X- MOTOFCYCLES

+ POPULANON

1

0

E nesr or
THE

1"*"---r
Figure 3. Global motor vehicle distribution 1990.



o
UJ
o
f
o
d

efr
ed
/p

. nu ;9

339
l t l+{*
t t l

066 l'^i

il
l *

ii
] \

T
iT
ix

086 r

G,
, ;  6 t€

I

!
o

q
o
6. a

I  t /  h  I  E
o

' o

o
H

f l

+
o, !

bo

096l trr

o o o o o o
o 6 ( o t N

o
N

uJ
c
o
UJc
o
o
o

E
III
c
o
]U

I
-
UJ



N
o
o

J

N 5 g , @ eo o o a ao o o o o o
TI
oe
t
(D

:r,

(D
o

(D

o
(D
q

(D
t

o

NORTH AMIRICA

WESTERN EUROPE

IASITRN EUROPI

-  n  r a  / T \ /  r r n a n \

H Lr )  \L^ -u) )K /
6
?

; OICD PACIFIC

a
fi CTNT PLANNID ASIA
€
o
t  - ^ , , - ,
5  ) U U I H  &  L A ) l  A ) l A

[/IDDLI IASI

AFRICA

LATIN AMTRICA

m
-
o|-m
o
!
m
!
J

o
o
o
!
m
o
!
t-
m



=
=
o
a
o

J J J J J

N F g ) O O N A O ' @o o o o o o o o oo o o o o o o o o o

oa
!r (0
(e (o
- l o

6
d J
e r (o
- ( o
e ( ' l

< og . o
= . oc ) <
; - m
:
X F
E N
t r o
F J
t o

?

N
o
N
o

l f f in%lm
z o F o P v
O m
; c ) ( n o r a
1u i l  o  o  {
i  E 2; s e
h v T m O

=H=-6FY X = o
o



f ;3
- !

o=
i i l P
c h =
-o
dz
9 :
o : ^

.8E
o :gE

boo

J J

O N

lll,t
t t t i

E i c 5
Ix6-2 F frEH

CN

r '  1960
@

o

F'

q  r v / u
(D

':.
(D
o
= '  t u x l l

o

a
(D

!  1 q q 0

>  i t r

i E

l X



,\

o

x >

E E
E B
C Q

gE
: :
: :
B t r
9 E

_ 9 >

8 6

! u

? 6
: @

o  . '

x v

€

E F J
' d o

{ "rx

: t -

t -

: e

t *

Z c ;

a !

- d F

g  - f i R h R * e o a  ,  E i S s a
r o
N  r q

r d d - r o  h € r 6 o h € d 6 € * r 6 6 : . ^ F O - -
€ r * 6 O N  |  € - € h € r 9 - . i l d - € r 6 € ; O d n : ;
- 6 < d d 6  o + $ n - - * N + - { 6 6 < : - ' - $ !

J  O *  ^
: €  '  - = ; l N V

b e

H  3 .  F 8 8 * e 8 = n  , ! p
: "  

- - $ -

o Xz =

r
r
N
d

I

I

s ^ E t . = Y
= Y] EI E =I'; o El li 5l< : tE6 . s l o  ; l
3 8lE.- r l= nl
€ 6l€F2l€ 6l

h o r @ o * + € t +
* O N $ r @ h € l €
h r r O n o d a l i
€ * N d - {  6 l €
N 6 N  € N  T I +

+  : l r

- o - € € 6 o - r t o
6 0 € € o 6 N o l +
- . € 6 € f 6 6 - l €
r € € r € n $ o t r
- F  - d  d l €

6  6 t r
6 m

\ o \ o r * \ o o  I  d o o o - i o € d h o o o - o h 6 - * - '  € l €
O € - 6 - d  @ O - O r - h - 6 6 O O A d O € - 6 \ O $  * l O
6 € t * o +  o o N o 6 d t h € d o o 6 r o a N + h €  o l h
: - h € - h  - O O - f f * @ O h d € € € O O h O h O  r l r
9 Q { € O +  r t f € O O - $ 6 - - * N O O r € O @ O  + l O
N S -  - N  N r t € r N  n 6 - h O - 6 d 6  N t d

I i N N : N i
N

s  3  c n  $  F  $ F  8 $  8 S 3  ; 8 8 F  3  8 5 S 8 S  !  $  F  S e  ? t 3
N  N  F  t  N  € € 6  c ) O  O A  H  r  $  N  € . +  c , c ) \ O  c )  d  r  c ' €  s € 6 1 -
< - 9 n N h F € O h N f  € A € O 6 O 6 O O h d O € -  + A O l -
O - r P S h $ d h 6 { O * - 6 6 r  @ O - A O 6  -  r  - @ h d l 6
6 € N - N g d O h E r h € - r d * : h € d € d O h O € + - l O
N - -  - -  - - A q - i  h  h - h - : d o o - 6 6 t N

N O :  N  *  :  F

.! ]o loI  E? _5€ 3r s e3Jf

s:ggss:E=sssger=SEci gfsja3isagE €|gs gE;irE=

f !  E$q= -€19  ' 8818  E$8RsE$€FK8€$FGKS 88$ t9
i . : 85s38833  S ;19  S€sPPsSBEs$33RsRr  S r€ | f iq t  a Q h V 6 O $ -  - 1 1 6  6 O 6 € r h r - - h 6 d N 6 N o r  r d h l h
> ;  m g = - N  - l  N - - r  6 - - - h o - 6 h N o  €  6 l o

d s t h d 6

O d  -  h  O  +  6  €  -  €  A N  h  6  r  -  6  O  O  @ l €
r  h  h  O  -  € 6  € O  O  +  +  F  @ d  Q  €  O O  h l h
*  - €  d  N  6 0  -  +  h € o  +  € o o  *  N  o  9 t €
€ N  O  N  t  $  r  6 O  €  €  n  N  O  n d  N  r  €  @ l -
o g b  f  d  €  - O  -  r  r  *  r  O  h €  h  h  d  - l O
N @ O € 6 - - * h d O d N 6 € - S  F  @ l +

h - d : € r : t o
6 {

! l  ! a  o r @ 6 h + N d @ d o l

E  3  8 S ; + g ; K 3 3 8 $ l
. -  € h - € 6 € N € 6 n - l
i  6 6 - N 6 € r € - o € l

6 @ € O - d  -  O l
- * d  -  - l

$ l

6l
,:Y

; t  - ^  +  =  - ^ - . :

=l 3^;  a. i  a?9 E i  '  ==
JIE 3'E = : i2;  ;  F 'e< H;E -
l r .e  5?sE E  *9E=- r  S i+  E' a , l 6 E P  

F  P q E  6  - . ! t =  e . E : 6 . E . 6<lE : :,: -; ; :a v z p. o q q F- t- /

g - ; ;

€o?=€JEE?e
cEEiggfrEE;

r
r

h o

h E

9 5



lntroduction

Pollutant Total Emissions
(1000 tons)

Motor vehicle emissions
(1000 tons)

7o vehicles

Nox

HC

co

36,019

33,869

1 19,148

17,012

t3,239

78,227

4 7 %

39 Vo

6 6 %

Table 2. Motor vehicle share of OECD pollutant emissions (1000 tons, 1980).

Source : OECD Environmental Data, Organization for Economic Cooperation and
Developement, Paris, 1987.
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Chapter 2
Part I

EPIDEIVIOLOGICAL STT]DIES OF THE HEALTH EFTT,CTS

OF AIR FOLLUTION DTIE TO MOTOR VEHICLES

Isabelle Romieu'

Introduction

Several major classes of air pollutants have the potential to affect the health of
populations (ATS, 1978). These pollutants result either ftom primary emissions
or atmospheric transformation. Motor vehicles are the major source of a number
of these pollutants, in particular carbon monoxide, nitrogen oxides, unburnt
hydrocarbons, ozone and other photochemical oxidants and lead and, in smaller
proportions, total suspended particulate, sulfur dioxide and volatile organic
compounds (t{EI, 1988). With growing urbanization and vehicle densrty, and the
great expense of pollution control, urban air pollution has become a crucial
problem and it is now urgent to undertake risk assessments in order to evaluate
and prioritize control strategies. In this chapter, the epidemiological evidence of
the health effects of pollutants that have a direct or indirect source relationship to
automotive emissions is reviewed. Individuals exposed to a high concentration of
air pollution resulting from road traffic are at the same time exposed to high noise
levels; the health effects of the latter will be discussed in Part II.

Isabelle Romieu, M.D., Dr.Sc. Medical Epidemiologist, World Health
Organization, Mexico City, Mexico.
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Motor vehicle air pollution

Factors conditioning the toxic effect of pollutants

Motor vehicle exhaust is a complex mixture, the composition of which depends on
the fuel, type and operating condition of the engine and the use of any emission
control device. Pollutants and their derivatives can cause adverse health effects by
interacting wittr, and impairing, molecules crucial to the biochemical or
physiological processes of the human body. Three factors condition the risk of
toxic injury from these substances: their chemical and physical properties, the dose
of the material that reaches critical tissue sites, and the responsiveness of these
sites to the substance. The physical form and properties (e.g. solubility) of
airborne contaminants will influence their distribution both in the atmosphere and
in biological tissues, and therefore the dose delivered to the target-site. This dose
is very difficult to determine in epidemiological studies and therefore surrogate
measurements are used ranging from atmospheric concentration to dose
determination in blood or more accessible body tissues (for example, hair). For
some pollutants, mathematical models of the relationship between exposure and
dose can also be used to develop surrogate mqnures. The interaction of pollutants
with biological molecules (or receptors) triggers the mechanism of toxic response
that may act by direct stimulation or by a cascade of molecular and cellular events
that ultimately damage tissue (HEI, 1988). The different pathways from pollutant
sourses, from exposure through inhalation to toxic effects are shown in Figure 1.

Pollutants effects may also vary across population groups; in particular, the young
and the elderly may be especially susceptible to deleterious effect; persons with
asthma or other preexisting respiratory or cardiac diseases may experience
aggravated symptoms upon exposure (HEI, 1988).

Health effects of specific pollutants

Substances mainly affecting the airways

Among the extremely large number of substances in the exhaust of motor vehicles,
several exert irritant inflammatory effects on the respiratory organs. The main
ones are nitrogen oxides, ozone and other photochemical oxidants, as well as
sulfur oxides and particulate matter.

Nitrogen oxides

Nitrogen dioxide (NO) is an irritating gas that is absorbed into the mucosa of the
respiratory tract. Upon inhalation 80-90% of NO2 can be absorbed, although this
proportion varies according to nasal or oral breathing. The maximal dose to the
lung tissue is at the junction of the conducting airway and the gas exchange
region. Because NO2 is not very soluble in aqueous surfaces, the upper airways
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Health effects of air pollution

Figure 1. Pathwayst from pollutant sources to toxic effects.
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Motor vehicle air pollution

retain only small amounts of inhaled nitrogen ox-ides. Nitric and nitrous acids or
their salts can be observed in the blood and urine after exposure to Nq (WHO,
1987a).

Levels of exposure to nirogen dioxide that should not be exceeded (WHO
guidelinas levels) are respectively 4gg p,gtrr3 1O.Zt patrs per million [ppm]) for t-
hour and 150 pglm3 (0.08 ppm) for 24-hours (WHO, 1987a).

In certain occupations, workers are intermittently exposed to high concentrations
of oxides of nitrogen, particularly No and No2. The spectrum of pathological
effects in the lung resulting from occupational exposure to nitrogen oxides range
from mild inflammatory response in the mucosa of the tracheobronchial tree at
low concentrations, to bronchitis, bronchopneumonia, and acute pulmonary
oedema at high concentrations (WHO, 1977).

Most of the epidemiological research studies at the community level have focused
on the acute effects of short term exposure to high levels of Ne, and there are
few data on long term effects of low-level or repeated exposure at peak levels.
Morrow (1984) has shown that No, can be toxic in certain biological systems, and
acute exposure to No2 has been reported to affect both the cellular and humoral
immune systems. other authors @amji and Richters, 1989) have reported a
reduction of r-lymphocyte subpopulations following acute exposure to Ne, which
may reflect a functional impairment of the immune response.

There have been numerous controlled studies of the effect of nitrogen dioxide on
the lung functions of healthy individuals, as well as asthmatics and subjects with
chronic bronchitis @PA, 1982a). Short exposure (10-15 minutes) to concentration
of No2 exceeding 1300 pglm3 (0.7 ppm) caused functional changes in healthy
subjects, particularly an increased airway resistance. Recent controlled studies
show conflicting results concerning respiratory effects in asthmatics and healthy
individuals at nitrogen dioxide concentration in the range of 190-7250 pglm3 10. t-
4.0 ppm). The lowest observed level to affect lung function consistently was a
30-minute exposure with intermittent exercise, to a nitrogen dioxide concentration
9f 560 pglm3 (0.: ppm). Asthmarics appear to be moreiesponsive to Ne and
their lung functions may be affected by a level of 940 pglm3 (0.5 ppm). Nitrogen
dioxide also increases reactivity to pharmacological bronchoconstrictor agents and
a greater response to these agents is observed in asthmatics (WHO, 1997a).

Few community epidemiological studies of outdoor NO. exposure have
demonstrated an association between ambient air levels of No* compounds and
measurable health effects. However, methodological problems, such as presence
of mixture of pollutants, lack of control for parental smoking or indoor sources of
No2 (speizer et al., 1980), with all of the studies preclude acceptance of any of
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Health effects of air pollution

the results as clear evidence for increase in acute respiratory illness due to NO*
exposures. These studies have been extensively reviewed (EPA, 1982). More
recent studies have taken the opportunity of comparing groups exposed to NQ
emitted from the combustion of gas inside buildings. Speizer et al. (1980)
investigated the effect of indoor NQ concentration due to gas-stove use and
reported an average rate difference between exposed and non-exposed children of
32.5 per 1000 children for respiratory infection before age two. These results
were not confirmed by other studies which could not find a significant effect of
the use of gas-combustion appliances (WHO, 198?a). Samet and Utell (1990)
have pointed out the limitations of these epidemiological studies. Another study
conducted among school children aged 7 to ll years in six US cities over a 5 year
period (1983-1938) showed that a 28.6 pglm3 10.0t5 ppm) increase in the
household annual NO2 mean was associated with an increased cumulative
incidence of lower respiratory symptoms [odds ratio (OR;= 1.4; 95Vo confidence
interval (C1) 1.1-1.71. There was no consistent effect of NQ on pulmonary
function measuremen8 (Neas et al., 1991). A meta-analysis of 11 epidemiological
studies giving quantitative estimates of effects showed increases of respiratory
illness in children of less than 12 years of age, associated with long-term exposure
to high concentrations of NQ (gas stoves) compared to children exposed to low
concentrations of this pollutant: a difference in exposure of 30 pglmr resulting in
an increase of about 20% in the odds of respiratory illness (odds ratio 1.2; 95%
confidence limis:1.1-1.3). This becomes a public health concern since recurrent
childhood respiratory illnass may be a risk factor for later susceptibility to
damaged lungs. There is however insuffrcient epidemiological evidence to draw
any conclusion regarding the short- or long-term effects of NQ on pulmonary
function (Hasselblad et al., 1992).

In summary, in spite of decades of laboratory, clinical and epidemiological
research, tle human health effects of NQ exposure have not been fully
characterized. The toxicological evidence has indicated hypotheses to be tested in
human populations (table 1) but limitations of the clinical and epidemiological
studies have precluded definitive testing ofthese hypotheses (Samet et al., 1990).

Ozone and other photochemical oxidants

The primary target organ for 03 is the lung. 03 exposure produces cellular and
structural changes, the overall effect of which is a decrease in the ability of the
lung to perform normal functions. Ciliated and Type 1 cells are the most sensitive
to ozone exposure (ciliated cells function to clear the airway of inhaled foreign
material). Proliferation of non-ciliated bronchiolar and type 2 alveolar cells
occurs as a result of damage and death of ciliated and type I cells. The lung
airspace location where ozone exposures cause a major lesion is the centriacinar
area, which includes the end of the terminal bronchioles and the first few
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Motor vehicle air pollution

Table 1. Potential human health effects of NO2

Source: Samet and Utell, l99O

generations of either respiratory bronchioles or alveolar ducts (depending on the
species) (Lippmann, 1989a). Thus effrciency of gas exchange can be
compromised in the affected area. Levels of exposure that should not be exceeded
(WHO guideline) are 150-200 pglm3 (0.076{.1 ppm) for t-hour exposure, and
100-120 pglm3 (0.054.06 ppm) for an 8-hour e*posure (WHO, lgSlb).

The observed health effects ofphotochemical oxidants exposure cannot be
attributed only to oxidants because photochemical smog typically consists of e,
No2, acid sulfate and other reactive agents. These pollutants may have additive
or synergistic effects on human health, but ozone appears to be the most
biologically active (WHO, 1987b).

Most of the studies on the health effects of e have focused on short-term (1-2
hour) exposure and have indicated a number of acute effects of 03 and other
photochemical oxidants (rable 2). This literature has been extensively reviewed
(EPA, 1986). studies of hospital admissions in relation to e exposure reported
an increase in hospital-admission rates for respiratory diseases @ates and Sitzo,
1983) and asthma attacls (whittemore and Korn, 1980; white and Etzel, 1991).
However, due to methodological limitations, these studies cannot demonstrate an
association between ozone exposure and respiratory illness. Different authors
have investigated symptoms related to 03 exposure. In a clinical study, Avol et
al. (1987) studied the occurrence of symptoms in subjecs exposed to e

1 8

Health Effect Mechanism

Increased incidence of respiratory infections

Increased severity of respiratory infections

Respiratory symptoms

Reduced lung function

Worsening of tle clinical status of persons with asthma,
chronic obstructive pulmonary disease or other chronic
respiratory conditions

Reduced effrcacy oflung defenses

Reduced efficacy of lung defenses

Airways injury

Airways and alveolar (?) injury

Airways injury
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Table 2. Human response to single Q exposure

'lppb = 2pgtf

Source: Lippmann, 1989b

level ranging from 0 to 640 pglfir3. Symptoms were classified as upper
respiratory (nasal congestion or discharge and throat irritation), lower respiratory
(substernal irritation, cough, sputum production, dyspnea, wheeze and chest
tightness) and non-respiratory symptoms (headache, fatigue and eye irritation).
Scores were then calculated, based on the intensity of the symptoms presented.
Results showed a dose-response relationship between effective dose of Or (O:
concentration . time . ventilation rate) and symptom scores (Figure 2). Imai et
al. (1985) reported significant symptom increase in adults during periods of
increased ambient 03 exposure in Japan. Ostro et al. (1988) analyzing data
collected for 6 years (National Health Interview Survey, 1976-1981) showed that
ambient 03 levels were associated with restricted days of activity due to
respiratory illness in the working population. It can be derived from this analysis
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Figure 2. Effect of ozone on respiratory symptoms.
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that the change in the number of an individual's minor restricted activity days on a
given day (i) for a given population (i) (MRADJ;) is equal to the change in the
daily high 03 hour in ppm on a given day (dOi), multiplied by the population
exposed (APOP), multiplied by a coefficient (0.077 assuming an average number
of minor restricted activity days in a year of 7.8 days [dMRADij = 0.077 . dOii
'APOPT) (Kleinman, 1989). In sum, effects which have been iissociated with 

-

hourly iverage oxidant levels beginning at about 200 pgtnf (0.10 ppm) include:
eye, nose and throat irritation, cough, throat dryness, thoracic pain, increased
mucous production, rales, chest tightness, substernal pain, lassitude, malaise and
nausea.

Ozone like NO2 can induce increased non-specific airway sensitivity to inhalation
challenge testing with bronchoconstrictive agents (HEI, 1988). Recent research
has shown that effects can be produced by exposures as short as 5 minutes, and
that various effects become progressively larger as exposures at a given
concentration are extended in time up to 6.6 hours. However, repeated exposures
to a given concentration (6.6 hours to 0.08, 0.10 and 0.12 ppm) on several
consecutive days result in attenuation of functional changes but persistence of
airway hyperresponsiveness. This suggests ongoing action of 03 on the lung
(Folinsbee, 1991). Although smokers and subjects with preexisting pulmonary
disease do not appear to be more sensitive than others to Q, within the apparently
normal population there is a range of responsiveness to 03 that is reproducible
(wHo, 1987b).
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Health effects of air pollution

The inhalation of 03 causes concentrationdependent decreases in the average lung
volumes and flow rates during expiratory manoeuvre, and mean decrements
increase with increasing depth of breathing (Lippmann, 1989a). Decrease in lung
functions in healthy children and young adults have been_ reported at hourly
average 03 concenlrations in the range of 160-300 pglm3 10.08 4.150 ppm) (see
Table 3). Based on estimates from Spektor et al. (1988) moderate physical
activity for a range of exposure from 38 to 226 pglm3 (0.019 to 0. 1 13 PPq) for I
hour could lead to a decrement of 0.5 ml/pglm3 for FVC1 and 0.7 ml/pglm3 for
FEV12; this would result in a decrement of 180 ml for FVC and 250 ml for FEVI
for a concentration of 400 pglm3 (0.2 ppm) 03 (l-hour average). From these
data, average decrement in FVC, FEVI and PEFR3 of 4.9%,7.7Vo and 17%
respectivelt were predicted for the curient EPA standard for 03 2aO Fgtnf
(0.12 ppm).

In a study conducted in Mexico City among school children, Castillejos et al.
(1991) reported an acute and subacute effect of 03 on lung functions. However
the decrements were smaller than that expected from the regression slope of
Spektor et al. (0.8% for FVC and 0.8% for FEVI with a ma:rimum 03 level of
2a0 y"glnr3 (0.12 ppm) at 24 hours prior !o testing. The mean 03 exposure 48
hours and 168 hours (7 days) were the more significant in predicting FEVI and
FEF2s-?s4. These authors suggest that children chronically exposed to O, may
present a phenomenon of "tolerance". This finding is in agreement with the fact
that repetitive exposures tend to produce less of a response (Ilackrcy, 19771,
Folinsbee, 1991). Thepotentialadverseeffectof such "tolerance" isnotknown.
Asthmatics are not more sensitive to 03 as shown by their FEVI response,
however 03 may exacerbate this disease by facilitating the entry of allergens or
because of the inflammation it induces. There is some evidence that 03 may act
synergistically with other pollutants, such as sulfate and NOr (Kleinman, 1990).
Koenig et al. (1989) showed that inhaling low concentration of 03 may potentiate
the bronchial hyperresponsiveness of people with asthma !o sulfur dioxide
exposure.

I FVC= Forced Vital Capacity

2 FEV, = Forced Expiratory Volume in one second

3 PEFR= Peak Expiratory Flow Rate

a FEFrr-rr= Forced Expiratory Flow from 25% to 75Vo of the
Capacity

Forced Vital

a 7
L L
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Table 3. Mean functional changes per ppb* 03 in adutts and children after exercise. Comparison of-
results ftom field and chamber exposure studies with q.
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Health effects of air pollution

Experimental studies in animals and humans have shown that O, increases airway
permeability and particle clearance, causes airway inflammation and decreases in
bactericidal capacity, as well as structure alteration in the lung (Lippmann,
1989b). It is not yet known whether repetitive inflammation has long term
consequences.

The long-term exposure effects of O, are still unclear, but there is good reason for
concern that repeated insults could lead to chronic impairment of lung
development and functions. Animal studies have demonstrated progressive
epithelial damage and inflammatory changes that appear to be cumulative and
persistent, even in animals that have adapted to exposure in terms of respiratory
mechanics (fepper et al., 1987), at concentrations slightly higher than those that
produce effects in humans. Furthermore, for some chronic effects, intermittent
exposures (i.e. alternate months) can produce greater effects than those produced
by continuous exposure regimes (all periods) to the same atmosphere that result in
a higher cumulative exposure. These results suggest that disease pathogenesis
depends on the effects produced by lung defensive responses to the direct damage
to epithelial cells caused by O:, as well as on the direct effects themselves
(Lippmann, 1989a). Epidemiological studies on populations living in Southern
California suggest that chronic oxidant exposures affect baseline respiratory
function. Comparing two communities from this area, Detels et al. (1987) found
that baseline lung functions were lower and that there was a greater rate of decline
in lung function over 5 years in the high oxidant community. However this study
has been criticized for several pitfall (poor exposure measurements, lack of
adjustment for potential confounding factors such as indoor air pollution, and
occupational exposure). Similarly, Kilburn et al. (submitted, 1991) compared the
lung functions of 1,093 Los Angeles school children and 1,805 Houston school
children in the second and fifth grades. Los Angeles children had 6% Lower
baseline values for FEVI and 15% lower FEF25_zs. Aerosol administration of
metaproterenol to Los Angeles children improved FEVI by l% and FEF25_75 by
6.6%, but expiratory flows were still below Houston children's values, suggesting
that impairment was not reversible. Repeated measurements of lung functions
among 106 Mexican-American Los Angeles children showed that FEV, was 2.0
percent lower than the predicted value and FEF25-?' was 7.0 percent lower than
the predicted value in 1987 compared to 1984. FVC remained unchanged. The
authors concluded that the worsening of airways obstruction in these children is
probably due to air pollution (Kilburn, submitted 1991).

Euler et al. (1988) evaluated the risk of chronic obstructive pulmonary disease due
to long-term exposure to ambient levels of total oxidants and NQ in a cohort of
7445 Seventh Day Adventists non-smokers, who had both resided in California for
at least 11 years, and were aged at least 25. The results suggest a significant
association between chronic symptoms and total oxidans above 200 pglm3
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(0.10 ppm). However when cumulative exposure to TSP was entered in the
model, only TSP exposure above 200 pglm3 showed statistical significance.
Sherwin et al. (1990) conducted an autopsy study among 107 young non-smoker
aduls aged 14 to 25 years, who died of non-respiratory traumatic causes in Los
Angeles county. They found that 29 of them had lungs with severe respiratory
bronchiolitis, of the kind first described in young smokers (Niewohner et al.,
1974). Moderate changes were present in a further 51 cases. This data may be
the first to show that current 03 exposures are causing the same lesions ttrat have
been observed in monkeys exposed to Q @ustis et al., 1981).

In summary, the transient effects of 03 seem to be more closely related to
cumulative daily exposure than to one hour peak concentrations. Several studies
provided sufficient information to allow a quantitative evaluation of the potential
impact of short term exposure to 03 on population subgroups. Kleinman et al.
(1989) summarizing data from different studies derived a dose-response
relationship between change in FEVI and effective dose of 03 @roduct of
concentration of 03 . time . ventilation rate) (Figure 3). These authors also
calculated dose-response functions to determine the change in the percentage of the
population affected by specific symptoms according to 03 ambient level. The
model fitted well data derived from clinical studies. Finally, the work of Ostro et
al. (1988) can be used to determine the change in restricted activity days
associated with changes in ambient 03. However these models can only provide
an approximation since the effects of O, may be potentiated by the presence of
other environmental variables such as acid aerosols.

The effects of long term chronic exposure to O, remain poorly defined, but recent
epidemiological and animal inhalation studies suggest that current ambient levels
(close to 240 pglm3 or 0.12 ppm) are suffrcient to cause premature lung aging
(Lippmann, 1989b). More research is needed on the chronic effects of 03 on lung
structure, disease pathogenesis and interaction with other environmental factors.

Sulfur Dioxide and Paniculate Matter

Sulfur dioxide and particulate matter represent only a minimal part
of automotive emission, however, these pollutants react and may have a
synergistic effect with other pollutants emitted by vehicles. Therefore the
discussion in this section is limited to the most important points.

Inhaled sulfur dioxide is highly soluble in aqueous surfaces of the respiratory
tract. It is therefore absorbed in the nose and the upper airways where it exerts its
irritant effect as well; little of it reaches the lungs. In addition to irritation of the
upper airways, high concentrations can cause laryngotracheal and pulmonary
oedema. From the respiratory tract, sulfur dioxide enters the blood. Elimination
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Figure 3. Effect of ozone on pulmonary function.
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occurs mostly by the urinary route (after biotransformation to sulfate in the liver).
The deposition of particulate matter depends mainly on the breathing pattern and
the particle size. Larger particles are mainly deposited in the extrathoracic part of
tlre respiratory tract (> 10 pm) and most of the particles 5-10 pm arc deposited in
proximity to the fine airways with normal nasal breathing. With mouth breathing
the proportion of tracheobronchial and pulmonary deposition increases (WHO,
1987c). Ambient levels of sulfur dioxide and particulate matter that should not be
exceeded (uS- EPA guidelines levels) are respectively 80 pglm3 (0.03 ppm) for
annual average and 365 pglnf (0.14 ppm) for 24-hours average, and 75 pglnf for
annual average and 260 pglm3 for 24-hour (EPA, 1982b).

Although controlled exposures to different concentrations have shown different
effects on respiratory functions, epidemiological studies have provided much of the
information concerning the effecs of exposure to realistic concentrations of sulfur
dioxide and suspended particulate matter. Variations in the 24-hour average of
sulfur dioxide (SO) and total suspended particulate matter (fSP) have been
associated with increased mortality and morbidity, and reductions in lung
functions.

During the first half of this century episodes of marked air stagnation have
resulted in well-documented excess mortality in areas where fossil-fuel combustion
produced very high levels of SO2 and TSP (EPA, 1982). In one notable episode
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in Donora, Pennsylvania in October 1948, 43% of the population of approximately
10,000 were adversely affected. A similar event occurred later in London where
concentrations of SO2 and smoke rose above 500 pglm3. The people primarily
affected were those with preexisting heart and lung disease, and the elderly,
although with closer examination of these data, it seems that children under 5
years old were also severely affected (London Ministry of Health, 1954).
Following these major episodes, attention was turned to studies on more moderate
day-today variations in mortality within large cities in relation to pollutants.
These acute mortality studies of SO2 and particulate matter suggested a dose-
response relationship between 24-hour levels of these pollutants and excess
mortality, particularly at values over 500 p1lni. However, new analysis of the
London Winter data 1958-1959 to 197l-1972, controlling for important
confounding variables such as temperature and humidity indicates the absence of a
threshold level for the adverse effect of British smoke, and a statistically
significant pollutant effect on mortality below 150 pglm3 was observed io.tro,
1984). Similar results were reported by other authors (Schwaru and Marcus,
1990; Schwartz, 1991). Evans et al. (1984) summarized data from 23 original
cross-sectional mortality studies and derived a dose-response function to assess the
impact on mortality of change in particulate levels. More recently Schwartz and
Dockery (1992), reported an association between TSP and daily mortality in
Steubenville, Ohio, US. An increase in 100 pglm3 in the daily particulate mean
was associated with a 4Vo increase in mortality the next day. The relationship
appeared to hold at levels well below the current national air quality standard (ISP
24-hour mean = 250 pglm3).

Short term peak concentrations of SO2 and particulate matter may also increase
morbidity, especially in individuals with higher sensitivity than the general
population, such as those with asthma and chronic bronchitis. Based on
epidemiological studies :rmong these populations, a minimum level of black smoke
and SO2 of 250 pglm3 is estimated to be needed to produce effects, including
exacerbation of symptoms and asthma attacks, although effects may be observed at
lower levels among highly-sensitive bronchitis patients WHO, 1987c). Results
from studies of hospitalization @ates, 1983) arid emergency room visits also tend
to support this association (Samet, 1981). More recent studies conducted close to
a steel mill in Utah where PM,s (particulate matter < 10 pm) was the only
significant pollutant, have pointed out the adverse effects of PMto on hospital
admissions for respiratory disease @ope, 1989), and on mortality for respiratory
related causes (Archer, 1990). Using data from the Health Interview Survey
(HIS), collected over a 6 year period (1976-1981), Ostro (1989) calculated that an
increase in the annual mean of t pglnr3 in fine pafiiculates (< 2.5 pm) could be
associated with a3.2% increase in acute respiratory diseases in adults aged 18{5
years.
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In some studies, observed deviations in lung function levels of children have been
associated with short-term fluctuations in particulate concentration (WHO, 1987c).
From data collected by Dockery et d. (1982) during air pollution episodas it can
be calculated that in the most sensitive children (approximately 25% of his study
population), there was a deficit in lung function at least 4 times greater than in
those of average sensitivity, corresponding to a decrease in FEVI of 0.39 ml per
each increase of L y,glnf of exposure GSP). The minimum level for effect was
judged to be 180 pglm3 TSP. In a study conducted among asthmatics, inhalable
particulate matter (3 = 10 pm) was associated with reductions in PEFR and
increased symptoms and medication use (Pope, submitted 1990).

Studies on long-term health effects have related annual means ofSQ and
particulate matter to mortality and morbidity. Ecological studies of the
relationship between sulfur dioxide-and-particulate levels and mortality ftom
cardiorespiratory diseases have usually indicated that this complex of SO2 and TSP
accounts for approximately 4% of the variation in death rates between cities
(WHO, 1987c). Many factors, such iui differences in smoking habits, occupation
or social conditions may contribute to the disparities in death rates attributed to
SO, and particulate, but the results of studies carried out in different parts of the
world imply a relatively consistent association between long-term residence in
more polluted communities and increased mortality rates. Recently, a study
comparing different areas of Rio de Janeiro, Brazil found a significant difference
in infant mortality from pneumonia associated with average annual level of
particulate @enna and Duchiade, l99l).

Community-based studies conducted among adults and children have indicated a
detectable increase in the frequency of respiralory symptorns and illne.sses in
communities where annual mean concentrations of both black smoke and SO,
exceed 100 pglm3. Several studies investigated the relationship between
respiratory illness and symptom rates, and pollutant levels. In a study conducted
among a preadolescent population aged 6-9 years, living in six US cities (Ware
et al., 1986), frequency of chronic cough was significantly associated with the
annual average concentration ofthese air pollutants CISP, TSO4, and SO) during
the year preceding the examination (Figure 4). The maximum level observed
were 114 pglm3 for TSP, 68 pglm3 for SO2 and 18 p"glrrf for total sulfates
(ISO+). Rates of bronchitis and composite measure of respiratory illness were
significantly associated with average particulate concentration. Similar results
have been eonfirmed in a second cross-sectional survey of Lhe same population
@ockery et d., 1989). A subset with asthma and permanent wheeze experienced
a higher rate of pulmonary symploms in relation to increased pollutants. There
was no evidence of impaired lung function associated with pollutant levels. Other
studies conducted over a period of years have shown an association between the
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Figure 4. Plot of adjusted frequency of chronic cough
against total particulate levels.
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magnitude of lung function changes and the level of pollution (WHO, 1987c),
however there is no firm conclusion given the lack of accurate exposure
measurement. In many cities of Latin America, particulate levels greatly exceed
the standard guidelines for this pollutant @omieu et al., 1991). In a study
conducted in Chile (SERPLAC, 1989), comparing Santiago (where particulate
levels are high) and a control city, results suggest an association between
respiratory symptoms and lower respiratory function parameters, and PMls levels.
However the lack of air pollutant measurements in the control city limits the
interpretation of the data.

There is some growing evidence that chronic exposure to smoke may play an
important role in the genesis of chronic lung disease. In a study conducted among
adult British residents, Lambert et al. (1970) found a higher prevalence rate of
chronic bronchitis in residents of areas with heavier air pollution, independently of
cigarette smoking, although an interacting effect was also present. Results from
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Health effects of air pollution

other correlation studies tended to suggest that areas with higher pollution levels
are associated with higher levels of chronic bronchitis, although the interpretation
of these results is limited by the crude exposure mqsurement. In developing
countries, prevalence rates of chronic bronchitis often appear to be much higher
than in industrialized countries and to have sex ratios tending to 1, which cannot
be explained solely by cigarette smoking @umgartner and Speizer, 1991).
Although exposure to multiple risk in developing countries may be much higher
than in developed countries these results suggest that exposure to indoor smoke
pollution, which is much more common among women, may largely account for
the differences.

Most of the health effects described above referred to coal and industrial emission
particulates. It is important to note that the composition of particulates due to
vehicle emission will have a distinct composition and therefore potentially a
slightly different health impact. However, there is very limited data on this topic.

Effects of exposure to diesel engine exhaust on the lung have been reviewed by
Calabrese et al. (1981). Decrease in pulmonary functions (FEV, and FVC) in
workers exposed to diesel engine fumes have been observed, however the
decrement was reversible after a few days without exposure. There are conflicting
results on the possible effect on the lung of chronic occupational exposure to
diesel engine exhaust. Some studies showed decrements in lung functions and
increased prevalence of respiratory symptorns (IARC, 1989). A follow-up study
among workers in heavy construction equipment showed a highly significant
overall excess of deaths from emphysema (116 observed,70.2 expected) and this
excess was higher among men with longer membership in the union. However,
there was no data on smoking habis and the author noted that they were unable to
estimate the degree to which exposure to diesel emissions (as distinct from other
occupational factors, such as exposure to dust) might have contributed to the
excess mortality from emphysema (Wong et al., 1985). Other studies on exposure
to diesel particulate have emphasized the risk of pulmonary cancer in animals
(Adler and Carey, 1989). At the community level, automotive emissions cannot
be considered in isolation especially because of their synergistic chemical and
physical interactions with emissions from stationary sources and vegetation, giving
rise to secondary chemical products such as acid aerosols (HEI, 1988).

In summary, WHO (1987c) has determined the lowest-observed-effect level for
short-terrn and long-term average air pcllution measurements (fables 4:5);
however, recent findings suggest that adverse health effects may occur at lower
concentrations. Several studies provide sufFrcient information to allow a
quantitative evaluation of the health impact of particulate matter and have been
used for risk assessment (Kleinman et al., 1989; Ostro et al., 1990; Romieu et al.,
1990). However, these estimates are only approximate because several factors
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Table 4. Summary of effects on human health of lowest-observed-effect levels of
sulfur dioxide and particulate matter (short-term exposure).

Effect

24-hour mean exposure to:

Soz

(pglm3)

smoke

0rglm3)

total
suspended

particulates

@eh'f)

thoracic
particles
Qtgtm3)

Excess moftality

Increased acute
respiratory morbidity
(adults)

Decrements in lung
function (children)

500

250

500

250

r80 1 1 0

Source: WHO, 1987c

Table 5. Summary of effects on human health of lowest-observed-effect levels of
sulfur dioxide and particulate matter (long-term exposure).

Effect

Annual mean exposure to:

Soz

0.g/rn3)

smoke

@elt13)

total
suspended
particulates

@gkrr3)

Increased respiratory
symptoms or illness

Decrements in lung
function

100 100

i80

Source: WHO, 1987c
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may interact in particulate composition, and because synergy with other pollutants
may have occurred. Also, it is not clear whether long-term effects can be related
simply to annual mean values or to repeated exposure to peak values.

Aci.d aerosols

Because of their small size (fine particles), acid ambient aerosols tend to deposit in
the distal lung airway and airspace. Some neutralization of the droplets can occur
before deposition, due to normal excretion of endogenous ammonia into the
airways. Deposited free H+ reacts with components of the mucus of the
respiratory tract changing its viscosity; the unreacted part diffrrses into the tissues
(WHO, 1987c).

Beginning in 1986, direct measurements of sulfuric acid aerosols and nitric acid
vapor have been made in different locations in North America. These data have
shown that in the summer, usually when the 03 is elevated and the humidity is
high, peaks ofthese acids are occurring at ground level, lasting for several hours

@ates, 1991). Few measurements have been made in other parts of the world,
therefore it is difficult to know the extent of the problem.

It is well established in animal experiments and controlled human studies that acid
aerosols have a deleterious effect on respiratory health. Lippmann (1989c)
reviewed recently the state of knowledge of these effects. Alteration of lung
functions, particularly increase in pulmonary flow resistance occurs after acute
exposure. Sulfuric acid (H2SOa) appqus to be more potent than any of the sulfate
salts in term of increased airway irritancy (WHO, 1987c). Acid aerosols have
also been shown to modify particle clearance although the mechanism is not yet
well established (Folinsbee, 1989).

Based on the epidemiological data collected during the London-smog episodes, it
has been established that excess mortality in London was more closely a.ssociated
with British smoke (reflectance data) than with SO2. A reanalysis of the London-
Smog mortality data in relation to exposure to acid aerosols suggests that the SOo-
was the component of greater health significance (Ihurston et al., 1989). Also,
peaks of acid aerosols observed in Canada during the summer could have been
responsible for the association observed between sulfate levels and acute hospital
admissions, to the extent that sulfate constitutes a surrogate measurement for
su!furic acid aerosols @ate-s and Sitzo, 1987).

Changes in lung function in relation to acid aerosols exposure have been studied in
children. Raizenne et al. (1989) report a 3.5 to 1Vo decrement for FEVt and
PEFR associated with air pollution episodes with maximum values of 286 p,gllin.-"
(0.143 ppm) of C,3, 47 .7 pglm3 HrSOa and 550 nmole/m3 of H+. Asthmatics are
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more sensitive in terms of changes in lung functions than healthy people, and
vigorous exercise potentiates health effects at a given concentration. The lowest
demonstrated effect level for sulfuric acid was 100 pglm3 with mouthpiece
inhalation and intermittent exercise (Hackney, 1989). A preliminary analysis of
data from Koenig et al. (1989) collected among allergic children, showed that
exposure to HrSo4 alone or in association with So2 caused significant changes in
lung functions whereas exposure to relatively clean air or Se in the absence of
acid aerosol did not. Recent studies by ostro et al. (1991) in Denver have
produced evidence that aerosol H+ levels were associated with worsening asthma.

Acid aerosols seem to act synergistically with 03. stern et al. (19s9) investigated
respiratory health effects associated with ambient sulfates and 03 in two rural
canadian communities in 1983-1984. Respiratory health was asiessed by the
measurement of lung functions and by evaluation of the child's respiratory
symptoms and illness using a parent-completed questionnaire. There was a
significant difference in the level of Se, SOo- and NO, between the two
communities. children living in the community with the highest levels of
contaminants, had a significant decrement in lung functions piuameters e% fot
FVC, and L.lVo for FEVr).

In summary, it seems that the role of secondary products such as acid sulfate are
strongly involved in the adverse effects or oe SQlparticulate complex (Spengler
et al., 1990). Better specification of these effects are needed, especially on the
genesis and evolution of chronic pulmonary diseases.

substances preent in exhaust gas that produce toxic systemic effects.

Carbon Monoxide

carbon monoxide is rapidly absorbed in the lungs and is taken up in the blood,
where it is bound to haemoglobin (rIB) with the formation of carboxyhemoglobin
(coHB) thus impairing the oxygen carrying capacity of blood; the dissociation of
oxyhemoglobin is also altered due to the presence of coHB in the blood thereby
further impairing the oxygen supply to the tissues (the affinity of haemoglobin for
Co is about 240 times that of oxygen). The main factors conditioning the uptake
of co are its concentration in the inhaled air, the endogenous production of co,
the intensity of physical effort, body size, the condition of the lungs, and the
barometric pressure. Table 6 presents the expected coHB levels after exposure to
co concentrations from 11.5 to 115 mg/m3 during different types of phyJical
activity. In absence of co exposure, coHB concentrations are approximately
0.5%, and one-pack per day cigarette smokers may achieve coHB saturation of 4
to 7 percent (wHo, 1979). To prevent carboxyhemoglobin levels exceeding
2.5%-3vo in non smoking populations, the following guidelines are proposed: a
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Table 6. Predicted carboxyhemoglobin levels for subjects engaged in
different types of work.

Carbon monoxide
concentration

Exposure
time

Predicted COHb level
for those engaged in:

ppm mg/m3
sedentary

work
light
work

heavy
work

100

50

25

10

1 1 5

57

29

1 1 . 5

15 minutes

30 minutes

t hour

8 hours

t . 2

1 . 1

1 . 1

1 .5

2.0

1 .9

1 . 7

1 . 7

2.8

2.6

2.2

1.7

Source: WHO, 1987d

maximum permitted exposure of 100 mg/m3 for ( 15 minutes; 60 mg/m3
(50 ppm) for < 30 minutes; 30 mg/m3 (25 ppm) for 3 t hour; 10 mg/m3
(9 ppm) for 8 hours (WHO, 1987d).

The main effect of CO is to decrease the oxygen transport to the tissues. The
organs dependent on a large oxygen supply are most at risk, and in particular the
heart and the central nervous system, as well as the foetus.

Four types of health effects are reported to be associated with CO exposure:
neurobehavioral effects, cardiovascular effects, fibrinolysis effects, and perinatal
effects. Carbon monoxide leads to a decreased oxygen uptake capacity with a
decreased work capacity under maximal exercise conditions. According to
available data, the COHB level required to induce these effects is approximately
5% (WHO, 1979). Some authors (Beard and Wertheim,1967) have reported an
impairment in the ability to judge correctly slight differences in successive short
time intervals at lower COHB levels of 3.2 to 4.2%. At this level, subjects may
miss signals they wouid not have missed when starting a task.

Subjeca with previous cardiovascular disease (chronic angina patients) seem to be
the most sensitive group to CO exposure. In a recent study, Allred et al. (1989)
investigated the effects of CO exposure on myocardial ischemia during exercise in
63 men with documented coronary artery disease. Results showed a decreasing
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dose-response relationship between the length of time to the onset of angina and
coHB level. The length of time to the onset of angina was reduced by 4.2% for
coHB levels of 2vo andby 7 .lvo at 3.9vo coHB level. This study shows that
COHB levels as low as 2% can exacerbate myocardial ischemia during exercise in
subjects with coronary artery disease. Similar effects have been demonstrated in
patients with intermittent claudication from peripheral vascular disease (Aronow,
1974). A retrospective cohort study conducted among bridge and tunnel offrcers
(n=5,529) exposed to CO showed a 35% excess risk of arteriosclerotic heart
disease mortality among tunnel officers when compared to the New york City
population. Two factors contributed to this excess risk: the exposure (current) to
CO of tunnels offrcers and the movement into a critical higher age group. There
was a reduction of mortality after decrease of exposure (more ventilation in the
tunnel) (Stern, 1988). Table 7 summarizes studies relating human health effects to
different low{evel exposures to carbon monoxide.

The classic symptonN of co poisoning are headache and dizziness at coHB levels
between 10 and 30vo and severe headache, cardiovascular symptoms, and malaise
over about 30%. Above about 40% there is considerable risk of coma and death.

co exposure may also affect the foetus directly through oxygen deficit without
elevation of coHB level in the fetal blood. Dlring 

"iposuiJ 
to high co levels

the mother's HB less readily gives up its oxygen, with consequent lowering of the
oxygen pressure in the placenta, and hence also the foetal blood. Research has
mainly focused on the effect of cigarette smoking during pregnancy. The main
effects are reduced birth weight (Mathai et al., 1990; Ash et al., 19g9; Hebel et
al., 1988) and retarded postnatal development (Campbell et al., l98g).

In summary, average carboxyhemoglobin levels in the general population are
around L.2-l.5Vo (in cigareue smokers around 34%). Below 10% COHB, it is
mainly cardiovascular and neurobehavioral effects that have been evaluated. The
aggravation of symptoms in angina pectoris patients, which is a major public
health concern, may occur at levels as low as 2% coHB. Decreased work
capacity and neurobehavioral function have mostly been observed uound 5%.
Low birthweight has been related to cigarette smoking during pregnancy with the
hypothesis that increased mother's coHB could have a role in this adverse effect,
however there is no estimation of the impact of specific coHB level on the
decrease in birth weight. Based on ambient co concentration, time of exposure,
and physical activity type, the expected level of coHB can be derlr'ed (fable 6),
and used to determine the health impact on the population of specific
CO exposure.

34



Health effects of air pollution

Table 1. Human health effects associated with lowleve! carbon monoxide
exposure: lowest-observed-effect levels

Carboxyhemoglobin
concenEation (%) Effects

2.3 - 4.3

2.9 - 4.5

5 - 5 . 5

< 5

5  - 7 . 6

5 - 1 7

7 -20

Statistically significant decrease Q-7%) ia tle relation
between work time and exhaustion in exercising young

healthy men

Statistically significant decrease in exercise capacity
(i.e. shortened duration of exercise before onset of
pain) in patients with angina pectoris and increase in
duration of angina attacks

Statistically significant decrease in maximal oxygen
consumption and exercise time in young healthy men
during strenuous exercise

No statistically significant vigilance decrements after
exposure to carbon monoxide

Statistically significant impairment of vigilance tasks in
healthy experimental subjects

Statistically significant diminution of visual perception,
manual dexterity, ability to learn, or performance in
complex sensorimotor task (e.g. driving)

Statistically significant decrease in maximal oxygen
consumption during strenuous exercise in young
healthy men

Source: WHO, 1987d

lzad

The contribution of alkyl lead additives in motor fuels accounts for the maior part
of all inorganic lead emissions. An estimated 80-90Vo of lead in ambient air
derives from the combustion of leaded petrol. The degree of pollution from this
source differs from country to country, depending on motor vehicle density and
efficiency of efforts to reduce the lead content of petrol (WHO, 1987e). About
l% of the lead in petrol is emitted unchanged as tetraalkyllead (organic lead).
There is in addition, some evaporation of organic lead from the engine and fuel
tank. Concentration of tetraalkyllead amounting to more than 10% of the total
lead content of ambient air has been measured in the immediate vicinity of service
stations (NSIEM, 1983). The WHO guideline value for long-term exposure (e.g
annual average) to lead in the air is 0.5-1.0 pglm3 (WttO, 1987e).
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Most of the lead in ambient air is on fine particles (< 10 pm). For adults the
retention rates of airborne particulates range from 20Vo and 60%. Young children
inhale proportionately higher daily air volume per unit measure (weight, body
area) than do adults @arltrop, 19'12). It was estimated that children have a lung
deposition rate of lead that can be up to 2.7 fold higher than adults on a unit body
mass basis. The proportion of lead absorbed from the gastrointestinal tract is
about 10% to 15% @abinowitz et al., 1980) in adults, whereas levels of 44-50%
have been reported in children (Ziegler et d., 1978). It is influenced by dietary
intake. Fasting, diets wittr low levels of calcium, vitamin D, iron, and zinc
(Mahaffey, 1990) have been shown to increase lead absorption. The nonexcreted
fraction of absorbed lead is distributed among three compartments: blood, soft
tissues, and mineralizing tissues (bones, teeth). About91% of the lead body-
burden in adults is located in the bones, compared with about 70Vo n children.
Nonabsorbed lead is excreted in the faeces. Of the absorbed fraction 50 to 60% is
removed by renal and biliary excretion. The concentration oflead in deciduous
teeth provides a useful long-term record of lead exposure in children. Organic
lead compounds, (tetraalkyllead and its metabolites), are volatile and liposoluble
and are mainly taken up via the respiratory tract. The absorption by the lung is
rapid and practically complete. Absorption through the skin is also important.
Tetraalkyllead is metabolized in the liver and other tissues to trialkyllead, which
is the most toxic metabolite (NSIEM, 1983).

Animal and epidemiological studies have demonstrated that lead exposure may act
on different systems, principally heme biosynthesis, the nervous system, and other
systems such as the cardiovascular system (blood pressure). Infants and young
children less than five years old are particularly sensitive to lead exposure because
of its potential effect on neurological development.

The effect of lead on heme biosynthesis and erythropoiesis is mainly at the level of
three enzymes: it stimulates the mitochondrial enzyme delta-aminolaevulinic
synthetase (ALAS); it inhibits the activity of the cytoplasmic enzyme delta-
aminolaewlinic acid dehydrase (ALAD) which results in an accumulation of its
substrate ALA (this interference with heme synthesis may occur at levels ( 100
y"gll); it interferes with the functioning of intramitochondrial ferrochelatase,
responsible for the insertion of iron into the protoporphyrin ring, therefore
resulting in an increase of erythrocyte protoporphyrin or zinc protoporphyrin in
blood (Figure 5). Anemia is a frequent outcome of chronic lead intoxication.
Apart from this hematologic effect, lead also exerts an adverse effect on the
endocrine system including the gonadal and reproductive systems @ohn et al.,
1982), it depresses thyroid function (Iuppurainen et al., 1988), and impairs
hepatic metabolism of cortisol (Saenger et al., 1984). In young children, lead
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Figure 5. Effects of lead on heme biosynthesis.

COPBOPORPHYRIN
(INCREASE)

Source: EPA. 1986 
ffiosxts

exposure is also associated wittr a decrease in the biosynthesis of
l,25{ihydroxyvitamin D, an important metabolite of vitamin D (Mahaffey et al.,
1982).

The central neryous system is the primary target organ for lead toxicity in
children. Exposure to high concentrations of lead can result in an encephalopathy
which is more frequent in childhood lead poisoning than in adult poisoning. The
r&Non may be due to the ease with which lead crosses the blood-brain barrier in
children. Encephalopathy has occurred in children at blood lead levels in excess
of 800 to 1000 pgll (NAS, 1972). The brain seems more sensitive to alkyl lead
exposure (NSIEM, 1983).

Exposure of children to lower concentrations of lead may produce neuro-
physiological disorders, including impairment of learning ability, behavior,
intelligence and fine motor coordination. This work has been recently reviewed
(Grant and Davis, 1990; Davis and Svendsgaard, 1987; ATSDR, 1988).
Needleman and colleagues (1979), in a community based study of children in
Boston in whom previous exposure to lead was estimated from examinations of
deciduous teeth, reported evidence of lead-related neuropsychological deficits.
This negative association between tooth-lead level and mental development was
reported in subsequent studies (Winneke et al., 1983, 1984). However, in other
studies (Smith et al., 1983; Harvey et al., 1984), correcting for social environment
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greatly attenuated this inverse association. More recently, some authors (Hawk
et al., 1986; Fulton et al., 1987) reported a significant inverse linear association
between cognitive ability and blood lead, with no evident threshold level of
exposure. The mean blood lead level of the highest lead group in the study of
Fulton et al. (1987) was 221pglI, suggesting that IQ deficia are related to lead
exposure of <250 1tgll. In agreement with these findings, a recent study
conducted in Mexico city among school children, from low to medium social
status and aged 9 to 12 years, showed a strong negative correlation between blood
lead level and intellectual coefficients and teacher grading without evidence of
threshold level (Munoz et al., submitted). Although none of the above studies can
provide definite evidence that low-level lead exposure is linked to reduced
cognitive performance in children, the overall pattern of findings supports the
conclusion that low-level lead exposure is related to neurobehavioral dysfunction
in children. In addition, a follow-up investigation of the children previously
studied by Needleman, showed that, l1 years later, high-lead children were
significantly more likely to drop out of high school and have a reading disability
(Needleman et d., 1990). This study has been criticized because of potential bias
(Good, 1991), however the results suggest that early lead exposure may result in
long-term neurobehavioral impairment.

Based on this body of data the lowest-observed-adverse-effect-level has been
defined as possibly < 100 pgll (ATSDR, 1990).

Lead is transported to the foetus across the placenta since there is no metabolic
barrier to fetal lead uptake. Furthermore the amount of lead maternally
circulating for fetal uptake may actually be higher than usual since part ofthe lead
stored in bone is reabsorbed into blood during the pregnancy. Prenatal exposure
to lead, produces toxic effects on the human fetus including reductions in
gestational age, birthweight, and mental development. These effects occur at
relatively low blood lead levels. An inverse association between maternal (or
cord) blood lead levels and gestational age was reported by different authors
(McMichael et al., 1986; Dietrich et al., 1986, 19S7b). Based on risk esrimates
of McMichael et al. (1986), the risk of premature delivery increases by
approximately four fold as cord or maternal blood lead level increases from 3 80
to > 140 p"gll. Data from the Cincinnati study suggest an inverse relationship of
prenatal maternal blood lead level and birthweight and postnatal growth rates
@ietrich et al., 1987a; Shulka et al., 1987). Other studies also support this
inverse association @ellinger et al., 1984; Ward et al., 1987).

A number of longitudinal studies currently underway have investigated the effect
of early lead exposure and developmental effects. Bellinger et al. (1987, 1989), in
Boston, studied the relationship between umbilical cord blood lead and early
cognitive development between 6 and 24 months of age. Lead concentrations
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were measured in249 umbilical cord blood s:rmples of infants born to middle and
upper-middle class parents. Cord blood lead levels were categorr,ed as low
(mean= 180 pgll), mid (mean=650 p.elD and high (mean= 1460 y.gll). After
accounting for factors related to infant development such as, mother's age, race,
IQ, education, care giving environment, social class, and infant's sex, birthweight,
birth order and gestational age, there was a significant inverse relation of
performance on the Baylet Mental development Index (MDI) at 6, L2 urd 24
months and cord blood level (Figure 6).

Figure 6. Mean mental development index scores
at four ages in infants according to the
lead level in umbilical-cord blood.
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6 1 2 1 8 2 4
Age at testing (months) -

" Scores are least-squares means obtainable by regressing
Mental Development index scores on the cord-blood lead group
and l2 variables considered to be potential confounders. Error
bars represent 1 SD. For clarity, bars extend only in one direction.

Source: Bellinger et al, 1987
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The MDI is a composite scale to assess sensory-perceptual acuities, memory,
learning ability, verbal communication and other cognitive functions (Shy, 1990).
The deficit in MDI between the low- and high-exposure groups was between 4 and
7 points. Postnatal blood-lead levels showed no association with MDI deficit.
Children in the lower socioeconomic stratum were adversely affected at lower
levels of prenatal exposure (Needleman, 1989). These findings are supported by
other studies @ietrich et al., 1987a, Erhnart et al., 1987). Another major
prospective study is being conducted in Port-Pirie, South Australia among a cohort
of 537 children born during 1979 to 1982 to women living near a lead smelter
(McMichael et al., 1988). Blood samples were collected from the mother,
antenatally and at delivery, from the umbilical cord and at age 6, 15,24 months
and every years thereafter. At the age of two, the mean blood lead concentration
was 212 y"gll with a range of 49 pgll to 566 p.g/|. The developmental status of
each child was tested using the McCarthy Scale of Children's Abilities (MSCA).
Maternal intelligence, care giving environment were also evaluated. The blood
lead concentration at each age, particularly at two and three years and integrated
postnatal average concentration were inversely related to development at the age of
four. Independently from other factors that may affect child development, subjects
with an average postnatal blood lead concentration of 308.7 pgllhad a cognitive
score 7.2 pcrints lower than those with an average concentration of 102.9 p,gll
(Figure 7).

Figure 7. Linear relation between the integrated postnatal average
bicod lead concentration and the general cognitive index
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Similar deficit occurred in the perceptual performance and memory score. There
was no evidence that cognitive function at age 4 was more influenced by recent
than earlier postnatal blood lead levels. Within the range of exposure studied,
there was no evidence of a threshold dose for an effect of lead. These results
suggest that insreased exposure to lead results in developmental deficit, not just
developmental delay. Although the cognitive and neurosensory effects of low-
level blood lead are particularly difficult to study mainly because of the variety of
tests used, and the number of different factors that may affect child development,
there is an impressive convergence of animal and human studies (Shy, 1990).
Grant and Davis (1987) concluded that neurobehavioral deficits and reduction in
gestational age and birth weight are associated with prenatal internal exposure
levels, indexed by maternal or cord blood lead concentration of 100 to 150 pgll
and possibly lower.

In addition to the above assessments of the relationship of lead to cognitive
functions and behavior, other aspects of lead-associated neurotoxicity have been
examined. Hetring thresholds in children appear to be adversely affected by lead.
In the analysis of NHANES II data by Schwartz and Otto (1987), the probability
of elevated hearing thresholds increased with increasing blood levels across the
entire range of levels studied ( < 40 to > 500 pgll).

Exposure to high concentration of lead may lead to functional disorders of the
gastrointestinal tract; a common sign of acute poisoning is colic. Lead may also
produce damage in the kidneys, which lead to increased urinary excretion of
amino acids, glucose and phosphate lFanconi syndrome). After long exposure the
injury may enter into a chronic stage with fibrosis and arteriosclerotic changes in
the kidney (Choie and Richter, 1980).

Epidemiological and animal data indicate that lead increases blood pressure. In a
study conducted in the US, systolic and diastolic blood pressure were significantly
related to blood lead in white males aged20-74 years, after adjusting for potential
confounders (Pirkle et al., 1985). These findings have been confirmed by another
study (Pocock et al., 1988); however the causal relationship between blood lead
levels and blood pressure is still unclear. The lowest-observed-effects levels for
lead-induced health effects in adults and children are shown in Tables 8-9.

In summary, the adverse effect of lead exposure in the early neurobehavioral
development is of primary concern. It occurs at levels well below those
considered "safe" in recent years. There can be little doubt that exposure to lead,
even at blood levels as low as 100-150 y,gll, and possibly lower, is linked to
undesirable developmental outcomes in human fetuses and children @avis and
Svendsgaard,1987). The most clearly identified effect has been lower scores on
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Table E. Summary of lowest-observed-effect levels for key lead-induced health effects in adults.

rPbB = Blmd lead concentrations.

I pg/dl - I0 pgll

Source: ATSDR,1990
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Table 9. Summary of lowest-observed-effect levels for key lead-induced health effecs in children.

'PbB = Blood lead concentrations.

opy-S-N = Pyrimidine-5'-nucleotidase.

lp.gldl = l0 pgll

Source: ATSDR, 1990
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the Mental Development Index (MDI) of the Baylet Scale of Infant development,
poor school attainment and lower intellectual coefficients, reduced gestational age,
and lower birthweight. In different studies, a dose-response curve between blood
lead level and neurobehavioral impact has been derived @ellinger et al., 1987,
I\{cMichael et al., 1984, 1988), and can be used to estimate the health impact of
lead exposure at the population level. In terms of implications for public health,
an overall 4-point downward shift in a normal distribution of Baylet MDI scores
would result in 50% more children scoring below 80 in this exam.

The use of lead in gasoline has been declining in various countries. This was
responsible for a substantial decrease of blood lead levels in the general population
(Annest et ai., 1983). Many countries, especially in the developing world, are
still using leaded fuel. Considering that in these countries, poor nutritional status
and "home environment" may potentiate the effect of lead exposure in a great
proportion of children, there is an urgent need for regulation and continued
research to identify other potential sources of lead exposure and interacting factors
of adverse effects. and to evaluate interventions.

Substances with potential carcinogenic effect

The following substances are components of automotive emissions. They may
have other health effects, but the source of most concern is their potential
carcinogenic effect.

Benzene

Benzene is a constituent of crude oii and in Europe is present in petrol in a
proportion of around 5 % , occasionally up to l6Vo , while in the US the benzene of
gasoline does not exceed 1.5 to 2%. The major source of benzene is emissions
from motor vehicles and evaporation losses during handling, distribution and
storage (WHO, 1987f). Benzene concentration in ambient air of residential areas
generally ranges from 3-30 pglm3 10.0014.01 ppm) depending on the traffic.
The benzene intake from the air may therefore range from 30 to 300 pg. The
daily intake from food and water has been estimated to be 100-250 pg. People
smoking 20 cigarettes per day would have a daily increased intake of
approximately 600 pg (WHO, 19870.

About 50% of inhaled benzene in the air is absorbed. Due to its high
liposolubility, benzene is distributed mainly to fat rich tissue such as adipose tissue
and bone marrow. Benzene is oxidized by the P-45O-dependent oxidase system.
Part ofthe absorbed benzene is exhaled unchanged in breath and part is eliminated
in the urine after transformation.
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The toxic effects of benzene in humans following inhalation exposure include
central neryous system (CNS), hematological and immunological effects. Toxic
effects have been observed for exposure to very high levels (more than 3200
mg/m3 or 1000 ppm) with the appearance of neurotoxic syndrome. Acute
poisoning can lead to death with higher exposure associated with inflammation of
the respiratory tract and haemorrhage of the lung. Persistent exposure to toxic
levels may cause injury to the bone marrow, resulting in pancytopenia. This has
been observed in several occupational studies in which workers were exposed to
high benzene levels.

Benzene is a known human carcinogen classified as Group 15 ldefinite
carcinogen) by the International Agency for Cancer Research (IARC, 1982).
Carcinogenic effect has been reported in workers exposed to benzene who are
more likely to develop acute leukemia than the general population. Assessment of
the risks of exposure to benzene has recently been reviewed using mathematical
methods of extrapolation from high to low exposure (Van Raatle et al., 1982).
Using epidemiological data, the different mathematical models give estimates of
excess leukemia deaths resulting ftom 30 years occupational exposure to I ppm
benzene ranging from 3 to 46 per thousand (IPCS, 1990). Estimated risks at
lower exposure @ailer et al., 1989) range from 0.08 to 10 excess leukemia deaths
per millions resulting from lifetime exposure of I pglm3 (approximately
0.0003 ppm) of benzene.

The Carcinogen ,Assessment Group (CAG, US EPA, 1985) estimated, using
different mathematical models, that the "best-judgement" unit risk was 8.1'10-6.
These data cau be used to assess human risk at low concentration seen in non-
industrial communities. Thus, for example in the Los Angeles Basin where the
population weighted concentration to benzene is 0.0147 mg/mr (0.0046 ppm), the
added lifetime risk is estimated to be 101 to 780 cases per million people exposed
(SCAR, 1984). However, this method of estimating risk is not universally
accepted because the mutagenic metabolite of benzene has not been identified and
because DNA repair system may be more efficient at lower exposure concentration
@ead, 1990). In a recent study, Yin et al. (1989) report a significantly increased
lung cancer, as well as increased acute myelogenous leukemia. This suggests that
benzene might be a multisite carcinogen in humans, as has been indicated in

5 G-up l: The agent is carcinogenic to humans. This category is used only when there is

sufficient evidence of carcinogenicity in humans. That ig a positive relationship has been obsenred
between exposure to the agent and cancer in which chance, bias and confounding could be ruled out
with reasonable confidence.
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animal studies. There is no safe level for airborne benzene as benzene is
carcinogenic for humans (WHO, 1987D.

Polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons are a group of chemicals formed during the
incomplete combustion of wood and fuel. Exhaust from diesel engines contains
lower concentrations of some gaseous pollutants but higher concentrations of
particulate bearing organic extracts including polycyclic aromatic hydrocarbons.
Other main sources of PAHs are coke production and heating with coal and
cigarette smoke Qrigh proportion). There are severai hundred PAH; the best-
known is benzo[a]pyrene @AP). Polycyclic aromatics are absorbed in the lung
and gut. They are metabolized via the mixed-function oxidase system; the latter
metabolites :re thought to be the ultimate carcinogens (WHO, 19879).

Evidence from experimental studies shows that many of these PAHs are mutagenic
and carcinogenic. Epidemiological studies in coke-oven workers and coal-gas
workers have suggested an increased risk of lung cancer in relation to PAH
exposure (Steenland, 1986). More recently a case-control study of deaths among
United States railway workers showed that workers aged under 65 who had been
exposed for at least 20 years, had a small but significantly increased risk of lung
cancer (Garshick et al., 1987). Studies of populations exposed to diesel have been
inconclusive because of difficulties with controlling for smoking and occupational
exposures (Read, 1990). However, two recent studies among workers exposed to
automotive emissions indicated that males usually employed as truck drivers or
delivery men had a statistically significant 50% increase in the risk of bladder
cancer (Silverman et al., 1983, 1986). Based on studies on benzo[a]pyrene as
index compound, it is estimate that the upper-bound lifetime cancer risk will be 62
per 100,000 exposed people per pg benzene soluble coke-oven emission per m3
ambient air. Assuming a0.71% content of benzo[a]pyrene in these emissions, it
can be estimated that 9 out of 100,000 people exposed to I mg benzo[a]pyrene per
m3 over a lifetime would be at risk of developing cancer. There is no safe level
of PAH due to its carcinogenicity, and no known cancer threshold for
Benzo[a]pyrene (WHO, 19879). Benzo[a]pyrene has been classified as Group
2A,6 (probably carcinogenic) by the IARC (1933).

6 Gro,rp 2A. The agent is probably carcinogenic to humans. There is limited evidence
ofcarcinogenicity in humans and sufficient evideuce ofcarcinogenicity in experimental
animals.

46



Health effects of air pollution

Aldehydes

Aldehydes are absorbed in the respiratory and gastrointestinal tract and
metabolize<l. Most metabolites are excreted quickly as is bound formaldehyde. In
order to avoiil irritation, the WHO guideline value is fixed to 0.1 mg/m3
(0.083 ppm) as a 30 minute average. In the case of especially sensitive groups
that show hypersensibility reaction without immunological signs, formaldehyde
concentration should not exceed 0.01 mg/m'.

Acute irritant effects of aldehydes on human volunteers have been documented.
For formaldehycle, these effects include: ocular and olfactory irritation (observed
at 0.06 mg/rn3), irritation of mucous membranes and alteration in respiration
(observed at0.l2 mg/m3), coughing, nausea and dyspnea (WHO, 1989). Allergic
responses have been observed as asthma and dermic allergy. Formaldehyde
exposure has been associated with cancer risk mostly in occupational settings.
The sites most frequently encountered are nasal and nasopharyngeal (Vaughan
et al., 1986a 1986b; Olsen and Asnaes 1986), leukemia (Stroup et al., 1984,
1986; Walrath and Fraumeni 1983 1984) brain (Ilarrington and Oakes 1984,
Stroup et al., 1984; Walrath and Fraumeni, 1984). Excesses of cancer cases from
other sites have also been described among occupationally exposed individuals.
Formaldehyde has been classified as probably carcinogenic to humans, (Group
ze6; uy IARC (1987). Human exposure to formaldehyde should be minimized,
not only for its probable carcinogenic effect, but also for its potential for tissue
damage. Epidemiological studies on carcinogenicity that contain some exposure ̂
assessment imply thatthreshold for tissue damage ii about 1.0 mg/m3 (0.5 mg/m3-
3 mg/m3) (WHO, 1989). However no risk estimate of carcinogenicity can be
made because of lack of adequate data.

In summary, animal and epidemiological data conducted in occupational settings
have been used to construct linear models to assess human risk of cancer at low
concentrations seen in non-industrial communities. These models are available for
benzene and BAP exposure but not for aldehydes. The International Agency for
Cancer Research has evaluated the carcinogenic risk to humans from diesel and
gasoline emissions, including all components in different experiments (IARC'
1989). The Agency concludes that diesel exhaust may be associated with lung and
bladder cancer and it has been classified as "probably" carcinogenig 1s humans(
Group 2A). Regarding gasoline exhaust, there is no evidence of an association
with a particulzr type of cancer and it has been classified as "possibly"
carcinogenic to humans (Group 287).

7 Group 28: The agent is possibly carcinogenic to humans. There is limited evidence
of carcinogenicity in humans and absence of sufficient evidence in experimental animals.
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4. Conclusions

Epidemiological studies have been widely used to shed light on the effects of air
pollutants due to vehicular traffic on health. In order to evaluate risk due to
automotive emissions at the genera! population level, several factors have to be
considered: exposure, dose, biological effects, dose-response relationship, and
proportion of population exposed. The results of some studies are difficult to
interpret bercause of a variety of limitations, mostly regarding exposure assessment
and handling of co-factors. orher studies provide enough information to derive
dose-response firnctions tlat can be applied to ambient levels of specific pollutants
in order to estimate selected health effects. These studies have been referred to in
the text. For pollutants produced by vehicular emission, such estimates can be
made to assess the potential adverse health effects of O., particulate, CO, lead, as
well as for the carcinogenic risk of exposure to benzene and BAp or pAH.

Various limitations of these estimates should be mentioned:

l) dose-response functions are population specific, and therefore their use in
other populations may not be justified, especially if derived from only one study.
2) these estimates do not consider the potential interactive effect of different
pollutants.
3) they are only mathematical models and are dependent on different sets of
assumptions.
4) extrapolation of the shape of the curve outside of the range of observed
values may lead to erroneous results (for instance it will be difficult to extrapolate
to low level eff'ects if there is no knowledge of the pre.sence of a threshold value).
5) in some cases, it is difficuit to determine which is the most relevant exposure
measurement for the health effect being studied.

However, despite these limitations, these mathematical models have great
advantages:

1) they allow a quantitative evaluation of the health impact of pollutants emitted
by vehicles.
2) they draw the attention of public health officials and the general public to the
extent of the problem.
3) they can be used for cost assessments.
4) cost effectiveness analyses can then be used to evaluate alterna-tive eontrol
strategies.

Further research is needed in order to develop models more adapted to specific
situations and to develop techniques of biological monitoring (biomarkers) as
indicators of exposure and early effects among the population.
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Chapter 2
Part II

E,FTECTS ON IIUMANS OF ET{YIRONMEI'{TAL NOISE

PARTICIJLARLY FROM ROAD TRAFTIC

Ragnar Rylander"

Introduction

Sounds provide an essential contact between humans and the surrounding world'

Awareness of familiar sounds - the waves at sea, footsteps of family members and
music induces reactions of recognition, pleasure and satisfaction. The harmony

between normal sounds and periods of quietness is also important, particulady for

music. Other sounds - creaking floors in an empty house, sudden bangs and
unpleasant music - induce alertness, fear and annoyance. Such sounds are
generally referred to as noise. As this is a subjective assessment, it is clear that

definitions of, as well as adverse reactions to different sounds vary between
individuals due to experience, attitudes and knowledge.

Sound has particular characteristics which distinguish it from other kinds of

environmental pollutants, such as chemical agents. Sound - or noise - is part of

every day life and is necessuy for the normal functioning of ttre human body.

Ragnar Rylander, Profqssor in Environmental Medicine, University of
Gothenburg, Sweden
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Persons who are kept under conditions of complete silence may develop symptoms
of mental disorder - absence of auditory communication due to deaftress may
indyge personality changes and conditions of complete silence can be experienced
as frightening. As the sound levels increase in intensity, negative effects start to
dominate and the ultimate effect is a direct physical trauma when the receptor
organ is destroyed. Although the positive reactions after sound exposure are
important, it is usually the negative effects that attract attention.

Noise has always been an important environmental problem for man. In ancient
Rome, rules were in existence as to the noise emitted from the ironed wheels of
wagons which battered the stones on the pavement, causing disruption of sleep and
annoyance to the Romans. In Medieval Europe, horse carriages and horse back
riding were not allowed during night time in certain citiqs to ensur" a peaceful
night's sleep for the inhabitants.

However, the noise problems of the past are incomparable with those of modern
society. An immense number of cars regularly cross our cities and the
countryside. There are heavily laden lorries with diesel engines, badly silenced
both for engine and exhaust noise, in cities and on highways day and night.
Aircraft and trains add to the environmental noise scenario. In indust y,
machinery emits high noise levels and amusement center and pleasure vehicles
distract leisure time relaxation.

In comparison to other pollutants, the control of environmental noise has been
hampered by insufficient knowledge of ig effects on humans and of dose-response
relationships as well as a lack of defined criteria. while it has been suggested that
noise pollution is primarily a "luxuryn problem for developed countries, one
cannot ignore that the exposure is often higher in developing countries, due to bad
planning and poor construction of buildings. The effects of the noise are just as
widespread and the long term consequences for healttr are the same. In this
perspective, practical action to limit and control the exposure to environmental
noise are essential. Such action must be based upon proper scientific evaluation of
available data on effects, and particularly dose-response ielationships. The basis
for this is the process of risk assessment as described below.

A lfjegy employed for evaluating the impact of an exposure to noise, can
suitably borrow terminology from the field of toxicology. The broad integrated
process of risk assessment, is described by the following elements:

- Dose description: the level of the agent must be described in a way that is
appropriate with regard to the effects observed.
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- Hazud identification: this is the qualitative indication that a substance or
condition may adversely effect human health or well being. It may
represent a very wide assessment of possible risks.

- Hazard assessment: the qualitative and quantitative evaluation of the nature
of adverse effects and their expression as functions of exposure (dose).

- Risk estimation: the integration of hazard assessment and dose description
to quanti! the risk to be accepted by the community (gpidelines, threshold
values).

nHazard" thus signifies the potential of a specific agent to cause harm, and is an
inherent property of the agent per se, in terms of its toxicity. "Risk" represents
the quantitative statement of the probability of occurrence of a defined adverse
effect.

Dose description

Sound is a wave motion which occurs when a sound source sets the nearest
particles of air into motion. The movement gradually spreads to air particles
further away from the source. Sound travels through the air at a speed of
approximately 340 m/sec. The physical measuring unit is the sound pressure in
Pascal @a). The audible sound covers a large range of intensities from 0.00002
Pa at the threshold of hearing to 20 Pa at the threshold of pain. It would be
impractical to work with this large range of numbers and so an artificial unit has
been created. The actual sound pressure is divided by that for the threshold of
audition, followed by a logarithmic transformation. This unit, called the Bell @),
is divided into tenths and d(eci)B is the common way to describe a sound.

Noise from different sources combine to produce a sound level higher than that
from any individual source. Two equally intense sound sources operating
together, produce a sound level which is 3 dB higher than one alone and 10
sources produce a l0 dB higher sound level. The dB values cannot be directly '

added as they are logarithmic quantities.

Apart from the physical intensity, sound contain many tones at different
frequencies. The sound wave's frequency expresses the number of vibrations per
second in units of Hertz (Hz). Sound exists over a very wide frequency range.
Audible sound for young people lies between 20 Hz md 20 000 Hz. Sound with
frequencies under 20 Hz (normally inaudible) is called infrasound and sound over
20 000 Hz, which is also normally inaudible, is called ultrasound. Low frequency
sounds are not strictly defined - generally one refers to frequencies from 20 to
25H2.
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when measuring the intensity of a sound, an instrument which duplicates the
varying sensitivity of the ear to the sound of different frequencies is usually used.
This is achieved by building a filter into the sound intensity recording instrument,
with a similar frequency response to that of the ear. This is called an A-weighted
filter. Measurements of sound level made with this filter are called A-weighta:l
sound level measurements, and the unit is dBA. The dBA levels for some
conmon noises in our environment are shown in Table 1.

Table 1. Approximate noise levels in dBA from common noise sources

Sources

Close to jet engine

Rock drilling machine

Pop concert

Heavy truck

I.evel

130

90

t20

110

Passenger car 75

Normal conversation 65

Quiet suburban street 55

Threshold for sleep disturbance 45

Very quiet room 30

'Uncomfortably" quiet 15

Hearing thre,shold 0

In addition to the above described frequency-weighted filter, more complicated
measures have been developed to describe the human response to a complex
sound. one such unit is the Perceived Noise Level (pNL) which is based on
frequency-weighted sound levels measured in successive 0.5 sec intervals during
the occurrence of a sound. Different sound spectra for noise rating have also bien
developed. The sound spectrum curves, Noise Rating (NR) curves, serve as a
frame of reference for rating noise environments. NR curves were originally
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evolved for the rating of outdoor community noise and are present as an ISO-
recommendation (SO, 197 1).

From an acoustical point of view, environmental noise is often a complex
phenomenon. This is illustrated for road traffic noise in Figure 1. At a specific
site along a road, the noise level varies with time depending upon the type of
vehicle that passes. With a small number of vehicles, the noise level will return to
background levels between passages, whereas a larger number of vehicles will turn
the exposure situation into one of almost continuous noise, fluctuating befween the
levels generated by particularly noisy vehicles such as trucks and the lower leveis
generated by cars.

This complex acoustical pattern is by tradition expressed as the summation of
sound energy over a certain period of time. Various methods of calculating an
average have been developed, such as the noise pollution level, the average day
and night level and the equivalent sound level for 24-h (L*) or different parts of
the day. Another method is the use of the statistical distribution level such as the
Lor, Lro or L5o measures, which are also based on an average value of events and
noise levels, but where the index refers to the time that the specific noise level is
reached eg Lro is the level during l0% of the measuring period. For a complete
review of all noise indices the reader is referred to handbooks or criteria
documents (for example WHO, 1980).

The concept of average level has two critical features. A few events with a high
noise level will have the same L* as a large number of events at a lower noise
level. From a biological point of view, it is unlikely that these two noise
scenarios will cause an equal effect in the exposed populations.

A second critical feature for the average noise value relates to the number of
events. If the L", value for a certain number of cars at a certain distance from the
road is, for example, 65 dBA, then at that distance passing cars will each cause a
maximum noise level of 65 dBA and few noisy trucks will reach 75 dBA.

If the number of cars increases, the L.o value will gradually increase, although the
noise level from each passing car is still 65 dBA and 75 dBA from a single truck
remains the noisiest event. Under extreme circumstances, this may even imply
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that the L", value of 65 dBA is present at a site, far away from the road where the
noise levels from individual vehicles, even very noisy ones, is very low
@igure 2). The critical factor in the situation dascribed above is the number of
events. To what extent then is the number of events related to the human
perception of environmental stimuli?

ffi 75dB(A)
10 000 vehicle" '_

\ 

5'^' 65ciB(A)

\ 

r"c= 65 dB(A)

z df,n+
/ 

L"q=74 dB(A)

Boooo ".:" AffiF 75dB(A)
.ffi 65dB(A)

Figure 2. L*and maximum noise levels from cars -a #;m two different
numbers of vehicles with the same proportion of trucks

Biological receptor systems (hearing, seeing, feeling, etc) are designed to
discriminate for variations in the exposure. At a large number of events,
however, the individual event can no longer be discriminated (for instance,
flickering of light or applying pressure on the skin with high frequency). It is thus
plausible that an increase in the number of noise events above a certain number,
will not lead to an increased effect in the exposed population.

Regarding noise exposure over a longer time period, Yaniv and von Gierke (L974)
suggested that the cumulative noise dose, which an individual or a population
sustains over a lifetime could be used to describe the biologically relevant noise
exposure. It is very questionable whether this approach is relevant. The concept
of a cumulative dose is valid only when the active agent accumulates in the body,
as, for example, does cadmium or asbestos, or when the exposure inflicts
cumulative and irreparable damage, such as ionizing radiation or silica particles.
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Noise arouses the receptor organs, not through the total amount of energy, but
through energy density per unit of time - intensity - combined with frequency
characteristics. Furthermore, the major part of human reactions after exposure to
environmental noise stems from the momentary interpretation of the noise. An
example is tl.e intense fright reaction caused by noise of an unknown character -
which can be of a very low level - occurring at night. On the other hand, the
comparatively high noise level of a passing train can be experienced without any
adverse reaction at all.

From a biological point of view, it is thus unlikely that the adequate human noise
dose is either an average exposure over a time period or an accumulation of the
noise exposure. A biologically relevant dose should be based on
neurophysiological receptor principles and thus probably comprises certain of the
noise events, excluding others without biological significance, as well as the level
ofthese events.

Hazard identification

Noise may cause physical, physiological and psychological effects in humans. The
sound waves will act physically against the ear drum with subsequent risk for
damage or interference with other sounds. These effects may be referred to as
direct effects.

Through the nerve impulse to the cenual nervous system, noise may induce
physiological changes and may finally register cognitively and cause psychological
damage. These effects are referred to as indirect effects.

The effect that vre measure in the exposed human may be a discrete physiological
reaction or a complex reaction, such as sleep disturbance or an effect on
performance. For all effects, ttrose appearing after a single or rare exposure as
well as those occurring after repeated exposures (chronic exposure) need to be
considered.

Hazard assessment and risk estimation

Fhysical efferts

Noise of a high enough intensity wiil cause temporary or permanent damage to the
hearing organ. The mechanisms behind these injuries are well understood and
dose-rasponse relationships for continuous as well as intermittent exposure,. have
been presented. With respect to enyironrnental noise and road traffic noise, no
risk for hearing damage exists. Levels in the general environment do not reach
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those which will induce hearing damage, even close to the traffic along heavily
congested streets.

The interaction of noise from road traffic with other sounds in the environment is
an important effect criterion. Levels causing speech interference are often present
outside and also within buildings close to heavily congested roads. Vulnerable
groups in the population are school children in noisy classrooms. One study
(Cohen etal., L973) has evaluated the influence oftraffrc noise - related to speech
interference - on the reading ability of children in New York. It found that
c.hildren living on the lower floors - and hence exposed to more road traffic noise
- showed greater impairment of auditory discrimination and reading achievement
than children living on higher floors.

People with hearing deficiencies are also a risk group. Aniansson et al. (1983)
studied speech interference, annoyance, and changes in mood in groups of people
with different degrees of hearing deficiency and exposed them to 45 dBA and 55
dBA traffic noise in a laboratory when performing four everyday activities. The
major finding was a higher rating of annoyance among men with noise-induced
hearing loss, as compared to men with normal hearing. This was related to
activities in which noise interfered with speech. To achieve good speech
intelligibility for persons with impaired hearing due to age and/or noise the
authors recommended that the noise level outdoors should not exceed 50 dBA
(Aniansson and Peterson, 1983). This value took into account the reduction of
noise by about 25 dB between outdoor and indoor levels, generally present in
Scandinavian countries.

Physiological effects

The immediate response to a noise stimulus comprises a startle and a defense
reaction. The startle response is a reflex with contraction of muscles around the
eyes, in the limbs and the eyelids (fhackray, 1972). It causes an attachment of
consciousness to the noise and its source, often followed up by an orientation
towards the noise source through involuntary muscular movements. This is a
typical reaction which occurs after exposure to unexpected or sudden noises,
irrespective of their physical noise level. After an interpretation of the noise in
the higher centers of the brain, a defense and fright reaction may follow. The
startle reflex is a accompanied by an increase in blood pressure and pulse
frequency of a very short duration (up to 30 seconds), and in extreme situations,
an increased secretion of stress hormones.
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Habituation to the startle reflex is very poor and can be induced repeatedly both
over the same day as well as during longer time periods @ylander et d., 1978).
In environmental noise, such reactions will occur if noise levels exceeding the
"normal" level appear for instance when a motor cycle without silencers drives
down a road, a heavy truck comes through in the middle of the night or an
unusually noisy aircraft passes over the house.

Based upon observations of an increase in blood pressure after acute exposure to
noise, it has been suggested that long term exposure to noise could cause a
persistent increase in blood pressure.

Although a series of experiments on animals supports this concept (M6ller, 1978),
the interpretation of results from animals studies presents difficulties. It is not
surprising that rats, which are nocturnal animals and very sensitive to noise, when
exposed for 8 hours daily to 90 dBA, develop persistent stress reactions with
elevated blood pressure.

Some diffrculties in interpretation could be avoided by using other animal models,
such as monkeys @eterson et al., 1981). It is still not possible to determine what
kind of abnormal stress factor the experimental noise represents to the animal. If
humans were exposed to cries from people in agony or nails scratching over the
surface of a blackboard for several hours each day, profound clinical reactions
would probably develop. The relevance of such a finding to exposure to
environmental noise, however, remains obscure.

To further evaluate the relationship between noise exposure and blood pressure,
one can examine the experience from epidemiological studies. Such studies on
noise exposed populations are relatively few, and all have been prevalence studies;
no longitudinal investigations have been reported. The results from some studies
show a slightly higher blood pressure :rmong people living along roads with heavy
traffic as compared to those living in quiet areas (Knipschild and Sall6, 1979).

A review of the cardiovascular effects of noise reported that 55 studies had
assessed the relationship between noise and blood pressure and about 80%
reported some form of positive association @ejoy, 1984). These authors noted
that "a paucity of quantitative data ... makes it difficult to assess the strength of
association or to derive a dose-response relation". In a study on the effects of
industrial noise on the prevalence of hypertension, Yiming et al. (1991) studied a
group of 1101 female workers in a textile mill in Beijing, china. Essentially, the
entire group had worked in different workhops in this mill for all their working
lives and all had worked for at least five years. The noise levels within the plant
were assessed and appear to have been constant since 1954, resulting in well
defined noise exposures for these workers. A cross sectional design was used in
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which blood pressures were determined and questionnaires administered to the
workers over a two month period. As well as demographic information, data
were gathered on personal and family history of hypertension, current use of
prescription drugs, alcohol, tobacco, and salt in the diet. Logistic regression
indicated that exposure to noise was a significant determinant of prevalence of
hypertension, but third in order of importance behind family history of
hypertension and use of salt. Cumulative exposure to noise was not an important
dose-related variable, suggesting that for those susceptible to the effect,
hypertension was manifested within the first five years of exposure.

At present, the information on the relationship between environmental noise
exposure and persistent blood pressure elevation is scanty and contradictory. It
can be argued that, although studies on industrial populations are useful inasmuch
as they include the upper part of the dose scale, they are not representative of
noise exposure conditions in the general community, particularly at home during
hours when rest and recreation are required.

The few studies on general populations that have been done, have serious
epidemiological shortcomings. This is due in particular to the diffrculty in
controlling for confounding factors. The main risk factors for increased blood
pressure are other environmental conditions, particularly food habits and smoking,
as well as genetic factors. Noise exposure therefore, is a low risk agent and this
makes it difficult to investigate methodologically. In studies on evaluation of low
risk agents, there is a need to control very precisely for the high risk factors,
before any certain conclusions regarding low risk factors can be drawn (Wynder,
1987). In none of the epidemiological studies so far, has this methodological
requirement been met.

If a persistent increase in blood pressure is induced by environmental noise, it is
likely that it is modulated through the basic reflex functions described earlier.
This effect could not be large, and it would be diffrcult to distinguish the influence
of noise from other environmental stress factors, which could also produce a slight
increase in blood pressure.

Sleep disturbance

Exposure to noise can induce disturbance of sleep in terms of difficulty in falling
asleep, alterations of sleep rhythm or depth, and being woken up. An objective
recording of sleep can be obtained by measuring the electrical activity of the
brain, the electroencephalogram (EEG). This requires that subjects carry several
electrodes on their heads and that they are connected to a recording device, either
directly or via telemetry.
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There exists an abundance of information on EEG-recorded sleep in laboratory
and field conditions. There is a fairly uniform consensus that changes in sleep
depth and sleep pattern are acute effects after exposure to noise at levels of 45-50
dBA peak levels. A good example of a sleep study is an investigation from
France in which sleep disturbance was studied among a population living near a
railway and a major road (Vernet,1979). Two areas with similar noise
exposures were selected and ten persons of both sexes were studied in each area.
Sleep patterns were registered using EEG and EMG (electromyogram) recordings,
transmitted to a mobile van outside the subjects' homes.

A good correlation was found between EEG defined sleep disturbance and peak
noise level, but no correlation was found between the duration of noise and sleep
disturbance. The percentage of responses increased when peak noise levels
increased above 45 dBA. Subjects were not woken up by noise below 52 dB peak
level. About25% of noise events at 70 dBA caused sleep interference. There
were three times as many disturbances by road traffrc noise as by railway noise
for the same L* value (mean noise level).

Recording of body movements has also been used to study the effects of sleep and
good correlations have been found between EEG changes and actimetry readings
(wrist movements transmitted from a sensor to a recording device, about the same
size as a large wristwatch).

Available information demonstrates ttrat noise exposure induces changes in sleep
pattern or causes extra body movements. Considerably less information exists on
the medical consequences of disturbed sleep. Long term effects of noise induced
sleep interruption could be subjective fatigue, changes in performance and
subjective mood changes. In laboratory studies (Ohrstrdm et al., 1988), the
effects of truck noise of maximum 60 dBA were studied during a period of two
weeks in order to illustrate habituation effects on body movements and heart rate,
as well as after-effects such as subjective sleep quality, state of mind and
performance. Two different test groups consisting of 24 persons in all - sensitive
and non-sensitive to noise - were studied. Their sleep was also registered in their
homes during one week before and one week after their stay in the laboratory.
After two nights, sleep quality was just as good in the laboratory.

The study showed an increase in heart rate by an average of 1.8 beats per minute
for sensitive and 1.1 beats per minute for non-sensitive persons following the noise
events, and about three times as many movements after noise for sensitive persons
against an increase of 2.5 times for non-sensitive persons. These reactions showed
no sign of habituation. Subjective sleep quality was impaired for the sensitive
group and had not improved at the end of the two-week period. Both groups
exhibited reduced activity. This impairment (significant for non-sensitive persons)
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was still there at the end of the test period. Moreover, an increase in fatigue
(mostly in the non-sensitive persons) and a reduced degree of extroversion (mostly
for the sensitive persons) could be registered towards the end of the period of
noise exposure. Both groups performed worse in performance tests, and this
deterioration tended to continue towards the end of the period.

On the basis of experience from these studies, a field study was carried out close
to a road with heavy traffic (L* approx. 71 dBA) and in a quiet area far from the
road (L* approx. 50 dBA) in order to study the long-term effects of noise
exposure during sleep (Ohrstr6m, 1989). The study comprised a total of 106
persons, who were interviewed about sleep quality, fatigue, mood, and various
medical and psycho-social symptoms. They were also asked separate questions
about sleep and mood on three successive days.

The study showed a deterioration of sleep quality, mood and a higher frequency of
other symptoms such as tiredness, headache and nervous stomach in the area close
to the road with heavy traffic. Those who described themselves as sensitive to
noise reported poorer sleep quality and more symptoms.

Among persons living along noisy roads, instant improvements in subjective sleep
quality.have been reported when windows were noise-insulated (Wilkinson et al.,
1980; Ohrstrdm and Bj<irkman, 1983).

Studies on sleep interference due to noise agree that the most important exposure
parameter is peak noise during night hours. As effects are generally reported at
levels from 45 dBA peak level indoors, large parts ofthe population in our cities
are thus regularly exposed to noise levels which interfere with their sleep.

ln conclusion, available evidence suggests that sleep disturbance is one of the
major effects of environmental noise and that it may have serious adverse effects
on normal functioning and health in exposed persons.

Psychological effects

It is common knowledge that noise can be bothersome and give rise to
psychological and psychosomatic symptoms in the form of headaches, fatigue and
irritability. Biochemical reactions indicating a general stress effect of noise have
also been reported from animals and hurnan studies (Cantre!!, 1974).

In view of the information available on the stress reaction occurring after noise
exposure, as well as sleep disturbance, psychiatric symptolns or disorders have
received particular attention.' Psychiatric effects could occur in three different
ways: symptoms could develop among previously normal persons, their
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development could be accelerated in predisposed persons or symptoms could
appear temporarily under particular conditions.

No data are available on psychiatric disease and road traffic noise. Some studies
on aircraft noise have been published. Epidemiological evidence for a relationship
between aircraft noise exposure and psychiatric illness was presented by Abey-
Wickrama et al. (1969). They described an increased admission rate to psychiatric
hospitals among a population living in an area exposed to high levels of aircraft
noise. This observation prompted additional studies which employed more precise
epidemiological techniques. A subsequent study by Ganoni and Tarnopolsky
(1973) did not confirm Abey-Wickrama's findings. A further study by Jenkins et
al. (1979) on psychiatric hospital admission rates in the same area over a 4-year
period also failed to demonstrate a higher admission rate among noise exposed
persons.

The latter authors made a careful analysis of possible re:xons for the contradictory
results and convincingly demonstrated the various shortcomings in the first study
which could have accounted for the observed increase in admission rate observed
in noise exposed areas. It can thus be stated that no epidemiological evidence is at
present available which indicates that there is an increased risk for psychiatric
disorders among general populations exposed to noise.

In another study on the effect of aircraft noise on mental health, Tarnopolsky and
Morton-Williams (1980) investigated 6,000 persons living in areas with different
levels of aircraft noise exposure. The survey covered four areas in London with
different levels of aircraft noise exposure, and the subjects answered
questionnaires relating to general health, psychiatric illness and annoyance. Of the
noise related effects, depression, irritability, awakenings and diffrculty in falling
asleep were significantly more frequent in the high noise area. The prevalence of
symptoms was significantly higher among persons who expressed that they were
annoyed by the noise. There was no relationship between the number of possible
psychiatric cases and noise exposure. No increase in consumption ofpsychotropic
drugs or use of medical services was found in the high noise area.

It could be hypothasized according to previous studies on noise effecg
(e.g. Ohrstrdm, 1989), that physical and psycho-social symptoms and reduced
work capacity may occur as an effect of general annoyance and sleep disturbances
caused by noise exposure. These symptoms may, of course, also be dependent
upon other circumstances, for example chronic illness, difficulties in the family
situation or work conditions. The individual capacity to handle stress might also
be of importance in the development of different symptoms.
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Ohrstrdm (1991) performed a field survey in a quiet area and an area exposed to
an L*-level of 72 dBA to elucidate possible psycho-social effects of road trafhc
noise.- A questionnaire was constructed to evaluate not only annoyance reactions
and sleep disturbance effects by noise, but also more long-term effects on psycho-
social well-being @SW). PSW was evaluated by 26 questions concerning
depression, relaxation, activity, passivity, general well-being and social
orientation. The postal questionnaire was answered by 151 persons in the quiet
area and 118 persons in the noisy area of which 97 lived in apartments facing the
street and 21 persons in apartments facing the courtyard. The results showed that
a higher proportion of those who lived in the noisy area in apartments widl
windows facing the street felt depressed. Those persons who had windows facing
the courtyard, in the noisy area, however, were not more depressed than those
who lived in the quiet area. Psycho-social well-being (especially depression and
relation) was related to annoyance about noise.

The results available so far, do not indicate that environmental noise provokes
psychiatric disease. Noise may, however, act as a stressor, inducing symptonx
among sensitive individuals. The exact conditions under which these individuals
become vulnerable are not known, but it is conceivable that other environmental
strains could act synergistically with noise.

Annoyance

Exposure to environmental noise may interfere with ongoing activities and can be
experienced as bothersome or annoying. Annoyance is generally defined as a
feeling of displeasure against a source of pollution in the environment which the
individual knows or believes will adversely affect his health or well-being. As the
annoyance is a subjective reaction, it has to be evaluated using questionnaire
techniques.

When the relationship between noise level and the degree of individual annoyance
is evaluated, it is generally found that the noise exposure can explain only part of
the total reaction. One reason for this is that the noise dose of the individual is
not precisely defined - in social surveys, persons living in a specific area are
usually allotted the area exposure value. Another rquon is variations in individual
sensitivity.

The inter-individual variation of an effect - in this case, annoyance - caused by an
environmental agent is not surprising. Reactions to any type of agent vary :rmong
individuals, whether the agent be noise or a chemical substance. The same
methodology as is used in toxicology must therefore be applied, i.e. working with
average reactions in groups of persons.
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A large number of studies has been performed to evaluate the relationship between
exposure to road traffic noise and the extent of annoyance in the exposed
populations. Based upon methodology originally developed to study the effects of
aircraft noise, large investigations in road traffic noise were performed in London
by Langdon et al. (1976), followed by a plethora of studies in other countries. It
is not within the scope of this paper to provide a complete review of all studies
performed. Apart from the noise exposure principles, to be discussed below,
there is relatively little controversy :ts regards the importance of the exposure and
the different effects.

The studies agree that exposure to road traffic noise is one of the most important
sources of annoyance in the general population. The number of persons affected
far exceeds the number disturbed bv aircraft noise or other environmental noise
sources,

Regarding methods of expressing exposure to road traffic noise, controversy still
exists as mentioned above. Many studies on road traffic noise demonstrate a faidy
linear correlation between the equivalent noise level and the extent of annoyance
(Langdon, 1976; Fidel, et al., 1991) but other studies show a poor correlation
(Rylander et al., 1986). A better relationship between the extent of annoyance and
noise was obtained if the noise levels and number of events were treated
separately. An increasing number of events initially caused an increased extent of
annoyance but beyond a certain point, a further increase in the number of events
did not influence annoyance. The maximum noise level (MNL) determined the
extent of annoyance irrespective of the numbers of events (Rylander et al., 1972;
Bjrirkman et al., 1988).

It is clear that in conditions of continuous noise, there is very little to distinguish
between the equal energy concept and the MNL concept. This may be one of the
rsuons why several studies on road traffic noise have been able to show a
statistically significant relationship between noise exposure (as average noise
levels) and the extent of annoyance.

The few studies that have been performed with the aim of studying the importance
of the number of events, the noise levels and the maximal noise levels as
independent variables, have all come to the conclusion that the relationship
between L* for traffic noise and the effect, whether this be annoyance or sleep
disturbance - in the exposed population is weak.

As an example Gjestland (1987) re-evaluated data from a Danish traffrc noise
study and performed a small laboratory experiment in which he exposed subjects
to traffic noise with different levels of heavy traffic. The synthesis from his work
suggests that the effects of a reduction in the number of heavy vehicles was much
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more effective than a general noise attenuation. He concluded that the L". as a
noise index often fails to describe irregular noise situations.

The noisiest events in road traffic are generally from heavy vehicles. There are
several rqsons why the number of heavy vehicles should be closely related to the
extent of annoyance. The noise levels from heavy vehicles are cleady
distinguishable from a background of lower levels from passenger cars. Also, the
noise from heavy vehicles has a different acoustical character, mostly in the low
frequency spectrum. The effect of window attenuation, which in general is poor
for low frequencies, will give proportionally higher noise levels indoors from, the
heavy vehicles.

Conclusion

The range of effects induced by exposure to road traffic noise is wide and covers
simple reflex as well as complex psycho-social effects. The most serious adverse
effect is sleep disturbance with its long term consequences for health and well-
being. Annoyance due to environmental noise is widespread, particularly in built
up arqN and around airports. It is an important criterion for noise exposure and
can be used as the basis for establishing noise control programs. According to the
definition of health given by WHO, subjective annoyance should be considered an
important health effect.

The medical rationale, therefore for taking action against noise exists. A practical
means to confront the problem is to make the subjective interpretation of noise the
primary criterion, and back this up with information on dose response
relationships which have been established.

Noise standards should relate to the extent of the effect on the population, i.e.
what proportion ofthe population suffering from serious sleep disturbance can be
considered as acceptable. According to the principles of risk assessment, the
setting of such standards is not in the hands of scientists - it is the responsibility of
administrators to choose acceptable levels. Medical effect data constitute the
necessary background information for the formulation of these standards. A long
term goal from a medical point of view is that the proportion of very annoyed
people in a population, in built-up areas, should not exceeA SVo.
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The following are important research questions to answer in the future:

- Is there a relationship between annoyance and physiological/clinical effects?
some evidence indicates that this is the case for psychiatric symptoms, but more
work is required.

- How does interruption of different mental activities relate to
physiological/clinical effects and to general annoyance?

- Are activity interference, annoyance reactions and performance effects all
secondary reactions to, or symploms of, noise induced physiological stress?

80



Health effects of environmental noise

REFERENCES

Abey-Wickrama, I. et al. Mental hospital admissions and aircraft noise. Lancet,
2: 1275-1277 (1969).

Andr6n, L. et al. Noise as a contributory factor in the development of elevated
arterial pressure. Acta Medica Scandinavica, 207 : 493498 (1980).

Aniansson, G. et al. Traffrc noise annoyance and noise sensitivity in persons with
normal and impaired hearing. Journal ofSound Vibration,83: 85-97 (1983).

Aniansson, G. & Peterson, Y. Speech intelligibility of normal listeners and
persons with impaired hearing in traffrc noise. Journal of Sourd Vibraion,90:
341-360 (1983).

Cantrell, R.W. Prolonged exposure to intermittent noise: Audiometric
biochemical, motor, psychological and sleep effects. lnryngoscope, Suppl 1, 84,
Pt2 (1974).

Cohen, S. et al. Aircraft noise and children: Longitudinal and cross-sectional
evidence on adaption to noise and the effectiveness of noise abatement. Journal of
Personality and Social Psychology,40: 330-345 (1973).

Dejoy, D.M. A report on the status of research on the cardiovascular effects of
noise. Noise Control Engineering J ournal, 23 : 32-9 (1 984).

Drettner, B. et al. Cardiovascular risk factors and hearing loss. ,{cta
Oto-laryngologica, 19: 36f,.37 L Qn 5.

Fidell, S. et al. Updating a dosage-effect relationship for the prevalence of
annoyance due to general transportation noise. Journal ofthc Acoustical Society
of America, 89:221-233 (1991).

Gattoni. F. & Tarnopolsky, A. Aircraft noise and psychiatric morbidity.
P sy cholo gical Medicinc, 3 : 5 16-520 (197 3).

Gjestland, T. Assessment of annoyance from road traffrc noise. Jounwl of Sound
Vibration, ll2: 369-37 5 (1987).

Jenkins, L.M. et al. Comparison of three studies of aircraft noise and psychiatric
hospital admissions conducted in the same arca. Psychological Medicine. 9: 681-
693 (1979).

8 l



Motor vehicle air pollution

Knipschild, P. & Sall6, H. Road traffic noise and cardiovascular disease. A
population study in the Netherlands. International Archives of Occupationnl and
Environmcntal Health, 44: 55-59 (1979).

Langdon, F.J. Noise nuisance caused by road traffic noise in residential areas:
Part I. Journal of Sound Vibration,4T:243-263 (1976).

Langdon, F.J. Noise nuisance caused by road traffrc noise in residential areas:
Part II. Journal of Sound Vibration, 47: 265-282 (1976).

M0ller, A. Review of animal experiments. Journal of Sound Vibration,59:73-
77 (t978).

Ohrstrdm, E. & Bjdrkmil, M. Sleep disturbance before and after traffic noise
attenuation in a block of flats. Journal of the Acoustical Society of America, T3:
877-879 (1983).

Ohrstrdm, E. & Rylander, R. Sleep disturbance effects of traffic noise - A
laboratory study on after effects. Journal ofSound Vibration, 34: 87-103 (1982).

Ohrstrdm, E. Sleep disturbance, psycho-social and medical symptoms - a pilot
survey among persons exposed to high levels of road traffrc noise. Journal of
Sound Vibration, 133: lt7 -128 (1989).

Ohrstrdm, E. Psycho-social effects of traffrc noise exposure. Journal of Sound
Vibration, (in press) (1991).

Ohrstrdm, E. et al. Effects of night time road traffic noise - an overview of
laboratory and field studies on noise dose and subjective noise sensitivity- Journal
of Sound Vibration, 127: 441448 (1988).

Peterson, E.A. et al. Noise raises blood pressure without impairing auditory
sensitivity. Sciences, 2Ll:. 1450-1452 (1981).

Rylander, R. et al. Experiments on the effect of sonic boom exposure. Journal
of the Acoustical Society of America, 5L 790-798 (1972\.

Rylander, R. et al. Annoyance reactions from aircraft noise exposurc. Journol af
Sound Vibration,24: 4L94M (1972).

Rylander, R. et al. Dose-response relationships for traffic noise and annoyance.
Archives of Environmental Health, 4l:7-10 (1986).

82



Health effects of environmental noise

Rylander, R. & Dancer, A. Startle reactions to simulated sonic boom exposure:
influence of habituation, boom level and background noise. Journal of Sound
Vibration, 6l: 2354$ (1978).

Tarnopolsky, A. & Morton-Williams. J. Aircraft noise and prevalence of
psychiatric disorders. Social and Community Planning Research Repoft, pp. 1-80
(1980).

Thachray, R.I. Sonic boom exposure effects: Startle responses. Journal of Sound
Vibration, 20: 5 L9 -526 (197 2).

Vernet, M. Effect of train noise on sleep for people Iiving in houses bordering
the railway line. Journal of Sound Vibration,66: 483492 (L979).

Wilkinson, R.T. et al. Effects of noise at night upon performance during the day.
ln: Proceedings of the Third International Congress on Noise as a Public Health
Problem, Freiburg, Germany, ASHA Reports no 10: 405-412 (1980).

World Health Organization. Noise. Geneva, WHO, 1980 @nvironmental Health
Criteria No. 12).

Wynder, E., ed. Workshop on guidelines to the epidemiology of weak
association. Preventive Medicine, 16:. 139-212 (1987).

Yaniv, S.L. & von Gierke, H.E. Method for the identification of environmental
noise levels requisite to protects public health and welfare. ln: Proceedings ofthe
Internaional Symposium on Recent Advances in the Assessment of the Heahh
Effects on Environmental Pollution, Paris, pp. 1263-1216 (1974).

Yiming, Z. et al. A dose response relation for noise induced hypertension.
British Journal of Industial Medicine, 48: 179-184 (1991).

83



CHAPTER 3

IITJMAN EXPOSURE TO MOTOR VEHICLE AIR FOLLUTANTS

Peter G. Flachsbart'

Introduction

Human exposure to air pollutants occurs whenever people come into contact with
a pollutant at a particular instant of time (Ott, 1980). The dosage of a pollutant is
the amount of pollutant that enters the body, either through inhalation, ingestion or
dermal absorption. Accurate estimation of air pollution exposure and dosage are
necessary to determine what risk that pollution poses to public health (Sexton and
Ryan,1988).

Peter G. Flachsbart, Ph.D. Associate Professor, Department of Urban
and Regional Planning, University of Hawaii at Manoa, Honolulu, Hawaii
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Ambient air quality data from fixed stations have been used to estimate the risk
that pollution poses to pubic health. Many studies have found that while these
stations represent typical exposures for a large majority of urban populations, they
do not adequately characterize human exposure to certain primary pollutants from
motor vehicle impacted microenvironments, such as inside motor vehicles and
along roadsides (Ott and Eliasson, L973). A microenvironment exists for a
pollutant if the concentration of ttre pollutant at a particular location and time is
sufficiently homogenous yet significantly different from the concentrations at other
locations @uan, 1982).

This chapter selectively reviews studies of human exposure to air pollutants from
motor vehicles, such as evaporative fuel losses and tailpipe emissions. The
objectives of this review are: (1) to describe typical levels of human exposure to
motor vehicle air pollutants in several vehicle related microenvironments; and (2)
to estimate how many people are exposed to motor vehicle air pollutants in these
microenvironments in developed and developing countries. This chapter builds on
literature reviews undertaken by Flachsbart and Ott (1984), Flachsbart and Ah Yo
(1989) and Ott et al. (1991b).

Most of the studies reviewed in this chapter have focused on pollutants directly
emitted by vehicles, such as carbon monoxide (CO), nitrogen oxides (NO), lead
(Pb), and several volatile organic compounds (VOCs), such as benzene, m-/p-
xylene, and ethylbenzene. A few studies have looked at exposure to ozone (O3)
which is created in the atmosphere from VOCs and NO* through a photochemical
process.

Typical Levels of Personal Exposure

Estimates of personal exposure to air pollutants from motor vehicles employ either
a direct or an indirect approach. In the direct approach, personal monitors are
distributed to a sample of the population. As people engage in their regular daily
activities, they record their exposure to selected pollutants using the personal
monitors. In the indirect approach, trained technicians use personal monitors to
me:tsure concentrations in selected microenvironments and then combine this
information with additional data on human activity patterns to estimate the time
spent in those microenvironments.

Direct Approach

In the direct approach, subjects can record their exposures in a diary, as was done
in a pilot study in Los Angeles (Ziskind et al., 1982), or exposure data can
automatically be stored in a data logger, as wils done in studies in Denver and
Washington, D.C. (Akland et al., 1985). Subjects also record the time duration
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and nature of their activities in specified microenvironments while monitoring
personal exposures.

The direct approach is useful for obtaining an exposure inventory, ideally of a
representative sample, from either the general population or from a specific
subpopulation, which can be defined by demographic, occupational and health risk
factors. The inventory can cover a range of microenvironments encountered over
a period of interest (e.9., a day), or it can focus on one particular
microenvironment. With this flexibility, health officials firn assess the problem
that motor vehicles pose to a particular subgroup of the population active in a
specific microenviroment, e.g., parking garage attendants.

Gener al P opul atio n S t udie s

Direct studies of the general population are rare because of their expense and the
logistical problems of monitor distribution. The best examples of such studies
were the Denver, Colorado and Washington, D.C. studies of CO exposures
(Akland et al., 1985). In both studies, higher exposures were associated with
commuting. The two highest average CO concentrations occurred when subjects
were in a parking garage or parking lot and when travelling. High exposures
were also traced to indoor and occupational sources. The average CO
concentrations observed for all 'in-transit" microenvironments are shown in
Table 1, based on supplementary data analyses by Wayne Ott (Ott, Switzer and
Willits, 1991b). Denver had higher averages for each microenvironment, because
its colder climate causes higher CO motor vehicle emissions.

Table 1. Typical In-Vehicle CO Exposures (ppm) in Two U.S. Cities in
1982-1983.

In-Transit
Microenvironment

Denver, Colorado
Mean SD

Washington, D.C.
n Mean SD

Automobile
Bus
Truck
Motorcycle
Subway

3029
70

350
20

7.8
9.0
7.2

12.3

1 1 . 3
6.9
9 .5
9 .5

3345
r67
135

3
95

4.6
3.5
5.3
3.0
2.0

6.5
5.9
8 .1
3.3
1 .8
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In Denver, approximately 3 percent of the daily marimum l-hour exposures of
454 study participants exceeded 35 ppm, the l-hour U.S. National Ambient Air
Quality Standard (NAAQS) for CO, and abour 11 percent of the daily maximum
8-hour exposures exceeded the 9 ppm NAAQS (Johnson, 1984). In Washington,
1 .3 percent of 7l2 subjects surveyed had maximum hourly CO exposures
exceeding 35 ppm and about 4 percent of the sample had maximum 8-hour
exposures exceeding 9 ppm (Hartwell et al., 1984). In both cities, the composite
network of fixed-site monitors overestimated the 8-hour personal exposures of
people with low level exposures and underestimated the 8-hour personal exposures
of people with high exposures.

C-ommuter Studies

Two studies focused solely on commuter exposure to air pollutants from motor
velricles using the direct approach. Cortese and Spengler (1976) found that CO
exposures averaged 11.9 ppm for 66 non-smoking volunteers who commuted 45 to
60 minutes one way in Boston, Massachusetts. Each volunteer wore a CO
personal monitor for three to five days over a six-month period. Simultaneous
measurements taken at six fixed-site monitors averaged only 6 ppm.

Shikiya et d. (1989) collected samples of in-vehicle concentrations of CO, two
aldehydes, six halogenated hydrocarbons and four metals during the peak
commuting hours during summer and winter in metropolitan Los Angeles,
california. The researchers selected a random sample of 140 nonsmokers who
commuted from home to work in privately owned vehicles during each season.
Driving patterns and ventilation conditions were not controlled. Table 2 gives the
average concentrations of vehicle-related organic gases and metals for round-trip
commutes. One-way-commuting collection time averaged 33 minutes for organic
gases and aldehydes and 52 minutes for metals. Mean in-vehicle concentrations
substantially exceeded mean ambient concentrations for all pollutants except
ethylene dibromide, chromium and lead. Ten years earlier, Dzubay, et al. (1979)
reported t{at the mean in-vehicle lead concentration on Los Angeles freeways was
10.9 pgln3 for drives of 2 - 4 hours. This was six times great-r than the mean
ambient concentration. The reduction in lead exposures observed by Shikiya et al.
(1989) corresponds to the mandated reduction of lead from gasoline that occurred
during the period between these two studies.

Indirect Approach

Exposure studies that used the indirect approach ars more numerous than those
that used the direct approach. some of these studies describe typical exposures in
specific microenvironments. Microenvironmental studies may try to replicate
urban travel by car or trips between home and work by different travel modes,
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while others focus solely on the most congested portion of the trip where vehicles
are moving slowly due to high traffrc volumes and/or constricted space. In either
case, hypothetical 'standardized" routes are selected to estimate typical in-vehicle
exposures of commuters.

Table 2.

Air Pollutant

Typical Concentrations in Los Angeles,

Mean In-Vehicle
Concentration

California in 1987 - 1988.

Mean Ambient
Concentration

Organic Gases

Benzene
Carbon monoxide
Ethylene dibromide
Ethylene dichloride
Formaldehyde
Toluene
Xylene

Metals

Chromium
Lead

13.3 ppb
8599 ppb
0.014 ppb
0.033 ppb
12.5 ppb
36.3 ppb
32.9 ppb

0.012 pglnr3
0.218 pglnr3

5.3 ppb
3661 ppb
0.016 ppb
0.010 ppb
6.8 ppb
14.7 ppb
15.3 ppb

0.023 pglm'
0.208 p,glm-

More specialized microenvironmental studies have focused on in-vehicle exposures
at high-volume intersections and in vehicular waiting lines. Others have explored
concentrations in tunnels, underpasses, puking garages and buildings attached
thereto, service stations, and along curb-sides. In these studies, some have
identified high levels of exposure for specific subpopulations, while others have
evaluated measurqs to mitigate high exposures. Several other studies have tried to
explain how outdoor concentrations affect indoor concentrations. Many other
studies have focused on factors that affect levels of exposure, i.e., the covariates
of exposure, such as trafFrc volumes and speeds, vehicular self-contamination and
ventilation and meteorological factors. The reader is referred to Flachsbart and
Ah Yo (1989) for a review of covariate studies, which are beyond the scope of
this review.
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Standardized Routes

Studies of standardized routes have shown that fixed-site monitors underestimate
in-vehicle exposures to some air pollutants, but over-estimate these exposures for
other pollutants. Petersen and Sabersky (1975) reported that average in-vehicle
CO levels in Los Angeles were generally 15 - 20 ppm and were similar to
concentrations immediately outside the vehicle. Fixed-site monitors showed
maximum CO levels of only 8 ppm. A later study in Los Angeles by Petersen
and Allen (1982) reported lower in-vehicle CO values of 10.9 - 15.3 ppm, which
were 3.9 times higher than concentrations at fixed-site monitors.

Holland (1983) found that in four U.S. cities, urban residential, fixed monitoring
stations underestimated the time-weighted mean of commuting and
residentialdriving exposures to CO over standardized routes by factors of 0.4 to
0.7. Luria et al. (1985) found that CO concentrations exterior to their test vehicle
in Jerusalem, Israel were much higher than any levels measured at fixed-site
monitors. In Raleigh, North Carolina, Chan et al. (1991) stated that median CO
concentrations were 11 ppm inside test vehicles on standardized routes, but only
2.8 ppm at fixed-site monitors.

Ott et al. (1991a) measured in-vehicle CO concentrations on 88 standardized trips
over a one-year period in 1980 on a suburban arterid highway in the San
Francisco Bay Area of California. They reported a mean CO concentration of 9.8
ppm for typical trips of 35 - 45 minutes; the median CO concentrations were only
1.0 ppm at the two nearest fixed-site monitors. Ott et al. (1991c) currently are
resurveying this highway using a methodology similar to their previous study to
determine in-vehicle exposure trends. Based on preliminary findings, they
reported that the mean in-vehicle CO concentration had dropped to about 5 ppm or
51 percent of the mean value estimated 11 years earlier. They attributed this
exposure reduction to the replacement of older vehicles with newer vehicles that
have lower emission factors. This reduction is particularly significant, as daily
traffic volume on this highway has grown by about 17 percent during the
intervening period, according to estimates by Hildemann et al. (1991).

Chan et al. (1991) reported differences between measurements in vehicles and at
fixed-site monitors for several VOCs, including benzene, ethylbenzene, hexane,
isopentane, m-/p-xylene, n-butane, n-pentane, o-xylene, 1,2,4-trimethylbenzene,
toluene, 2-methylpentane, 2,3,3-trimethylpentane and 2,2,4-trimethylpentane.
Weisel et al. (1991) found that in-vehicle VOC concentrations were 3 - 10 times
higher than ambient levels during 30-minute idling periods. However, the mean
concentrations of several VOCs while commuting were lower than those found by
Shikiya et d. (1989) in Los Angeles, but similar to concentrations measured by
Chan et al. (1991) in Raleigh.
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Fixed-site monitors may overestimate in-vehicle exposures for other air pollutants
related to motor vehicles. Petersen and Sabersky (1975) found that in-vehicle
concentrations in Los Angeles ranged from 0.05 - 0.50 ppm for NO and from
0.24 - 0.80 ppm for NO' while ambient concentrations of these two pollutants
were significantly higher at the nearest fixed-site stations. Similarly, ozone
concentrations were generally below 0.05 ppm inside the vehicle, about three to
four times lower than in the ambient environment. Chan et al. (1991) observed a
similar result for ozone in Raleigh, but Luria et al. (1985) found that NO*
concentrations exterior to their test vehicle in Jerusalem were much higher than
any levels measured at fixed-site monitors.

Studies of standardized routes have also been used to assess the effectiveness of
priority (restricted) lanes for carpools, highoccupancy vehicles (HOVs), and
express buses in reducing commuter exposure to motor vehicle exhaust in
Honolulu, Hawaii (Flachsbart, 1989). In this study, in-vehicle exposure to CO
served as a surrogate measure of traffrc congestion, since higher CO emissions can
be associated with slower moving trafhc. Compared to commuter CO exposure in
umestricted lanes, exposure was about 18 percent less for those in carpools, 28
percent less for those in HOVs, and 6l percent less for those in express buses.
Commuters in priority lanes also achieved speed advantages which partially
explained their reduced CO exposures.

The last three studies in this category are of particular interest, because two were
undertaken in a developed country and the other in a developing country and their
methods of data collection were similar.

Flachsbart et al. (1987) reported the time-weighted CO concentrations for three
modes of travel in the Washington, D.C. metropolitan area during winter 1983.
CO concentrations were measured during morning and evening rush-hour periods
on 15 hypothetical commuter routes: eight congested highway routes, four bus and
three rail routes. Typical in-vehicle CO exposures for automobiles ranged from
9 - 14 ppm for trips of 40 to 60 minutes. By comparison, typical CO exposures
for transit users were substantially less, ranging from 4 - 8 ppm for bus trips of 90
to 110 minutes and 2 - 5 ppm for rail trips of 30 to 45 minutes. Wallace (1979)
found similar differences in car and bus commutes between Reston, Virginia and
Washington, D.C.

The Flachsbart et a!. (1987) study obser.red higher CO exposures for automobile
commutes than did Akland et d. (1985), even though both studies were done in
the same metropolitan area about the same time. This difference could be
explained by a difference in study design. Akland et al. directly surveyed a
representative sample, thereby capturing all types of urban travel throughout the
day. Flachsbart et al. purposely selected long commuter routes over known
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congested highways during rush-hour periods only. Thus, the Flachsbart et al.
results may be represenBtive of commuters with high levels of exposure.

Fernandez-Bremauntz (1992) monitored CO concentrations inside various types of
vehicles typically used for commuting in the metropolitan area of Mexico City,
Mexico during winter months. Table 3 reports results for 549 trips, representing
r." combination of five different corridors, as divided into linls, and six travel
modes during morning and evening commuting periods. Between October 1990
and February 1991, the mean daily maximum 8-hour ambient CO concentrations
at four stations in Mexico City ranged from 7 to 11.5 ppm. Fernandez-Bremauntz
generally found much higher exposures inside automobiles than inside buses and
subways, a result similar to the above findings in Washington, D.C.

Table 3. Typical CO Concentrations in Mexico City, Mexico in 1991.

Range in Mean
CO ConcentrationsTravel mode

Number
of Trips

Private automobile
'Combi" type van
Minibus
Diesel bus
Electric trolleybus
Subway and light rail

55 - 57 ppm
39 - 67 ppm
32 - 64 ppm
20 - 40 ppm
22 -32ppm
16 -26ppm

34
35

t52
170
47

111

The mean in-vehicle exposures for each travel mode in Mexico City are much
hrgher than those in Washington, D.C. Most vehicles in Mexico use lower quality
fuels and generally have no pollution controls. In fact, the Mexico City exposures
are hlghel than exposures observed in the United States pdgg to the advent of
emission controls there in 1968. For instance, Brice and Roesler (1966) measured
in-vehicle concentrations of CO and hydrocarbons while driving in moderate and
heavy traffic from outlying areas to downtown locations in six U.S. cities.
Table 4 shows typical concentrations for 3O-minute averaging periods for each
pollutant.
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Table 4. Typical In-Vehicle Exposures in Six

Carbon Monoxide
Concentration (ppm)
Mean Range

U.S. Cities in 1966.

Hydrocarbon
Concentration (ppm)
Mean Range

Chicago, Illinois
Cincinnati, Ohio
Denver, Colorado
St. Louis, Missouri
Washington, D.C.

37
2l
40
36
25

20-59
8-s0

2 2  - 7 2
l t  - 7 7
7  - 4 3

2.4 -  8.4
3 . 6  -  1 1 . 6
4.6 - 19.0
4.4 - 19.0
2.0 - 23.0

4.8
5.7
9.6
9.3
6.2

Intersections

Ramsey (1966) surveyed 50 intersections over a six-month period in Dayton,
Ohio. He reported a strong relationship between traffrc volume and CO
concentrations at intersections. Concentrations ranged from 56.1 ppm (mean) I
18.4 ppm (one standard deviation) for heavy traffic to 31.4 t 31.5 ppm for
moderate traffic to 15.3 + 10.2 ppm for light traffic. He reported that
concentrations were greater at intersections along major arteries somewhat
removed from downtown Dayton, and that their mean concentration was 3.4 times
the mean of intersections a block away and perpendicular to the axis of the
arterial. Willits and Ott (1981) also found a statistically significant linear
relationship between passenger exposure and traffic counts at congested
intersections on a suburban arterial highway in northern California. Seifert and
Abraham (1982) surveyed several VOCs at traffic intersections in West Germany.
They reported mean concentrations of 100 pglm3 for mJp-xylene and L47 pgtnf
for toluene.

Queues

Myronuk (1977) measured CO concentrations inside automobiles that were idling
in queues to a drive-up facility in Santa Clara Valley, California. The in-vehicle
CO concentrations ranged from 15 - 95 ppm for l5-minute averages, with short
term peaks between 100 and 1,000 ppm. Background CO levels were only
2 - 5 p p m .

93



Motor vehicle air pollution

Tunnels and Underpas s e s

Waller et al. (1961) measured average CO concentrations in London's Blackwell
and Rotherhithe Tunnel. The average CO concentrations during the morning and
evening rush hours were slightly above 100 ppm. Peak CO concentrations of 500
ppm, 450 ppm, and 340 ppm were recorded on days for which fans in the tunnel
were shut off.

Coviaux et al. (1984) measured CO concentrations in a tunnel in Paris, France.
They found average CO concentrations of 30 ppm in the tunnel itself and 6 ppm in
a 'technical room' that supported operation of the tunnel. However, smokers
were present in the room.

Lonneman et al. (1986) reported that measurements of non-metlane organic
carbon taken in 1982 in New York's Lincoln Tunnel were one-fourth the levels
found in a L97O study of the same site. They attributed this reduction to the
greater prevalence of catalytic converters in the motor vehicle population, because
tunnel ventilation rates for each year had not changed.

Wright et al. (1975) reported that average CO concentrations in six poorly
ventilated underpasses in Toronto, Canada ranged from 17.5 - 100+ ppm.

Parking Garages and Semice Stations

Studies ofparking garages have been done in several countries prior to the
introduction of emission controls on c:us. Trompeo et al. (1964) measured CO
levels in 12 underground garages in Rome, Italy. The CO levels for 132
observations averaged 98 ppm and ranged from 10 - 300 ppm. Chovin (L967)
recorded average levels of 150 ppm between 7:30 and 8:00 a.m. in a police car
garage in Paris, France. Wright et al. (1975) reported that average CO
concentrations in well-ventilated underground garages in Toronto ranged from
7.4 - 34.7 ppm.

Several studies have examined the diffi,rsion potential of air pollutants from
parking garages into adjacent buildings. Yocum et d. (1971) monitored inorganic
Pb particulates and CO concentrations in buildings in Hartford, Connecticut.
Although one building was built over a parking g:uage, its ventilation system,
which was operated with a slight positive pressure, was effective in preventing the
penetration of inorganic Pb particulates from auto exhaust.

Jabara et al. (1980) collected 8-hour CO exposures of65 employees, including
smokers and nonsmokers, of the Denver, Colorado Police Department who
worked close to heavy traffic for extended time periods. A group of 33 office
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employees served as controls for comparison. Table 5 summarizes the results for
8-hour CO concentrations for each type of employee. The higher median
concentration for office nonsmokers was attributed to five high readings among
employees who worked in offrces above a parking garage in the police station.
Jabara et al. concluded that CO leaked upstairs from the garage on very cold
mornings when garage doors were closed and vehicles were being warmed up
before leaving.

in Denver, Colorado inTable 5.

Type of
Exposure

Typical 8-Hour CO Exposures (ppm)
t978 - t979.

Nonsmokers
Median Range Median

Smokers
Range

Offrce

Trafftc

Ott and Flachsbart (1982) reported that ten enclosed parking garages in several
California cities had a mean net CO concentration (after subtracting the ambient
concentrations at the nearest fixed-site monitors) of 21.7 + l2'5 ppm. Seven
buildings attached to enclosed parking garages had a mean net CO concentration
of 6.1 + 2.9 ppm. For a given date and microenvironment, CO concentrations
were found to be relatively stable over time, which suggested that brief visits to
each microenvironment could enable generalizations to longer time periods.

Flachsbart and Ott (1986) observed the diffusion of CO from an underground
parking garage into the upper floors of a l5-story office building in Palo Alto,
California. A survey of the entire building showed that average CO
concentrations in the garage were 40.6 ppm and ranged from 10.2 - 18.5 ppm for
the first 11 floors above ground level. High CO levels in the building were
attributed to two factors: (1) fans ventilating the garage were shut down to reduce
electricity bills; and (2) the doors connecting the stairwell to the garage were left
open. Average CO levels on the top four floors ranged from 2.0 - 4.0 ppm,
because they were served by a separate ventilaticn system. Once these problems
were mitigated, average CO levels in the garage dropped from 40.6 ppm to 7.9
ppm and in the building had fallen to just 0.7 - 1.5 ppm.

Flachsbart and Brown (1989) systematically surveyed 25 business outlets for
employee exposure to CO on the ground level of the Ala Moana Shopping Center

7.5 4.2 -  22.1

20.4 '1.8 - +4.3

7 . 1

22.1

4.r  -  9 .6

8.0 - ss.3

95



Motor vehicle air pollution

in Honolulu, Hawaii. The shopping center is attached to a multilevel, semi-
enclosed parking structure. At ground level the structure has a two-lane driveway
fronting shops, most of which leave doors open during business hours. The
average co concentrations for 30 visits to all shops over the five-month survey
ranged from 2.8 - 23.1 ppm. co readings at the nearest fixed-site monitor were
usually below 1 ppm. A similar study of the same shopping center by Bach and
Lennon (1972) found average CO levels ranging from 12 - 37 ppm in parking
areas. Flachsbart and Brown attributed their findings of lower average co levels
primarily to stricter emission controls as applied to new motor vehicles during the
11 years between the two studies.

Service stations were included as microenvironments in two studies. Amemdale
and Hanes (1984) measured CO concentrations in 13 automobile service stations
and two dealerships in the New England area. Results varied by season, with co
concentrations ranging from2.2 -2l.6ppm in warm weather and 16.2 - 110.g
ppm during cold weather. They cited reduced ventilation for higher
concentrations during winter. wilson et al. (1991) randomly sampled 100
self-service filling stations and took convenience samples at l0 parking garages
and 10 offices near the garages, in the Los Angeles, orange, Riversidl and San
Bernardino counties of southern california. They took five-minute samples of 13
motor vehicle air pollutants in each microenvironment and in the ambient
environment. Table 6 summarizes results for just the motor vehicle air pollutants.

Table 6.

Motor Vehicle
Air Pollutant

Median S-Minute Concentrations (ppb) of Motor Vehicle Air
Pollutants in Southern California in 1990.

Service
Station

Parking Office
Garage Building Ambient

Benzene
Carbon monoxide
Ethylene dichloride
Formaldehyde
m-/p-xylenes
Toluene

9
4300

0 .1

2 l
l 1000

0 .1
34
43
49

5
4000

0.1
36
9

26

4
2000

0 .1
20
9

29

4
13
36

Curb-sides in Commercial Areas

In three u.s. cities, colucci and Begeman (1969) found that outdoor mean co
concentrations were usually the highest, but varied the most in commercial areas
(3.5 - l0 ppm), were intermediate near freeways (6 - 8 ppm), and were lowest in
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residential areas (2.5 - 5.5 ppm). Similarly, Godin, Wright and Shephard (1972)
observed that CO concentrations were highest in downtown Toronto, intermediate
at a suburban home, and lowest at a semi-rural farm house.

Ott and Eliassen (1973) collected CO samples in downtown San Jose, California
and in surrounding residential and industrial locations. They reported average CO
levels ranging from 5.2 - L4.2 ppm for sidewalks along congested downtown
streets, with corresponding averages at fixed-site monitors ranging ttom2.4 - 6.2
ppm.

Wright et al. (1975) measured 4 - 6 minute average CO exposures of pedestrians
and street-workers during summer and fall 1973 in Toronto, Canada. They
focused on sidewalks that had been closed to traffic to become a pedestrian mall.
Before the street was closed, the average CO concentrations at two cross streets
were 9.4 t 4.0 ppm and 7.9 * 1.9 ppm. After the street was closed, the
averages dropped to 3.7 + 0.5 ppm and 4.0 t 1.0 ppm, respectively, roughly
equivalent to the urban background level.

Wilson and Schweiss (1978a) measured CO concentrations at 40 outdoor sites and
four sidewalks in Boise, Idatro. Pedqstrian exposures ranged from 2.9 - 14.0 ppm
fot 2 - 4 hour averages. The highest 8-hour CO average wu l7 .2 ppm. In
downtown Seattle, Wilson and Schweiss (1978b) measured CO concentrations at
36 outdoor sites (including small parks and isolated areas) and two sidewalks.
The 4-hour average CO levels along sidewalks ranged from 1.1 - 11.9 ppm'

Bellin and Spengler (1980) measured the CO exposures of baggage handlers at
Boston's Logan International Airport. They intermittently monitored both the
upper (open) and lower (semi-enclosed) levels ofthe entrance area ofone
terminal. Based upon l5-minute averages, the indoor (ticket counter)
concentrations were significantly lower than the outdoor (curb-side)
concentrations. The 95 percent confidence interval for all indoor locations
(5.7 - 6.8 ppm) was lower than the interval for all outdoor locations (9.7 - 12.5
ppm). The l-hour maximum concentrations were 15 ppm (indoors) and 23 ppm
(outdoors), both occurring on the same day.

The Air Qudrry and Noise Division of the National Environment Board of
Thailand (1989) has measured curb-side concentrations of several motor vehicle
air pollutants in Bangkok since 1984. Between 1985 and 1987, daily levels of
particulate matter slightly exceeded the ambient standard of 330 pglm3 and at one
location were two to three times the standard. Average daily Pb concentrations at
18 sites monitored between 1985 and 1987 ranged from 0.6 - 3.5 pglm3, which
was below the ambient standard of 10 pglm3. Mean CO values for 17 sites
monitored between 1985 and 1988 ranged from 3 - 24 mgtmi for l-hour
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averaging times and from 2 - 26 mg/m3 for 8-hour averaging times. The l-hour
and 8-hour co standards are 50 and 20 mglm3, respectively. No2 and o3 levels
were reported to be low.

Perpendicular Distance from Roads

Besner and Atkins (1970) investigated the relationship between motor vehicle air
pollutants and perpendicular distance to the axis of an urban expressway in Austin,
Texas. concentrations of co and Pb were mqxured at two sites, one 4.8 meters
and the other 29 meters from the road. At both sites, they found a strong positive
association between Co and Pb concentrations. They also reported a decline of
co concentrations with greater distance from the road, verifying a similar finding
by Ramsey (1966). At the site nearest the road, co concentrations ranged from
3.4 - 6.0 ppm, while at the more distant site they ranged from 2.4 - 3.9 ppm.

Indoor- O ut do or Rel at ionship s

In the Hartford, connecticut study, yocum, clink and cote (1971) found that co
concentrations in enclosed settings are similar to outdoor concentrations, but tend
to lag behind the peak concentrations observed outdoors. Godin, wright and
Shephard (1972) reported similar findings for downtown offices in Toronto,
canada. They found that indoor co concentrations tended to match outdoor
levels, but with a lag of I - 2 hours.

The General Electric company (1972) studied co concentrations in two high-rise
buildings in New York city, one constructed over a highway. They found that
indoor CO concentrations normally were lower than outdoor concentrations at all
heights above ttre roadway when outdoor concentrations were high. conversely,
when outdoor concentrations were low, indoor concentrations were not as low.
Hence, in the absence of indoor co sources, indoor concentrations tended to
follow outdoor levels with some degree of time lag and with a tendency not to
reach either the extreme high or low values that were found outdoors. The study
also reported that at heights greater than 30 meters above the roadway, CO
concentrations were larger indoors than outdoors. This result was attributed to the
trapping of CO within the building.

Estimates of People Exposed

This section provides crude estimates of the number of people exposed to motor
vehicle air pollutants in developed and developing countries on a daily basis.
Very few studies have actually attempted to estimate the number of people
exposed to motor vehicle air pollutants in different microenvironments, such as
inside vehicles and along roadsides. Hence, these estimates are based on a
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number of critical assumptions made necessary by a lack of literature on the
subject. Appendix A describes the methodology underlying these estimates.
A basic assumption applicable to all microenvironments is that human exposure to
motor vehicle air pollution is largely an urban phenomenon. For example,
Romieu et al. (1991) reported that mobile sources in Santiago, Chile are
responsible for 83 percent of total NOr emissions, 78 percent of hydrocarbons,
and 98 percent of CO emissions. Nearly every study reviewed previously focused
on highways and roadside settings in urban as opposed to rural settings. In
comparison to rural areas, cities have greater traffrc congestion, which lowers
average travel speeds thereby increasing some types of emissions, and their
business districts have street canyons which increase concentrations. Although
motor vehicles pervade rural areas also, motor vehicle air pollution is a much
greater problem in cities. Hence, a country's level of urbanization is one indicator
of the number of people exposed to motor vehicle air pollution.

A second basic assumption is that the number of people exposed to air pollutants
from motor vehicles depends upon the extent to which a country is motorized.
Zahavi (L976) defined motorization at the country level as the number of cars per
100 population or the number of cars per household. Countries with higher levels
of motorization are considered more susceptible to having greater numbers of
pmple exposed to motor vehicle air pollutants.

A countervailing factor to the extent of motorization in a particular country is the
level of emission controls applicable to motor vehicles in that country. Renner
(1989) briefly summarized the history of emission controls in different countries.
In the United States, emission controls on motor vehicles were first implemented
in the 1960s and emission limits were gradually tightened throughout the 1970s.
Japan's emission standards, which are comparable to U.S. limits, were
implemented in 1975 and 1978. More recently, Australia, Canada and South
Korea adopted emission standards equivalent to those in the U.S. The European
Economic Community @EC) has adopted separate standards for large, medium
and small vehicles. Small cars, which capture about 60 percent of the European
market, have the most lenient emission standards. Brazil expects to match current
U.S. standards by 1997. Many other countries, such as Argentina, India and
Mexico, have virtually no controls on motor vehicle emissions.

A third basic assumption is that urbanization and motorization vary by country and
that countries can be grouped according to the extent of their economic
development. Based on standard definitions used by the World Bank (1990), four
economic groups are defined here based on per capita gross national product
(GNP). These groups are as follows:
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Country
Economic Crouo

Low income
Lower-middle income
Upper-middle income
High income

Per Capita GNP
(1988 U.S. Dollars)

$100 - 490
$570 - 2,160

$2,290 - 5,420
$6,010 - 27,500

Table 7 summarizes both the world's human and automobile populations by these
four economic groups, which include 159 countries representing 99.8 percent of
the world's total population of 5.313 billion people in 1990. (Ihis world
population total includes about 20.5 million people living in Taiwan in 1990, but
excluded from Table A.4 of the United Nations report titled World Urbanization
Prospects 1990, which was the basis for the estimate of human population.)

In 1990, while high-income countries had only 22.7 percent of the globe's
population, they had 37 percent of the world's urban population of 2.4 billion
people and an astounding 85.6 percent of the world's automobile fleet of 405
million vehicles. Middle-income countries, including both lower-middle and
upper-middle categories, had 20.4 percent ofthe global population, but 26.3
percent of the world's urban population and 12.7 percent of all automobiles. In
contrast, the low-income countries had 56.9 percent of global population, but only
36.7 percent of urban population and only 1.7 percent of the world's automobile
fleet. The most frequent means of travel in low-income countries is by foot and
paratransit. The latter includes pedal or motorizd rickshaw, converted vans and
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Motor vehicle air pollution

pickups, converted jeeps, small minibuses, shared taxis, motorcycles and mopeds
(Armstrong-Wright, 1986; White, 1990).

Bleviss (1990) reported that shares of the world's automobile fleet are shifting
among different countries and regions. The U.S. share of the world's automobile
populationhas fallen ftom77 percent in 1930 to 35 percent in 1986. By the year
2000, Europe will have more automobiles on the road than the U.S. (OECD,
1983). Although developing countries cunently have small shares of the world's
automobile fleet, countries in Asia and Latin America are expected to double or
triple their automobile populations by the end of this century.

Numbers of In-Vehicle Exposures

Table 8 summarizes the estimates of daily vehicular trips in urban areas by
econornic group and region in 1990, as further broken down by travel mode. This
table shows the gross disparity in both the absolute numbers and the percentages
ofvehicular trips for developed and developing countries, particularly between
opposite ends of the income spectrum. This disparity in urban vehicular trips is
even more pronounced when one looks at trips by automobile versus trips by
public and para-transit.

The high income countries, which claim only 37 percent of the world's urban
population of 2.4 billion people, account for a disproportionately high share of the
world's daily vehicular trips in urban areas. Of the 3.4 billion vehicular trips
taken every day in cities, over half take place in high-income countries and almost
72 percent of these are by automobile. The lower-middle and upper-middle
income countries combined, which repres ent 26.3 percent of the world's urban
population, account for only 21.1 percent of all vehicular trips and 14.1 percent of
the automobile trips. In contrast, the low-income countries, which represent36.7
percent of the world's urban population, account for only 27.2 percent of the
world's vehicular trips and just over 14 percent of its automobile trips in urban
are:N.

Numbers of Roadside Exposures

Exposure along roadsides is a function of the streetscape and how people use
streets to travel and do business. In urban areas, the greatest potential for
exposure often occurs in business and commercial districts. However, many
developed countries have shopping centers that are designed to separate
pedestrians and motor vehicles. In developing countries, sidewalks are often
narrow or non-existent in commercial districts. Proudlove and Turner (1990)
describe tlpical street conditions in many Third World Cities. Street vendors and
hawkers in developing countries take up so much sidewalk space that pedestrians
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are often forced to walk in the street in a zone intermediate between the sidewalk
and moving motor vehicles.

Table 9 summarizes the results of estimates of roadside population by economic
group and region. The table shows that cities in low-income countries have an
estimated 62 to 103 million people who spend a considerable amount of their
working day in roadside settings. Their roadside population is roughly 1.7 times
as large as that found in all middle-income countries and 2.3 to 2.7 times as large
as ttrat found in high-income countries. For low- and high-income countries, a
comparison of Tables 7 and 9 shows that their respective percentages of the total
roadside populations roughly correspond to their respective percentages of the
world's total population. For lower-middle and upper-middle income countries,
the same comparison shows that their respective percentages of the total roadside
populations roughly correspond to their respective percentages of the world's total
urban population.

Conclusion

Several conclusions can be drawn from studies of human exposure to air pollutants
from motor vehicles. First, numerous studies have shown that concentrations of
some air pollutants inside motor vehicles and along,roadsides are typically higher
than those levels recorded simultaneously at fixed-site monitors. Second,
exposures tend to be higher inside automobiles than in transit vehicles used by bus
and rail systems. Third, priority lanes used to afford speed advantages to carpools
and buses can reduce air pollutant exposures of their passengers. Fourth, in the
absence of indoor sources, concentrations in enclosed settings are similar to
outdoor concentrations, but tend to lag behind the peak concentrations observed
out{gors. But indoor concentrations tend not to reach either the extreme high or
low values that are found outdoors. The exceptions are certain commercial
buildings that are attached to actively used parking garages. When ventilation
systems in these buildings are not functioning or operating properly, motor vehicle
emissions from garages can infiltrate buildings and expose occupants to
concentrations higher than ambient levels. Fifth, concentrations of motor vehicle
air pollutants decline with greater distance from the road. This suggests that
passengers in vehicles are at most risk to air pollutants from motor vehicles,
followed by pedestrians and street merchants along roadsides, and then the general
urban population.

A country's level of economic development also plays a significant role in human
exposure to motor vehicle air pollutants. Developed nations have larger urban and
automobile populations than developing countries, and consequently greater
mobility and larger proportions of trip makers who use automobiles rather than
public transit. Thus, the potential for human exposure to air pollutants from
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Motor vehicle air pollution

motor vehicles is higher in developed countries, because these risk factors exist.
However, there is preliminary evidence from North American cities that, despite
growth in automobiles and traffic volumes during the last 20 years, human
exposure to some motor vehicle air pollutants has declined due to tighter emission
controls on cars.

Human exposure to air pollutans from motor vehicles in large cities of developing
countries, such as Mexico City, presently appears to be even higher than
exposures observed in large U.S. cities during the 1960s, prior to the advent of
motor vehicle emission controls in the U.S. Although developing countries
typically have lower levels of motorization (i.e., fewer automobiles per 1000
population), each vehicle is likely to emit more air pollutants per mile than the
vehicles in developed nations due to a lack of or less stringent emission controls,
and/or poor quality fuels. Furthermore, these levels of motorization are growing
rapidly, especially in Asia and Latin America. Finally, large cities in developing
countries have much greater percentages of their informal labor forces who are
street vendors and hawkers than do cities of developed countries. Thus, actual
levels of human exposure to motor vehicle air pollutants may be higher in
developing countries.
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Chapter 4

REVTEW OF MOTOR VEHICLE ENIISSION CONTROL MEASI,JRES

AND THEIR EFFECTIVENESS

Michael P. Walsh"

Introduction: elements of an overall pollution control strategy

Generally, the goal of a motor vehicle pollution control program is to reduce
emissions from motor vehicles in-use to the degree necessary to achieve healthy
ambient air quality for mobile source related pollutants in all areas of a city or
country as rapidly as possible or to the practical limits of technological, economic
and social feasibility. In order to achieve these general goals, emission standards
to achieve the desired reductions need to be set and programs implemented to
enforce compliance with these standards and to control vehicle usage where
needed. These emission reduction goals are to be achieved in a manner which is
equitable with respect to the population groups affected and, where direct trade-
offs between alternative approaches exist, in the least costly manner.

Michael P. Walsh,
America

Consultant, Arlington, Virginia, United States of
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Strategy Analysis

Two ways of controlling motor vehicle emissions are to control emissions per
vehicle mile traveled (VMT), and to control VMT. These methods can be used
together.

Controlling Emissions per Mile Driven

Emissions/VMT may be reduced by controlling (1) vehicle performance and/or (2)
fuel composition (e.g., lead, sulfur, volatility, oxygen content).

Vehicle Performance

Vehicle performance may be improved by controlling vehicle hardware and by
ensuring that vehicles in-use are properly maintained.

vehicle hardware may be controlled by requiring vehicles to be designed and built
to meet emission standards when new and during their useful life (arbitrarily
defined as 5 years; 50,000 miles prior to 1990 in the US although it is recognized
that a vehicle's total lifetime is much longer if properly used and maintained) and
to be modified if they do not.

Since the emission standards of concern represent substantial reductions in
emissions from uncontrolled vehicle levels, it is necessary that manufacturers
consciously design their vehicles for emissions control. vehicle design may be
evaluated by testing prototype vehicles. If individually constructed prototype
vehicles are not capable of meeting emission standards, it is generally accepted
that mass produced vehicles of the same design probably are not either.
Conversely, if manufacturers are able to build prototypes which demonstrate that
their designs are capable of meeting standards, the pioUaUitity that their production
vehicles will also meet standards may be increased.

Vehicle Build - New

Given that the manufacturer has "certitied" his intended design, production
vehicles may not meet standards, even when new, eitler because they are not
constructed in all material respects, the same way as the prototype (i.e., they are
misbuilt), or the manufacturer has failed to translate the design effectively into
mass production. The first situation is legally equivalent to introducticjn into
commerce of an uncertified design and may be guarded against by inspections and
civil penalties.
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The second situation may result from "prototype-to-production slippage" and/or
"production variability", depending on the circumstances. In that case, Ole
vehicles may not conform to the standards, but production vehicle testing is the
only way their nonconformance may be detected. Therefore, testing of production
vehicles is necessary in order to be certain 0rat production vehicles actually meet
standards.

Vehicle Build - Useful Life

Vehicles may meet standards when new but may fail to meet standards during
their useful life, even though properly maintained, due to excessive deterioration
in-use. Such deterioration may occur because the manufacturer failed to translate
effectively the design into mass production, or because the certified design is
inadequate due to the inability of the accelerated certification testing to accurately
simulate in-use standards. In such cases, it is desirable that the manufacturer be
required to fix the vehicle at his own expense for two reasons; one, !o reduce
emissions from the vehicle, and two, to deter the manufacturer from building such
vehicles in the future.

Mechanisms for identifying excessively polluting vehicles in-use include in-use
testing, defect reporting by manufacturers and by vehicle owners, state inspection
programs, and assembly-line testing. Mechanisms for requiring manufacturers to
fix such vehicles are provided by recall and warranty progranu.

Proper Maintenance

Vehicles may have been designed and built to meet standards but they will not do
so unless properly maintained. To the extent that motor vehicles can be designed
to eliminate or minimize necessiuy maintenance, the magnitude of this vital task of
ensuring proper maintenance can be reduced. A means for achieving reduced
maintenance requirements might be to force technology by gradually requiring
manufacturers to reduce maintenance performed during certification testing and to
similady reduce the pre-requisite maintenance for warranty purposes. However,
the inability of the certification process to assess the need for time dependent (as
opposed to mileage-dependenQ maintenance suggests that warranty requirements
would be a principle enforcement tool.

The fundamental requirements for achieving proper maintenance of vehicles in-use
would seem to be providing (i) the incentive for car owners to obtain proper
maintenance, and (ii) the ability and incentive of the marketplace to provide proper
maintenance.
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Owner Incentive

Requiring maintenance tlrrough a mandatory I/M (inspection and maintenance)
program would be the most effective "incentive" for car owners. The success of
an I/M program, either in terms of maximizing emission reduction benefits or in
terms of obtaining public acceptance, depends upon rqNsuring the public that
manufacturers are doing their part, i.e., tlat the vehicles are designed and built to
meet standards if properly maintained, and that manufacturers will bear Lhe eost if
they do not meet standards.

A significant aspect of an I/M program is the inspection test used to identifo
vehicles in need of maintenance. A short inexpensive test which correlates with
the full test is highly desirable. Such a test would not only make the I/M program
more cost effective in terms of direct emission reductions capability, it would also
make the inspections an extremely valuable surveillance tool for use in conjunction
with assembly-line testing, recall, and warranty progr:rms, and it would make I/lvI
more palatable by activating the performance warranty.

Marketplace Ability

The ability of the markeplace to provide proper maintenance is first dependent on
knowing what proper maintenance is, and manufacturers are required to speciff
such "reasonable and necessary" maintenance in owner's manuals. Review of
those instructions by an agency such as the United States Environmental Protection
Agency (USEPA), to ensure reflection of at least state of the art technology in
reduced maintenance requirements can be important. Manufacturers may also be
required to design tlreir vehicles and maintenance requirements to avoid
"foreseeable" instances of improper or mis-adjustment. where particular fuels are
required as in the case of unleaded gasoline for catalyst equipped vehicles, that
fuel must be made available. Further, msnures must also be taken (such as labels
in the filler inlet area and on the dashboard; fuel filler inlet restrictors designed to
accommodate only the slightly narrower fuel nozzle that should be used for
unleaded fuel) to be sure that vehicle owners and drivers are fully aware of the
need for unleaded fuel in their vehicles. Also, some consideration should be given
to pricing policies for unleaded and leaded fuels so that vehicle owners and drivers
do not have an economic incentive to use leaded fuel when a vehicle requires
unleaded fuel. The service industry must be educated to the requirements of
tuning for emission control rather than traditional performance and given sufficient
incentive such as the mandatory requirement on their customers of passing an I/M
test to provide such tuning. The aftermarket service and parts industry must be
able to provide replacement parts which do not adversely affect emissions
performance. In addition, mqNures to prevent intentional tampering with
emissions control systems must be undertaken.
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FueI hmposition

Fuel composition may be controlled, as in the case of unleaded fuel, for the
purpose of proper maintenance, as discussed above. In such cases, control of fuel
composition is only indirectly a mqsure for controlling emissions. Fuel
composition may also be controlled as the direct means of controlling emissions,
as is the case in reducing the lead content of leaded gasoline to control lead
emissions, or could be the case in reducing sulfur content to control sulfate
emissions.l Also, it should be noted, unleaded gasoline lowers exhaust HC
emissions compared to the use of leaded fuel due to changes in the characteristics
of combustion chamber deposits.

Recent studies carried out in the United States by the auto and oil industries (the
so called Auto/Oil study) indicate that gasoline vehicle exhaust HC emissions
decrease significantly with lower fuel sulfur.

Diesel fuel generally contains much higher levels of sulfur than gasoline.
Therefore, many OECD (Organization for Economic Cooperation and
Development) countries have decided to take steps to lower the sulfur levels as a
strategy to reduce diesel particulate emissions. This has the added benefit of
increasing the potential for catalytic control of diesel particulate and organic HC
emissions.

Control of gasoline volatility is another important strategy for reducing vehicle
evaporative and refueling emissions, especially in areas with warmer climates.
Experience in the US indicated that when lead in gasoline was reduced during the
1970's and 1980's, highly volatile butane components were added at least in part
to enhance octane levels, with the result that gasoline volatility and evaporative,
emissions increased significantly. Control of fuel volatility is relatively
inexpensive and easily accomplished. It can greatly lower vehicle evaporative
emissions which account for roughly 30 to 50Vo of total vehicle HC emissions.

Similarly, use of oxygenated additives in gasoline lowers exhaust HC and CO but
should have no effect on evaporative emissions as long as fuel volatility is not

IIt is worth noting that even though an oxidation catalyst may result in
slightly greater conversion of sulfur oxides to sulfate, all sulfur oxides in the
afinosphere are converted to sulfates. So the use of catalysts does not result in
increased sulfates considering the atmospheric transformation. Usually, the sulfur
content of gasoline is so low that gasoline fueled vehictes cause less than one
percent of the sulfur oxides in a given country.
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increased. Use of compounds such as methyl-tertiary-butylether GvffBD do not
increase fuel volatility; however, splash blending of alcohols such as ethanol can
increase volatility.

Conholling Vehicle Miles Travelled (VIvIf)

Reduction of VMT is an additional means of controlling emissions, e.g., through
carpooling, increased use of mass transit, parking restrictions, gas rationing, etc.
Exarples of such strategies include:

1. Policies To Induce Shifts To More Effrcient Transportation Modes

Thase policies act to reduce transportation energy consumption and emissions per
seat mile. Incentives include transit fare reductions and service improvements,
such as extending coverage, reducing headways, improving travel time and
reliability of on-time service, coordinating transfers, and construction ofpark and
ride facilities. Disincentives usually fall on the private automobile in the form of
increased parking charges, surcharge taxes on motor fuel, and gasoline and diesel
fuel rationing.

2. Policie.s to lncrease the Load Factor of Existing Vehicle Fleets.

These policies attempt to increase passenger miles per seat mile. Incentives
include carpool matching and information programs, vanpool and commuter bus
prograrns, dial a ride, shuttle and jitney services. Examples of disincentives are
similar to those noted above.

3. Policies to Shift Time of Peak Travel Demand Occurrence.

These policies work to decrease transportation emissions per seat mile for all
modes by spreading congasted peak traffrc loads over a broader time frame to
improve use patterns of existing transportation capacity thereby improving vehicle
operating efficiency. Included among these policies are freeway ramp metering
programs, fourday-work weeks, staggered work hours, and general traffic
circulation improvements, such as synchronized signals.

4. Policies to Reduce Travel Demand

These policies attempt to decrease passenger miles through redistribution of urban
activities. Examples include land use policies to promote mixed land use, to
increase density along transit corridors, and to coordinate new subdivision
development into effrcient patterns. An examples of policies taking advantage of
new technologias is the substitution of communications for transportation flows.
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Though generally politically less acceptable, such approaches tend to promote fuel
conservation, can aid in urban renewal, and represent the only mobile source
control measure remaining once vehicle control technology has been pushed to its
limits.

Whatever success is achieved in reducing per mile emissions ftom vehicles can be
eventually eroded by continued high growth rates in the number and use of
vehicles. With very few exceptions (Singapore and Hong Kong being among the
bright spots), transportation controls to reduce this growth have been a failure, not
because they cannot work but rather because most countries have not seriously
tried to implement them.

It is now clear that technological solutions to the motor vehicle pollution problem
are increasingly offset by growth in the vehicle population. Therefore, long term
solution of the environment problem is dependent on coming to grips with the
overall growth issue. High growth impacts on emissions in two ways. Not only
does it directly increase emissions (more miles driven = more pollution), it leads
to more congestion which further increases emissions.

Strateg5r Evaluation

As the above discussion indicates, various enforcement tools are available to
address each stage of a vehicle's life cycle. The certification process which
requires testing of prototype cars prior to production, can affect vehicle design at
low mileage and to a limited degree, the durability of emission controls. Since
certification requires reviews of a manufacturer's proposed maintenance schedules,
it may c.onstrain the manufacturer from imposing the necessary level of
maintenance and thereby reduce the potential effectiveness of recall and warranty.
Some prototype maintenance nevertheless is not required to be recommended to
the consumer. Its major advantage, that it affects vehicle design early in the
design process before actual production begins, is also its major weakness, in that
necessarily, it deals with somewhat artificial, prototype cars in an artificial
environment. By its very nature, therefore, it cannot address production
problems, deterioration due to age, real world driving, ambient extremes nor the
amount and quality of maintenance that will actually be performed in-use.

Assembly Line Testing requires testing of new production vehicles and is the only
technique which can be used to ensure before sale that vehicles when built are in
fact meeting emission standards. However, its impact on durability of design
depends on requiring allowances for deterioration, which are derived from other
programs, such as certification or in-use testing. Further, like certification, it
cannot influence the amount or quality of maintenance performed in-use.
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The recall and warranty programs 2 can provide some incentive to individuals to
properly maintain their vehicles and are ftre only programs which can directly
affect the actual in-use durability of vehicles. These programs are subject to the
limitations of dealing only with properly maintained vehicles and a generally less
than perfect response on the part of individual vehicle owners, and they would
appear only to affect *rose vehicles which are likely to have been polluting
excessively for some time. They represent therefore, remedies applied after
considerable damage has been done. Further, much of their potential effectiveness
is lost after vehicles are in-use more than one or two years. However, the major
impact of these manufacturer directed in-use programs is a significant deterrent to
the design and/or manufacture of vehicles which will fail to comply initially or as
a result of deterioration from actual use.

I/M is the only compliance technique which ensures that in-use vehicles are
properly maintained. By requiring that vehicles pass a retest, it directly influerrces
the quantity and quality of maintenance in addition to the design, through the
warranty and recall programs which use I/M as a surveillance tool.

I/M is probably the most effective "anti-tampering" program because of the
intensive surveillance built into the periodic inspection. such surveillance is
particularly helpful in addressing vehicle maladjustments which cause vehicles to
exceed standards. However, where I/M is not in effect, gross tampering by
dealers may be discouraged by rigorous application of an "anti-tampering"
program.

The benefits of I/M, however, are limited by the adequacy of the short test used,
the ability of the service industry to make proper repairs and the potential
tampering which could occur following the test to allow the vehicle !o emit high
emissions throughout the year.

It seems clear, therefore, that the ideal program must include all of the above
elements.

2Historically, in the US, these have applied to vehicles for five years or
50,000 miles. However, in the 1990 Amendments to the Clean Air Act, warranty
liability was extended to 8 years or 80,000 miles for major emission control
components such as the catalytic converter, the electronic control unit and the
onboard diagnostic controls; the warranty for all o0rer emission control devices is
reduced to 2 years or 24,000 miles which ever comes first. Recall liability will be
gradually increased to 10 years or l@,000 miles, with in use recall rcsting limited
to 75,000 miles.
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Schedule / Sequence

In a perfect world, with unlimited resources, one might wish to implement all of
the above strategies, simultaneously, at the very start of a program. This is very
rarely, if ever, feasible or practical and could even be counterproductive.

Therefore, it is necessary to make decisions about how to phase in the various
strategies. One such approach is to devote the early stages of the program to
laying a firm foundation for further action. The first steps are the adoption of
necessary and feasible standards, widespread distribution of necessary fuels,
limiting the import of uncertified vehicles to individuals (rather than commercial
companies), limited certification and assembly line test prograrns to ensure
adequate vehicle designs, introduction of voluntary I/M programs (which means
every vehicle must be inspected but repair and retest is not yet mandatory), and
the design and construction of necessary government testing facilities for future
programs.

In the second phase, the requirements can be gradually tightened. I/M should
become mandatory and the standards made progressively more sFingent,
importation of non-certified cars restricted, and selective government testing used
to verify certification results and institute necessary recalls.

Finally, as the fundamental structure gets accepted, it can be gradually and
routinely tightened. For manufacturers, standards can be made more stringent as
technology advances, Recall liability and warranty protection can be extended to
the actual vehicle lifetime, and allowable maintenance requirements can be
reduced. Fuels can also continue to be improved. Onboard diagnostics can be
introduced on new cars and I/M programs can be modified to more fully utilize
them.

Vehicle Pollution Controls: The State of the Art

Petrol Fueled Vehicles

Significant progress has occurred over the past two decades in the development of
a wide variety of emissions reduction technologies for petrol fueled vehicles.

Before controls were required, engine crankcases were verrted directly to the
atmosphere. Crankcase emissions controls which basically consist of closing the
crankcase vent port were introduced on new cars in the United States in the early
1960's with the result that today, control of these emissions is no longer a serious
concern.
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The hydrocarbon evaporative emissions result from distillation of fuel in the
carburetor float bowl and evaporation of fuel in the gas tank. To control these
emissions, manufacturers generally feed these emissions back into the engine to be
burned along with the other fuel. When the engine is not in operation, vapors iue
stored, either in the engine crankcase or in charcoal canisters which have a strong
affimty for these emissions, and then burned off when the engine is started.3
Technology to control these vapors is now readily available but its overall
effectiveness is dependent on the fuel volatility for which it has been dasigned.

Exhaust emissions of hydrocarbons, carbon monoxide and nitrogen oxides are
related to the airlfuel mixture injected, the peak temperatures and pressures in
each cylinder, whether lead is added to the petrol, combustion chamber geometry,
and other engine design parameters. Variations in these parameters ate, therefore,
capable of causing significant increases or decreases in these emissions. The most
important parameters are probably air/fuel ratio and mixture preparation, ignition
timing, and combustion chamber design. Variations in these parameters are
usually key elements in vehicle controls when modest light duty vehicle emissions
standards are imposed.

Dilution of the incoming charge has been shown to reduce peak cycle temperature
by slowing flame speed and absorbing some heat of combustion. Recirculating a
portion of the exhaust gas back into the incoming air/fuel mixture (EGR) thereby
lowering peak cycle temperature is therefore used to lower NO*.

Improvements in mixture preparation, injection systerns, and ignition systems can
increase dilution tolerance. This can also be achieved by increasing the burn rate
or flame speed of the air-fuel charge. Techniques to do this include increased
swirl and squish, shorter flame paths, and multiple ignition sources.

Electronics

With so many interrelated engine design and operating variables playing an
increasingly important role in the modern engine, the control system has taken on
increased importance. Modifications in spark timing must be closely coordinated
with air-fuel ratio changes and degrees of EGR lest significant fuel economy or
performance penalties result from emissions reductions, or NO, emissions increase
as CO goes down. In addition, controls which can be much more selective

3Such an approach improves vehicle fuel effrciency as vapors previously
released to the atmosphere now do work.
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depending on engine load or speed have been found beneficial in preventing
widespread adverse impacts.

Therefore, electronics have begun to replace more traditional mechanical controls.
For exanple, electronic control can optimize ignition timing under all engine
conditions and has the added advantage of reduced maintenance and improved
durability compared with mechanical systems. When coupled with electronic
control of EGR, it has been demonstrated that NO* emissions can be reduced with
no fuel economy penalty and in some cases with improved fuel economy.

Exhaus t afr er-tr e atrnent d evi c e s

When stringent exhaust emissions standards (especially hydrocarbons or nitrogen
oxides) are made compulsory, exhaust after-treatment devices such as catalytic
converters tend to be used to supplement engine modifications.

An oxidation catalyst is a device which is placed on 0re tailpipe of a car and
which, if the chemistry and thermodynamics are favorable, will oxidize almost all
the HC and CO in the exhaust stream. One of the unique advantages of catalysts
is their ability to selectively eliminate some of the more unhealthy compounds in
vehicle exhaust such as aldehydes, reactive hydrocarbons and polynuclear aromatic
hydrocarbons.

Three-way catalysts (so called because of their ability to lower HC, CO and NO.
levels simultrnmusty) were first introduced in the United States in 1977 by Volvo
and subsequently became widely used when the US NO, standard was lowered to
1.0 grams per mile. To work effectively, thase catalysts require precise control of
airlfuel mixtures. As a result, three way systems have indirectly fostered
improved air/fuel management systems such as advanced carburetors and throttle
body fuel injection systems as well as electronic controls.

Starting with 1975 model year cars, catalysts have been placed on upwards of 80
per cent of all new cars sold in ttre United States; in the last few years, either
oxidation or three-way catalysts have been placed on all new petrol fueled cars.
In Japan and Canada, catalysts are also widely used to meet emission standards.
Many cars in Austria, the Netherlands, Sweden and Germany are starting to be
sold with these systems and they are required on new cars in Australia and
Switzerland.

Special Problems With Two-Stroke Engines

Since many of the two-wheeled vehicles which are prevalent in many developing
countries are powered by two-stroke engines, a few special comments are in
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order. In general, most of the solutions to reduce emissions from four-stroke
engines can be applied to two-strokes. However, in addition, since much of the
HC emitted comes from lubricating oil, this deserves special attention. "It is
known that visible smoke can be reduced by the use of engine oils containing
polyisobutylene, and also by leaner fuel oil ratios. Therefore the separated
lubrication system, which brings about overall leaner fuel/oil ratios, seems to be
favorable for smoke reduction (Sugiura and Kagaya, L97i)." Further, 'since
1986, mopeds with catalysts have been available in Switzerland and in Austria".
These mopeds are required by law to comply with the stringent emissions
standards in these countries (Laimboch and Landerl, 1990). It is a fair conclusion
to state today that the historical problems of high smoke and unburned
hydrocarbons from two-stroke technology are no longer technologically necessary.
"New technology promises to resolve these concerns. As examples, direct
cylinder electronic fuel injection, electronic computer control, and catalytic
exhaust conversion are now commonplace solutions (lVyczalek, 1991).,

It is worth noting that modern two-stroke engines are emerging which are stafting
to demonstrate very low emissions, excellent fuel economy, and low cost.
Foremost among these is the orbital Engine which has undergone testing by the
usEPA, and on at least one model appears close to achieving the very stringent
Ultra Low Emission Vehicle Standards of ttre State of California.

OffRoad Vehicles and Engines

Recent studies have indicated that vehicles and engines designed for use off-road
can be important sources of emissions. Such engines include the following: lawn
and garden equipment, airport service equipment, recreational equipment, light
commercial equipment, industrial equipment, construction equipment, agricultural
equipment, logging equipment and commercial marine vessels.

Both the USEPA and the california Air Resources Board are in the process of
developing standards for some of these sources. In addition the European
community and the UN Economic commission for Europe are in the process of
investigating proposals in this area.

Diesel Fueled Vehictes

While the major technical problems associated with reducing emissions frorn petrol
c:us iue solved, it is apparent that reductions from these vehiclqs alone are not
sufficient to solve the air pollution problems in many areas. Diesel trucks and
buses have therefore been receiving increased attention as significant sources of
particulates and No*. Emissions deterioration is very low for diesel vehicles
compared to petrol and diesel vehicles have inherently low HC emissions although
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these HC's are higher in molecular weight and thus of a different chafacter than
those from petrol engines. Further, uncontrolled diesel engines emit objectionable
exhaust odors which are a frequent source of complaints from the public. The US
has adopted standards for these vehicles which will foster technological
developments similar to those which have already occurred for petrol cars. These
developments are receiving close attention from other countries.

Smoke emissions from diesel engines are composed primarily of unburned carbon
particles from the fuel and usually result from an excess of fuel available for
combustion. This condition is most likely to occur under high engine load
conditions such as acceleration and engine lugging when the engine needs
additional fuel for power. Further, a common maintenance error, failure to clean
or replace a dirty air cleaner, may produce high smoke emissions because it can
choke off available air to the engine resulting in a lower than optimum air-fuel
mixture. Vehicle operation can also be important since smoke emissions ftom
diesel engines are minimized by selection of the proper transmission gear to keep
the engine operating at the most efficient speeds. Moderate accelerations, lower
highway cruising speed as well as reduced speed for hill climbing also minimize
smoke emissions.

Basic approaches to diesel engine emission control fall into three major categories:

* engine modifications, including combustion chamber configuration and
design, fuel injection timing and pattern, turbocharging and EGR;

* exhaust after-treatment, including traps, trap oxidizers and catalysts; and

* fuel modifications, including control of fuel properties, fuel additive's and
alternative fuels.

NO* control techniques being phased into the diesel population include variable
injection timing and pressure, charge cooling, and EGR. Retarding injection
timing, while a well known method of reducing NO, formation, can lead to
increases in fuel consumption, and particulate and hydrocarbon emissiorrs. These
problems can be mitigated by varying the injection timing with engine load or
speed. Also, high pressure injection can reduce these problems. If coupled with
electronic controls, it appears that NO, emissions could be reduced significantly
with a simultaneous improvement in fuel economy (although not as great as would
occur if electronics were added without any emission requirements).

With relatively lenient particulate standards, engine modifications are generally
sufficient to lower engine-out emission levels. They include changes in
combustion chamber design, fuel injection timing and spray pattern,
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turbocharging, and the use of EGR. Further particulate controls appear possible
through greater use of electronically controlled fuel injection which is currently
under rapid development. Using such a system, signals proportional to fuel rate
and piston advance position are measured by sensors and are electronically
processed by the electronic control system to determine the optimum air fuel ratio
and timing.

One of the important factors in diesel control design is that NO*, particulate and
hydrocarbon emissions are closely interdependent. For example, retarded timing
within certain ranges decreases NO* and particulates but can lead to increases in
HC. As technology has advanced, these potential trade-offs have diminished. For
example, certain new engine designs (combustion chamber modifications,
electronically controlled fuel injection, etc.) have resulted in simultaneous
reduction in HC, particulates and NO*.

Exhaust after-treatment methods include traps, trap oxidizers, and catalysts. Trap
oxidizer prototype systems have shown thernselves capable of70 to 90 percent
reductions from engine-out particulate emissions rates and with proper
regeneration, the ability to achieve these rates for high mileage. Basically all rely
on trapping a major portion of the engine-out particles and consuming them before
they accumulate sufficiently to saturate the filter and cause problems, such as
increased fuel consumption and reduced performance.

Worldwide Progress In Lowering Vehicle F'.missions

Advances in automotive technologies have made it possible to dramatically lower
emissions from motor velricles. Increasingly, countries around the world have
been taking advantage of them. Initial crankcase HC controls were first
introduced in the early '60's followed by exhaust Co and HC standards later that
decade. By the early to mid 1970's, most major industrial countries had initiated
some level of vehicle pollution control progr:rm. For a variety of reasons --
differing types and degrees of air pollution problems, varying vehicle
characteristics, economic conditions, etc. .- the emissions control approaches
differ significantly between countries.

Petrol Vehicles

Japan and fiu AS

During the mid to late 1970's, advanced technologies were introduced on most
new cars in the US and Japan. These technologies resulted from a conscious
decision to "forcen the development of new approaches and were able to
dramatically reduce CO, HC and NQ emissions below levels achieved by
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previous systems. As knowledge of these technological developments on cars
spread, and as the adverse effecS of motor vehicle pollution became more widely
recognized, more and more people across the globe began demanding the use of
these systems in their countries.

'Western 
Europe

During the mid 1980's, Austria, the Netherlands and the Federal Republic of
Germany adopted innovative economic incentive approaches to encourage purchase
of low pollution vehicles. Since then, Australia, Austria, Canada, Denmark,
Finland, Norway, Sweden and Switzerland have all decided to adopt mandatory
requirements.

Within the European Community, at the European Council of Environmental
Ministers meeting on 12 June 1991, there was unanimous agreement to adopt the
199211993 auto standards provisions which have been on the table over the last
few years along with an additiond step to be introduced in approximately 1996.
However, the details of the "second step" will need to await subsequent action
since the European Parliament was unable to muster suffrcient votes to resolve the
question. Specifically the Ministers decided to:

l . Require all new models of light duty vehicles by July 1992 nd all new cars
after 1 January 1993 to meet emission standards roughly equivalent to US
1987 levels Q.72 elkm CO, 0.97 g/km of HC plus NO,,, 0.14 g/km of
particulates for Type Approval, 3.16 g/km CO, 1.13 g/km for HC plus NO*,
0.18 g/km particulates for Conformity of Production),

Require the Commission to develop a proposal before 3t December 1992
which, taking account of technical progress, will require a further reduction
in limit values,

3. To have the Council decide before 3l December 1993 on the standards
proposed by the Commission, and

4. Prior to 1996, to encourage the introduction in all countries, of tax systems in
which pollutants and other substances form the basis for calculating motor
vehicle circulation taxes.

Rapidly htdus trializing C.ountrie s

Even rapidly industrializing, developing countries such as Brazil, Mexico, South
Korea and Taiwan have adopted stringent emissions regulations. Most recently,
during 1990, such requirements have spread to Chile, Hong Kong and Singapore.

2.
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Adoption of current state of the art emissions standards has been demonstrated to
substantially lower emissions. For example, in ttre United states today, cars
exhaust less than 20 percent of the hydrocarbons and carbon monoxide per mile
driven than uncontrolled vehicles did in the 1960's. studies conducted by a major
US car manufacturer indicate that the effectiveness of emission control svstems
continues to improve:

In summary, the in-use exhaust emission performance has improved
substantially since the introduction of computer controlled closed-loop systems
in 1981. GM's 1986 model year performance is below the Federal standards,
on average, at 50,000 miles. Additional improvements, especially for CO,
are desired.

Heavy Duty Trucls, Buses and Diesels

There are various problems associated with diesel smoke and particulate, for
which control programs have been underway for many years. The next section
will review the history of these programs to date. In general, the initial focus was
on smoke control because it was clearly visible and a nuisance. As the evidence
has grown in recent years regarding the serious health and environmental risks of
diesel exhausts, more attention has focused on control of the particles themselves.
while smoke standards lower visible smoke, they are not as effective at lowering
particulate emissions as particulate standards are. That is, there is some but not
complete correlation between visible smoke and particulate. Smoke standards are
designed to address visibility problems and particulate standards are designed to
achieve acceptable ambient particulate levels.

United States

us emission control requirements for smoke from engines used in heavy duty
trucks and buses were first implemented for the 1970 model year. These opacity
standards were specified in terms of percent of light allowed to be blocked by the
smoke in the diesel exhaust (as determined by a light extinction meter). Heavy
duty diesel engines produced during model years 1970 through 1973 were allowed
a light extinction of 40 percent during the acceleration phase of the certification
test and 20 percent during the lugging portion; 1974 and later model years are
subject to smoke opacity standards of 20 percent during acceleration, 15 percent
during lugging, and 50 percent at maximum power.

The first diesel exhaust particulate standards in the world were established for cars
and hght trucks by the USEPA on 5 March 1980. standards of 0.6 grams per
mile (0.37 g/km) were set for all cars and light rrucks starting with the 19g2
model year dropping to 0.2 grams per mile (0.12 g/km) and 0.26 (0.16) for l9s5
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model year cars and light trucks, respectively. In early 1984, USEPA delayed the
second phase of the standards from the 1985 to 1987 model year to provide more
time for manufacturers to comply. Almost simultaneously, California decided to
adopt its own diesel particulate standards - 0.4 grams per mile (0.25 g/km) in
1985,0.2 (0.12) in 1986 and 1987, and 0.08 (0.05) in 1989.

Particulate standards for heavy duty diesel engines were promulgated by the
USEPA in March, 1985. Standards of 0.60 grams per Brake - Horsepower -

Hour (g/bhph) (0.80 grams per kilowatt-hour) were adopted for 1988 through
1990 model years, 0.25 (0.34) for l99l through 1993 model years and 0.10 (0.13)
for 1994 and later model years. Because of the special need for bus control in
urban areas, the 0.10 (0.13) standard for these vehicles will go into effect in 1993,
and then be cut by an additional 50% one year later.

Subsequently, USEPA revised the 0.26 grams per mile diesel particulate standard
for certain lightduty trucks. Lightduty diesel trucks (LDDTs) with a loaded
vehicle weight of 3751 pounds or greater, otherwise known as LDDT2s, were
required to meet a 0.50 grams per mile standard for 1987 and 0.45 grams per mile
level for 1988-1990. For the 1991 and later model years the standard was
tightened to 0.13 grams per mile.

It is worth noting that the driving force behind ttre control of particulate emissions
from vehicles in the US has been the adverse impacts of particles on mortality and
morbidity. While concerns have existed regarding potential carcinogenic effects
from exposure to diesel exhaust, this has not yet been the basis for regulation of
these emissions.

Canada

In March of 1985, in parallel with a significant tightening of gaseous emissions
standards, Canada adopted the USEPA particulate standards for cars and light
trucl$ (0.2 and 0.26 grams per mile, respectively) to go into effect in the 1988
model year. Since then, Canada also decided to adopt USEPA standards for
heavy duty vehicles for 1988 as well. Canada intends to closely monitor
developments in the US as 1994 approaches; if technology advances sufficiently,
and if the US retains is existing standards, it appears likely that Canada will adopt
them.

Japan

Smoke standards have applied to both new and in-use vehicles since 1972 and,
1975, respectively. The maximum permissible limits for both are 50 percent
opacity; however, the new vehicle standard is the more stringent because smoke is
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measured at full load, while in-use vehicles are required to meet standards under
the less severe no-load acceleration test.

Recently, after a lengthy process of internal debate and discussion, the Ministry of
Transport has issued a report on and a plan for dealing with diesel particulate and
nitrogen oxide emissions. It includes both a short term and a long term set of
standards.

Also included in the strategy document is the adoption of a high speed driving
cycle for all light duty vehicle categories.

European Community

Smoke limits similar to those described above in the United States and Japan have
been in effect in Europe for many years. Exhaust smoke levels are currently
recommended by EEC Regulation 24 (equivalent to EEC Directive 721306).
Measurements are taken using light absorption type apparatus.

However, recognizing the inadequacy of these requirements, the European
Community Environmental Ministers decided in December 1987 to adopt a
particulate standard for light duty diesels. First stage requirements have now been
introduced and will be gradually tightened throughout the 1990's.

At present there is no particulate emissions legislation in force for heavy duty
engines in the EC. Commenting on this, the House of Lords (UK) Select
Committee on the European Communities issued a report on "Particulate
Emissions From Diesel-Engined cars", based on evidence gathered during 1987 in
which they concluded that

"The Committee are impressed by the evidence they have received which
suggests that the environmental benefits of the proposal [regarding particulate
emissions from diesel cars in the Common Marketl will be negligible. They
agree with those witnesses who described it as doing little more than
maintaining the environmental status quo...The committee believe ttrat until
legislation is introduced to control particulate emissions from large die,sel-
engined vehicles, the main environmental impact of diesel vehicles will be
unalleviated. "

In response a proposal was developed and at the I october 1991 meeting of the
Council of Environmental Ministers, final agreement was reached on the Directive
!o tighten heavy duty vehicle emission standards. The "clean lorry" directive fixes
EEC norms which will be compulsory throughout the EC (not optional), in two
stages:
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1) After I July 1992, new types of diesel engines and diesel-fuel vehicles will
have to respect the following nonns:

- qubon monoxide (CO g/kwh = 4.5);
- hydrocarbons (HC g/kWh = 1.1);
- nitrogen oxides (NOx g/kWh = 8), and
- particulates according to engine-power:

less than 85 kW (PT g/kWh = 0.63), or
more than 85 kW (PT g/kwh = 0.36).

According to the European Commission, the vehicle industry is already getting
ready to ensure conformity to these norms for most vehicle models.

2\ After 1 October 1995, the new diesel engines and vehicles will have to
comply with the following standards:

- carbon monoxide exhaust (CO g/kWh = 4);
- hydrocarbons (HC g/kWh : 1.1);
- nitrogen oxide (NO* g/kWh = 7), and
- particulate emissions (Pf g/kwh = 0.2).

Non-EC Countries In Western Europe

Several other European countries have been cooperatively moving toward more
significant diesel particulate requirements. Sweden has already adopted the US-
EPA passenger car standard to go into effect in 1989 and Switzerland and Austria
are likely to do so in the near future. In Austria, a maximum permissible limit for
particulate emissions of 0.373 g/km (0.6 grams per mile) is already prescribed.

On the 4 May 1988 the Swiss government introduced new emission standards for
heavy duty vehicles to go into effect on I October 1991; they include standards
for CO, NO* and VOC as well as for particulates. The standards, based on the
European Regulation ECE R 49, ue as follows:

co
voc
Nox
Particulates

Present Standards
by I Oct. 1991

4.9 g/kWh
r.23 g/kWh
9.0 g/kWh
0.7 g/kWh

Prior Standards
as of 1 Oct. 1989

8.4 g/kWh
2.1 g/kWh
t!:! g/kwh

The new standards are about 40 percent lower than the former ones for heavy
diesel vehicles. However, it is intended to tighten these standards again in the
early nineties to meet the stringent USEPA 1994 standards.
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8.0 g/km 13.0 g/km
7.5 glkm 3.0 g/km
0.1 g/km 0.3 g/km

8.0 g/km
3.0 glkm
0.1 g/km

co
voc
No-

Motor vehicle air pollution

on 2 February 1988 the Swiss government decided to set new emission standards
for molorcycles to go into effect by october 1990. The,se prescriptions focused
mainly on voc control for two-stroke engines, whereas the standards for four-
stroke motorcycles remain unchanged.

Standards as of 1 Oct. 1990 Prior Standards
two-stroke engines two-stroke four-stroke

During the padiamentary discussion of summer 1987 on the air pollution control
strategy it was recognized that the measures undertaken so far are only sufficient
to reach the goals set for SQ but not for NO* and VOCs. Therefore the
Parliament called for an additional series for 54 measures to be quantified with the
aim of achieving the reductions for No* and voc emissions. The first part of ttre
report showed that with the projected technical measures, the desired reduction
cannot be achieved and various policy measures, e.g. traffrc management, have to
be studied.

within this context there are discussions going on regarding the ways to reduce
evaporative losses of VOC from solvent use in industrial processes and from
transport and distribution of petrol. Virtually all stations now sell 95 RON
unleaded petrol at this time with unleaded fuel approximately 8vo less than leaded.
on october 1, 1989 the diesel particulate standard for all new cars was reduced
from 0.37 grams per kilometer to 0.124. Also on October l, 1989 the first step
of the stockholm Group light duty truck standards went into effect; the second
step started on I october 1990. The first step ofthe heavy duty standards was
introduced on 1 october 1988. The second step which includes the first European
truck particulate standard (0.7 grams per kilometer) and is intended overall to be
approximately equivalent to ttre 1990 US standards although based on the
European 13 mode test went into effect on I october 1991. Finally, a third step
is being planned for the mid 1990's that will be equivalentto 1994 USEPA
standards (also likely including trap oxidizers or catalysts).

Swiss officials have received a mandate from their government to explore the
feasibility of adopting the california auto standards - 0.15 g/km non-methane HC,
and 0.25 g/km nitrogen oxides. simultaneously, they continue to explore a third
step for heavy duty vehicles, intending to adopi standards equivalentio usEpA
1994 requirements by 1995 or 1996. In conjunction with these requirements, they
intend to reduce diesel firel sulfur levels to 0.05 Wt. %, perhaps as early as
1 January 1994. These countries are also looking hard at more stringent
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requirements for trucks and buses. Sweden has announced its intention to adopt
requirements that will bring about the same degree of control as the US by 1995.
Specifically, USEPA 1990 requirements (including diesel particulate) were adopted
by Sweden on a voluntary basis for 1990 light duty trucks, and made mandatory
for 1992. Regarding heavy trucks, Sweden intends to strive for vehicle
technology and the equivalent environmental benefits as in the US. The standards
were voluntary from 1991 but will be mandatory starting in 1995.

For Europe as a whole, therefore, the heavy duty vehicle emissions picture can be
summarized as follows:

Summary of European

Units (g/kwh)

heavy duty diesel requirements (Current Status)

co

Switzerland Step 1 (Oct. 89)
Austria Step 1 (Jan. 88) 2 .18.4

NO* PART

14.4

Switzerland-Step 2 (Oct. 91)
Austria-Step 2 (Oct. 91)
Sweden - 93 MY (A-30)
Norwav - Oct. 93

4.9

4.9

1.23

1.23

9.0

7.0

0.7

(0.35 or 0.4)

EC-S tep lType
Approval

coP

Switzerland Step 3

4.5

(4.e)

(4.e)

1.1

(r.23)

(r.23)

8.0 0.63
0.36

(9.0) (0.7X<85 Kw)
(0.4)(> 85 Kw)

(e.0) (0.4)

EC Step 2
(Also Likely Swiss Step 4)

7.01 . 14.0 0.15

EC Step 3 (2000)
or later

New test
possible
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Future Prospects For Vehicle Trends

The growth in demand for motorized travel is well understood. As urban areas
populate and expand, land which is generally at the edges of the urban area and
previously considered unsuitable for habitation is developed. Also the high cost of
housing in the city centers forces people to pursue affordable housing in the
suburban areas. As the distance of these residential locations from the city center
or other subcenters increases, so does the need for motorized travel. Motorized
travel often in private vehicles supplants traditional modes of travel such as
walking, various bicycle forms, water travel, and even public transport. The need
for private vehicles is reinforced as declining population and employment densities
with distances from urban centers reduce the economic viability of public
transport.

The evolution of urban areas is influenced by the growth of income and
accompanying increases in the acquisitions of private motor vehicles and changes
in travel habits. As incomes rise, an increasing proportion of trips shifu, first to
motorcycles and, as income increases further, to private cars. The trend toward
private motorization is also influenced by public policy towards land use, housing,
and transportation infrastructure. While the proportion of middle and upper
income households in developing and newly industrialized countries able to afford
cars and motorcycles is lower than in industrialized nations, the number of private
vehicles still becomes very large as the middle and upper income groups grow in
megacities. The number of vehicles and levels of congestion are comparable to or
exceed that of major cities in industrialized countries. With the increase in
motorized travel and congestion come increases in energy use, emissions and air
pollution CIDRI, 1990).

Projections of population trends for the future in most rapidly industrializing
countries indicate both rapid population growth and increasing urbanization ofthat
population. In short, these trends generally increase the geographical spread of
cities, both large and small, increasing the need for motorized transit to carry out
an increasing portion of daily activities. Further, when coupled with expanding
economies as is increasingly the case in these countries, a greater proportion of the
urban population can afford personal motorized transportation, starting with
motorcycles and progressing as soon as economically feasible, to cars.

In summary, therefore, in coming years, under current policies one can expect
many more citizens of developing countries to be living in larger and larger cities
and driving more and more private vehicles. As a result, without intervention,
today's already serious pollution problems are likely to worsen, exposing greater
numbers of people to even higher pollution for longer periods of time.
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Chapter 5

CASE STI]DIES OF MOTOR VEIIICLE FOLLUTION

IN CITIES AROUND THE WORLD

David T. Mage'and Michael P. Walsh**

The Urban Environment In Developing Countris: Examples From Asia

As a result of the large and growing population of poorly maintained vehicles with
minimal, if any, pollution controls and powered by unusually dirty fuels, most
major cities of Asia are already experiencing serious motor vehicle related air
pollution problems, frequently on top of other serious environmental insults. In
virually every crty for which data is available, co, lead and particulate levels are
the primary pollutants causing these problems. Furthermore, vehicles contribute
significant amounts of HC and NQ emissions which are frequently toxic and
contribute to photochemical smog in cities with the appropriate meteorological
conditions.

* 
David T. Mage, Scientist, World Health Organization, Geneva, Switzerland.

" Michael P. Walsh, Consultant, Arlington, Virginia, United States of America.
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For example, in Thailand, the Office of the National Environment Board has
monitored levels of carbon monoxide, particulate matter and lead near major roads
in Bangkok since 1984. According to their latest annual report (National
Environment Board of Thailand, 1990) "the air pollution problem in Thailand is
serious near the major streets." In certain areas of the city where traffic is heavy,
"particulate matter's concentrations far exceed the daily ambient air quality
standards of 330 microgram/cubic meter on any day, and are as high as 2-3 times
standard values on some days." Carbon monoxide levels are also high in some
congested areas, also exceeding air quality standards.

A study of blood lead levels of policemen at three different rates of exposure to
vehicular traffrc, found a positive statistically significant link between trafftc
exposure and blood lead levels @aungchat, undated).

While reporteO blood lead bveti are somerrhat inconsistent Gtudy
,results range ftom 160 to 4O0 pg:per tiiei), even the lowest reported

..i....tteiase....ili{rt*.,mi*...as....$eat...ru'..th .. ad,.in t}re United States and
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Other air pollutants such as nitrogen dioxide and ozone from photochemical
oxidant reactions are found to be still at low levels in the city due to the favorable
meteorological conditions of Bangkok, with prevailing seasonal monsoon winds
and sea brwze.

The noise pollution problem in Bangkok is also severe and is caused mainly by
traffic. Data collected alongside densely travelled roads were found to have
Equivalent Sound Levels Grq) for 24 hours of 75 to 80 dB, much greater than the
US Environmental Protection Agency's (USEPA) recommended 70 dB for long
term hearing protection (National Environment Board of Thailand, 1990). The
percentage ofmotor vehicles exceeding a noise standard of 100 dB (A) at a
distance of 0.5 meters are summarized below.

Diesel
Cars

Site Motor
Cycles

Mini-
Buses

Bus Truck Motor
Tricycle

A

B

c

D

E

F

G

H

I

J

2 t .4

5.9

6.0

3 .1

10.2

5.4

6.7

7.5

5 .1

5.3

J J . J

20.0

5.6

30.8

20.0

16.7

78.6

33.3

4t.4

,10.5

27.6

63.3

8 l

8 1 . 8

90.7

88.6

82.4

84.8

77.8

80.9

68.1

86.8

60.0

88.0

72.5

62.7

77.4

70.0

13.3

9.4
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As the above data shows, significant numbers of all vehicle categories tend to be
very noisy but the problem is especially widespread with trucks and buses.

In Hong Kong, approximately '1.5 to 2 million people are exposed to
unacceptable levels of sulfur dioxide and nitrogen dioxide and about three million
people are exposed to high particulate levels. Many people are exposed to
unacceptable levels of all three pollutants" (Hong Kong EPA, 1989).

Air quality exposure problems associated with the transport sector are summarized
in Chapter 3. The adverse effects of this pollution are summarized in Chapter 2.
"The most common adverse health effects of these pollutants take the form of
increased incidence of respiratory illnesses, such as asthma and bronchitis. The
high levels of air pollution in many parts of Hong Kong must seriously aggravate
the condition of those already suffering from such illnesses and contribute to the
onset of chronic conditions. Other health effects such as lung cancer can be
caused by air pollution, as certain air pollutants, such as those emitted from diesel
vehicles, are known to be carcinogenic" (Hong Kong EPA, 1989). The World
Healttr organization's International Agency for Research on cancer (IARC) has
evaluated the carcinogenic risk to humans of exposure to diesel engine exhaust and
concluded that diesel engine exhaust is "probably carcinogenic to humans'l. The
air pollution problem in many urban areas is compounded by the life style and
climate in many of the warmer Asian cities. As a result, and as pointed out in
chapter 3, there is much greater public exposure to the emissions from vehicles
which are emitted directly into the breathing zones of many millions of people.

Quantiffing the costs of air pollution is very difficult. A recent study carried out
for the American Lung Association concluded that "National health costs worth
between $4.43 billion and $93.49 billion per year due to automotive and truck
exhaust pollution could be avoided" (American Lung Association, 1990).

I rhe International Programme on chemical Safety, a cooperative programme
of ILO, UNEP, and WHO is in the process of assessing the human health and
ecotoxic risks of motor vehicle fuels (petrol, diesel, alcohols) and exhaust
emissions. The assessment will include fuels and exhaust emissions as complex
mixtures with consideration of important chemical constituents.
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"Although it is impossible to be precise, hundreds of millioru of dollars
are spent every year on combating air pollution or paying to rectify its
effects. This expenditure arises in many different ways, from the
obvious, such as maintaining the EPD's [Environmental Protection
Departmentl air control staff and equipment, to the less obvious, such as
the cost to the public of maintaining more hospital'b'eds and medical
staff, the cost of cleaning buildings and clothes more frequently and the
cost of replacing or repairing equipment or parts of building5 or other
structures that have been severely corroded as a result of the aCidic
properties of some pollutants. Considerable expenditure is also incurred
by industrialiss and tle government in minimizing air pollution'
sometimes,because of the inappropriate siting of industrial or residential
buildings. "

Source: "White Paper: Pollution in Hong Kong - A Time To Act";

What is Being Done To Address The Problems

Chapter 4 summarized the status of technologies and other strategies currently
available to reduce vehicle emissions. In spite of the low pollution technological
advances which are now readily available, several countries in Asia have only
been able to make limited progress in reducing vehicle emissions.

Prospects are not entirely bleak. Rapidly industrializing areas such as Taipei and
Seoul have recently introduced state of the art controls on new petrol cars and are
rapidly putting comprehensive vehicle control programs in place. Decisions have
been made to do the same in Hong Kong and Singapore, and Thailand appears on
the verge of following suit shortly. Unleaded petrol and low leaded petrol which
has been relatively rare in much of the region is starting to spread rapidly and is
either already available or is likely to be soon in Japan, Taipei, Korea, Hong
Kong, Singapore, Malaysia, Indonesia and Thailand. Motorcycles in Taipei will
be subject to the most stringent motorcycle standards in the world, in a few
months and a promising development for other cities in the region with similar
two-stroke motorcycle problems.

In many paru of the region however economic or other conditions appear to
constrain the possibility of progress in the short term. In coming years, under
current policies it is expected that many more Asians will be living in larger and
larger cities and driving more and more private vehicles. As a result, without
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intervention, today's already serious pollution problems are likely to worsen,
exposing greater numbers ofpeople to even higher pollution for longer periods of
time.

Because Bangkok already exceeds WHO guidelines for air pollution,
certainly in rfgards to CO and SPM, and most likely in terms of lead, it
may be concluded from these results tlat air pollution by the year 2006
will more regularly eiceed acceptatle levels. Higher peak
conceDtrations will occur over a broader geographic area for a much
larger exposed populaiion. Only the adoption of pollution limiting
pgliCies will prevent this from happening.

: : : : : .

Source: TDRI Research Report No. 7

Definition of the Problem: A Case Study of Manila

Manila, the capital of the philippines, is at Latitude 14o36' N and Longitude l20o
59' E along the shore of lvlanila Bay on the west side of Luzon island. The city
1$ the heavily populated surrounding areas, form a megalopolis called
Metropolitan Manila, or the National capital Region tNcn). Industrial
development of the Philippines is centered in Manila, which is the country,s
international port of commerce. Metropolitan Manila is essentiallv at sea level
and occupies approximately 636 km2 of land on the deltaic ptain of the pasig
River, which flows from Laguna de Bay, a lake to the southeast of the city, into
Manila Bay.

The population of Metropoliran Manila has expanded rapidly from 5.9 million in
1980 to 7.0 million in 1985 and is estimated to be g mi[ion at present. It is
projected (uN astimate) to grow to l l.1 million by the year 20010. tn 19g0,
approximately 64vo of the 48 million Filipinos lived in rural areas, Manila being
the country's chief urban population center with l2vo of the country,s population.
The population density of Metro Manila is approximately 12 600 persons'per tm2.

Since world war II, the per capita GNp of ttre philippines has risen rapidly to its
present (1990) level of $630 (us); as the commercial and economic center of the
country it is expected that the per capita GNp within Manila would be higher.
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Private motor vehicles are primarily petrol fueled. Taxis, jeepneys and buses
primarily fueled by diesel provide public transportation in Metropolitan Manila.
Railways connect Manila to northern and southeastern sections of Luzon, and a
light rail transport system transports some 350,000 people per working day
ttrrough 30 km of rail system. Most vehicles are private passenger vehicles, taxis
or motorcycles. Of the 510,000 vehicle registrations in 1988 for petrol and diesel
vehicles, approximately 383 000 (or 75%) are petrol fueled. The number of
motor vehicles is expanding at a far greater rate than the roadway system can
absorb. In a recent period when the number of newly registered cars increased by
53 % , utility vehicles by 44Vo and trucks by 29% , the length of roadways
increased by 0.4Vo.

Estimates of vehicle emissions have been tabulated for 1988 by the Philippine
Environmental Management Bureau (EMB). The EMB estimates indicate that
petrol fueled vehicles contribute about70% more total organic gases (tOG) than
diesel vehicles, while petrol powered vehicles emit about 16.5 times the mass of
CO emitted from diesel vehicles. The majority of SO, and particulate matter
emitted by vehicles come from the diesel types, while NQ emissions from diesel
vehicles are about three times those from petrol types. Utility vehicles, most of
which are diesel powered jeepneys, account for more than half the particulate
matter @M) and SO,, and about half of vehicular TOG and NO* emissions.

Other emissions include lead, all of which is emined by petrol powered vehicles.
The highly visible black smoke emitted ftom diesel vehicles is a very significant
problem in Manila as passengers and pedestrians are often exposed to the
undiluted exhaust.

There are major questions, however, as to the accuracy of the emissions faclors
used in the EMB inventory, due largely to the lack of emissions data on vehicles
as operated in the Philippines. Contributing factors include observations that
vehicle maintenance is generally inadequate and petrol powered vehicles have no
emission controls. The jeepney diesel engines are often imported from Japan after
their economically useful life is over and rebuilt or reconditioned for use in the
Philippines. Their emission factors are unknown.
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kposure Measurements

Exposures to automotive pollutants had never been measured until recently, when
subida, Torres et al. (1991) performed an epidemiological study of illness among
jeepney drivers, air conditioned bus drivers and commuters (see also chapter 3).
The study reported human exposure data, obtained by personal monitoring to the
pollutants so2, TsP, co and Pb. These values are wel above wHo guidelines
for these pollutants and are indicative of the severity of the automotive exposures
of people who have occupational contacts and the potential for development of
chronic conditions from long term exposures.

The results of the epidemiology study, with corrections for smoking and other
covariates, show tlrat the jeepney drivers with their high exposures haue a much
higher odds ratio of 2.3 for having chronic obstructive pulmonary disease (copD)
as compared to the bus drivers and commuters. Also they have much reduced
pulmonary function. As a result of this study, it appears that automotive air
pollution has profound implications for the health of the urban population and
shows the need for development of an effective control progr:rm to timit
automotive emissions. The problem is complicated by economic considerations
which lead to the use of second-hand imported diesel engines in the jeepneys and
of highly polluting vehicle power systems.

A Case Study of Mexico City, DF

The number of automobiles in Mexico city has grown dramatically in the past
several decades; there were approximately 48,000 cars in 1940, 640,000 in t920,
1.1 million in 1975 and three million in 1985. The Mexican government estimates
that fewer than half of these qrs are fitted wittr even modest pollution control
devices. virtually none are equipped with state of the art exhaust after-treatment
syltems. In addition, more than 40 percent of the cars are over 12 years old, and
oflhese, most have engines in need of major repairs. The degree to which the
existing vehicles are in need of maintenance is reflected by thJ results of the'voluntaqr" I/M program run by the DF during 19g6 through l9gg. of the over
600,000 vehicles tested (209,63g in 19g6, 313,720 in 19g7hd 90,405 in the first
four months of 1988), abouti}% failed the petrol vehicle standards and g5%
failed the diesel standards (65 HSU).
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Although there are not as many buses as cars, tley are considered a major
pollution source because of the high levels of fine particlas produced by their
diesel engines and the wide public exposure to these emissions.

On a per capita basis, there are about 16 people per qu in Mexico, much more
th"q ir the highly industrialized world and even more than in Brazil, for example,
where the figure is 13. This illustrates that there is still a tremendous potential for
vehicular growth, above and beyond the projected growth in the overall
population.

Not surprisingly, with such a large and growing vehicle population, and with such
limited pollution control of these vehicles, Mexico City has emerged as one of tte
most polluted cities in the world. The problem is compounded by stagnant
meteorological conditions throughout the winter season, high elevation, and its
physical location, in a bowl surrounded by mountains.

The air pollution problem in Mexico City is probably worse than it might
otherwise be from a public health standpoint because of the commuting patterns
which exist there. "More than 20Vo of workers spend three or more hours
commuting each day and in ten cases daily travel time exceeds five hours. Some
employees live as far as 80 km from ttreir place of work" (Fernandez-Bremauntz
and Quentin Merritt, 1991). As shown in Chapter 3, commuters are among the
segments of the population most highly exposed to motor vehicle emissions.

An increasingly intensive effort has been underway to develop a comprehensive
package of pollution control measures. Motor vehicle controls - including more
stringent new car standards, retrofit of some older vehicles, and inspection and
maintenance are important components of the package.

New Vehicles

Mexican authorities have decided to introduce more stringent standards for light
duty vehicles, culminating with full US auto requirements by 1993. Interim
standards for 1989 through L992 ue consistent with a proposal made by the
automobile manufacturers.
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Emission Standards for Mexico in g/mile

HC CO Nox

35.2 3.68
'89 Cars, no trucks

'90 Cars
GVW'up to 6,012 lbs. (1)
GVW 6,013 - 6,614lbs. (2)

'91 Cars
GVW up to 6,012lbs. (1)
GVW 6,013 - 6,614lbs. (2)

'92 Cars
GVW up to 6,012lbs. (1)
GVW 6,013 -6,614lbs. (2)

'93 Cars
GVW up to 6,0L2lbs. (1)
GVW 6,013 - 6,614lbs. (2)

'94 Cars
GVW up ta 6,0L2lbs. (1)
GVW 6,013 -6,614lbs. (2)

3.20

2.88
3.20
4.80

l . t 2
3.20
4.80

t . t 2
3.20
3.20

0.40
3.20
3.20

0.40
1.00
1.00

28.8
35.2
56.0

t l .2
35.2
56.0

3.20
3.68
5.60

2.24
3.68
5.60

tI.z 2.24
3s.2 3.68
35.2 3.68

3.4 1.00
35.2 3.68
3s.2 3.68

3.4 1.00
14.0 2.30
14.0 2.30

* Gross Vehicle Weight
(1) Commercial Vehicles (i.e. Nissan Van & Combis)
(2) Light Dury Trucks

when these standards go into full effect, Mexico will be the first Latin American
country to introduce cars meeting US standards.

fn-use Vehicle Retrofit

Because the age distribution of the vehicle population contains a high percentage
of old vehicles (as is typical of many developing countries), it will take many
years before new car standards can really have a very significant effect on the
environment. Any short term improvements are dependent on reducing emissions
from the existing fleet. Based on the analysis by the under-secretariat of Ecology
(SEDUE), strict application of a requirement to retrofit some of ttre vehicles (thoie
capable of operating satisfactorily on unleaded petrol) would have the greatest
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pollution reduction potential during the 1990's. They are therefore, very
interested in pursuing this strategy.

SEDUE intends to require 1983 and newer offtcial cars to be retrofitted as a first
step. If this is successful, the next step would be to extend the requirement to all
vehicles involved in transporting people, e.g., ta;ricabs and combis.

Inspection and Maintenance

I/M is a critical element in maximizing the success of both new car control and in-
use vehicle retrofit as well as a source of significant direct emissions reductions.
Because it potentially affects everyone who drives, it must be implemented
carefully; for the same reason, it has been the most politically controversial of the
"short term" motor vehicle strategies under review

Because of fears over the public reaction, the only firm decision taken at ttris time
was to make inspections of official vehicles and those involved in transporting the
public obligatory.

As a start to the scheme, Mexico City has built 8 testing stations to measure
vehicle exhaust emissions and to analyze the likely cause. As of December, 1988,
this system has been used to test recent vintage cars (1977 through 1982 model
years have been identified as the first stage since they are old enough to have
deteriorated significantly but not so old as to be impossible to repair); the plan
calls for expansion to other vehicle groups in 1992.

Fuels

Over the last few years, according to PEMEX (Mexican National Petroleum Co.),
fuels improved significantly in Mexico City. The lead content of leaded fuel has
been reduced to about 0.15 grams per liter, sulfur levels are down and a grade of
unleaded petrol has been introduced. Further, new detergents have been added to
the petrol which are designed to reduce CO, HC and NO* emissions.

Unfornrnately, no independent agency of the government such as SEDUE has the
authority or the responsibility to independently ensure fuel quality. This allows
and encourages fears that even proposed improvements in fuel quahty such as the
elimination of lead, may be done in a manner to worsen environmental problems.
Some have even raised concerns that ttre introduction of unleaded fuel has
increased ozone levels. Most recently, it appears that PEMEX has raised the lead
levels to previous levels.
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A Case Study of Los Angeles

The Los Angeles (LA) Metropolitan Area is the population center of the California
South Coast Air Basin @asin) which constitutes a 16,600 km2 area bounded by the
Pacific Ocean to the west, and mountain ranges to the north and east. This
topography combined with the local weather patterns of light winds, sea breeze,
subsidence inversions and high solar intensity produce ideal conditions of
atmospheric stagnation conducive to pollutant reaction and buildup. The Los
Angeles Basin has been one of the most rapidly growing areas of the USA since
the early 1940s.

The Basin is surrounded to the east by mountains with a high desert area beyontl
and it has a very low annual rainfall. There is sunshine all year round and the
winters are very mild. In tre summer, a warm air cap often forms over the moist
cool marine air layer which inhibits vertical mixing. The-dominant daily weather
pattern is for an on-shore breeze to begin in the morning after sunrise and for an
off-shore breeze to occur at night. During periods of stagnating high pressure,
this circulation pattern which takes pollutants out to sea at night and returns them
to land during the day allows air pollutants to build up in the air shed until the
passage of a new weather front.

The LA Basin developed with almost no public transport network and
consequently the residents must rely on the motor vehicle for almost all
transportation. The presence of large numbers of motor vehicles and their
intensive consumer oriented service activities makes the Basin the most polluted
area in the United States. The 8 million vehicles in an urban area of 12 million
people represents possibly the greatest number of vehicles per person (0.67) in the
world -- almost everyone over 16 years old has one! Furthermore, the area will
grow by 5 million residents, 68% more vehicle-miles-travelled, and 4ovo morc
trips will be taken by the year 2010 (SCAG, 1989).

Los Angeles air quality has been a major concern since the early 1940s when the
postwiu boom brought rapid population growth and industrial expansion. since
1947, the Los Angeles Air Pollution control District (LAApcD), the precursor of
the south coast Air Quality Management District (scAeMD), began inforcing air
pollutant emission controls. Hourly ozone concentrations exceeding 0.6 ppm were
reported and in the 1960s ozone frequently exceeded 0.5 ppm. In l96d the state
of California began instituting vehicle emission sundards which were stricter than
those promulgated later by the USEpA for the nation at large. Despite their strict
controls, the maximum ozone during the period 1986-1991 only degeased to 0.35
ppm because of an 81% population increase from 1960 to 1990 and allied
increases in industrial activity and vehicular traffic. This enormous population
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increase resulted in many motorists commuting 60 - 80 miles each way to secure
affordable single-family housing outside the central area.

Emissions of petrol-powered automobiles have been stringently controlled by the
USEPA for the past 25 years starting with the 1968 models. California has an
exemption ftom the U.S. Clean Air Act that allows it to have stricter emission
standards than the rest of the country. The USEPA and California Air Resources
Board (CARB) standards are shown below. Note how lower values were often
implemented by California several years before the USEPA. For example, the
NO* strndard of 0.25 g/km which is to be adopted in California in 1992, will be
adopted by the USEPA in 1995.

Progressive tightening of petrol-powered automotive emissions

Comparison of USEPA and CARB Emission Standards G/km)

Year CO
US CARB

HC
US CARB

3.70
3.7 1.56
2.r  1 .56
1.9 1.56
1.9 1.56
1.9 1.56
0.9 0.44
0.9 0.29
0.25 0.29
0.25 0.29
0.25 0.29
0.16
0.08

No*
US CARB

1966
1968
t970
1972
1973
t974
1,975
1978
1980
1983
t992
by 1995
by 2003

32
32
15.6
15.6
15.6
15.6
5.6
5.6
5.6
4.4
4.4

;
24
24
24
24
9.3
9 .3
5.6
2 .1
2 .1
2 .1
2. r

3 .1
3.1 2.5
3.1 2.5
3 .1  1 .9
1 .9  1 .9
1 .9  1 .2
1 .9  1 .2
r.2 0.93
t.2 0.46
0.6 0.46
0.6 0.25
0.25
0.t25

Source: M. Walsh

In order to meet the California and US Air Quality Standards in the future, a
three-tiered 1991 Air Quality Management Plan has been developed that will make
even more severe emission reductions than those shown above (SCAG, 1990).
This plan is based on the September 1990 CARB Low-Emission Vehicles and
Clean Fuels rulemaking. The major elements of this strategy are as follows:
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a) reducing hydrocarbon a-nd NO* emlssion standards by 80% and 50%
respectively from the 1990levels,

b) requiring the sale of zero-emission vehicles starting in 1998

c) allowing the use of vehicles powered by alternative fuels,

d) requiring availability of suffrcient alternative fuels for these vehicles.

In addition, the plan calls for increasing the average vehicle ridership from the
present day 1.13 to 1.5 by 1999. This will be achieved by increasing funding for
transit improvements and high occupancy vehicle (HOU facilities, using parking
fees to discourage single passenger commuting and providing facilities for
commuting bicyclists. Alternative work weeks, telecommuting, employer
rideshare incentives are also to be introduced.

Should the emission reductions be insuffrcient to meet State and Federal air quality
standards then contingency actions may be necessary. These actions, including
emission charges on petrol and diesel fuels, vehicle use and parking lots, user
fees, time-and-place control me:nures and even limits on vehicle registrations, will
be quite unpopular and may require special legislation. The effects of motor
vehicle air pollutants on human health have been investigated in several studies
that have shown significant impacts on the health of residents of the LA area
@etels et al., 1981; Hodgkin et al., 1984; Euler et al., 1988; Abbey et al., 1990).
It is estimated that Los Angeles residents suffer ozone related symptoms on 17
days each year and an increased mortalrty rate of 1/10,000 per year or 1600
excess deaths from PM1s. According to recent estimates, air pollution control to
meet the national ambient air quality standards will cost $10 billion Slall et al.,
1992).

A Case Study Of Taipei

The Motor Vehicle Problem

Vehicles are the dominant source of emissions in Taipei. As recently noted,
'NOx, HC and CO emitted from motor vehicles account for about 50Vo of all
emissions" (Shen and Huang, 1989). An especially important source, unique to
Taipei is motorcycles. "Taiwan has the highest density of motorcycles in the
world. Because 80Vo of motorcycles are equipped with two-stroke engines...[they]
contribute about33% nd l0% of HC and CO emissions respectively. It is
apparent that to significantly improve the air quality in the Taiwan area, something
must be done to control vehicular pollution, especially of motorcycles (Shen and
Huang, 1989)."
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As a result of rapid industrialization and motorization, Taiwan is experiencing
severe environmental problems particularly in Taipei. The most severe air
pollution problem is total suspended particulate. While ttrere are many
contributory sourcss, the importance of the role of the motor vehicle has been
highlighted by a recent review of existing coefficients ofhaze air quality data.
While the area-wide trend lines are flat for the last several years, the problem
continues to deteriorate in congested areas. A clear correlation exists between the
gfowth in diesel bus traffrc and the increase in the coefficient of haze. Ozone is
also a serious problem. In 1987 alone, a total of 80 violations of the air quallty
standard were noted at 4 moniloring stations. Carbon monoxide air quality levels
are also excessive.

In their analysis of the air quality problem in Taipei, the Taiwanese make an
especially perceptive observation. Because so much of their population is located
so close to heavily congested areas throughout the day (either as a result of their
residence or the widely prevalent use of motor cycles and motor bikes as a means
oftravel) public exposure to high levels of vehicle exhaust is probably greater than
in highly developed countries. (See Chapter 3 for a further discussion of this
issue.)

Efforts Underway To Solve The Problem

Clean Fuels Progran

Unleaded Petrol - Since August l, 1988, unleaded petrol of 92 octme has been
available throughout the entire country. Further, a 95 octane fuel was introduced
in July 1990.

Leaded Petrol - The lead content in leaded fuel has been reduced from .8 grams
per liter to 0.12 since 1988.

Motorcycle Fuel - A gradual reduction in lubricating oil mixed with unleaded
petrol for motorcycles has been underway since 1984.

Sulfur in Diesel Fuel - Since September 1983, on road diesel fuel has a maximum
sulfur content of O.5Vo.

New &r Cowrols

Since July, 1987, all new cars have been required to comply with European
standards as contained in R 1544. Starting July, 1990, all new models and all
imported cars were required to achieve uS auto standards. Domestically produced
new cars must meet the same requirements but they are allowed waivers for up to
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three years. By 1994, the US standards will apply to all new cars. While it is
very diffrcult to determine the actual sales, it is estimated ttrat about t5% of new
cars met US standards in 1990, rising to about40Vo in 1991. In an effort to
accelerate the transition, the Taiwan EPA is considering the introduction of a tax
incentive package similar to the German and Dutch programs.

Motorqcles

Two levels of controls have been imposed on motorcycles. The first, relatively
modest stage went into effect in 1988; more stringent standards went into effect in
July 1, 1991. This latter requirement was intended to either require substantial
control or elimination of two stroke motorcycles. The new motorcycle standards
arc 4.5 grams per kilometer for CO (from 8.8), and 3.0 for HC and NO*
combined (from 6.5), based on the ECE R40 test procedure. The Taiwan EPA is
considering an additional tightening of motorcycle standards in 1993 or 1994.

In Use Controls

Random roadside inspections have been conducted by local offlrcials for many
years. Free motorcycle and city bus emissions tests have also been encouraged.

Diesels

The Taiwan EPA intends to propose that all new diesel vehicles achieve California
standards by 1993. No diesel taxicabs are allowed in Taipei. They are
considering a change in their regulations to allow but not require liquified
petroleum gas (LPG) to be used in their taxicabs.

A Strategy For Progress

Since a great deal has been learned about reducing emissions from vehicles, one
should not conclude that this outcome - higher emissions and more air pollution is
inevitable. Strategies exist to both lower emissions per kilometer driven and
reduce actual driving; application of both approaches can be used to ameliorate the
otherwise likely future pollution increases. By way of example, an assessment of
two representative cities is presented below.

The potential for reducing emissions and improving air quality must start with an
assessment of existing vehicle emissions. Many factors affect the total inventory
of motor vehicle emissions. Understanding these factors helps one to beffer
structure a total inventory of these emissions and to determine optimal programs
for their control. Having inventories that accurately reflect different control
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measures permit evaluation of ttre effectiveness of a given regulatory program.
Some of the more important factors follow:

1. Emission Factors For New Vehicles - These emission factors can ideally be
determined from the emission standards for new vehicles subject to regulation
or from emission data available for similar vehicles (e.g., similar vehicle
destgn, control technologies) used in other countries.

2. Deterioration of Vehicle Emissions With Vehicle Age and Mileage -
Estimating how vehicle emissions deteriorate with time and mileage is critical
in assessing in-use emissions. Different types of vehicles with different
technologies (non-catalyst petrol fueled vehicles, catalyst equipped, diesel
fueled, etc.) deteriorate differently with increased mileage and time. This
type of information has been determined from testing of in-use vehicles
carried out by several different countries.

3. Tampering Effects - This adjustment accounts for vehicle owners or drivers
intentionally altering or disabling an emission control system. Examples are
disconnecting air pumps, catalysts, evaporative emission control systems,
exhaust gas recirculating systems, and ignition timing. These vehicles are
sometimes tampered with in the mistaken belief that vehicle performance, fuel
economy or other factors (e.g., maintenance time or costs) will be improved.
Information on the effects of tampering with vehicle emissions can be
obtained from data from various countries. However, the incidence of
vehicle tampering should be estimated for the pafticular country where the
inventory is being developed.

Vehicle Maintenance - If a vehicle (with or without emission controls) is not
maintained according to the manufacturers recommendations (e.g., tune ups,
replacement of spark plugs or emission control components, carburetor
adjustments) the vehicle will have significantly higher emissions (that is,
greater deterioration) than one properly maintained. These higher emissions
must be accounted for. Some initial estimates can be made based on similar
information available from in-use vehicle emission levels measured in other
countries

Inspection and Maintenance and Anti Tampering Checks - The presence of an
effective inspection and maintenance progrirm that identifies high emitting
vehicles and ensures that they are repaired (or emission control systems
replaced/repaired if tampered with) can help eliminate excess emissions
resulting from the previous two factors. Estimates of the benefits of such
programs is available from tests conducted in different countries.

4.

5 .
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6. Technology Mix - The proportion of vehicles using different technologies
(e.g., diesel, non catalyst, oxidation catalyst, 3-way catalyst, etc.) is critical
in estimating total vehicle emissions. The proportion of technologies used in
a given country (and their appropriate emission factors) must be known or
estimated.

7. Vehicle Age - The number of vehicles of a given age is important to know
since older and/or higher mileage vehicles usually have higher deterioration.
This type of data is generally available from vehicle registration data obtained
by most governments.

8. Number of Vehicles - The total number of vehicles of a given model year in a
given area is generally obtained from vehicle registration data and must be
known to calculate an inventory. A critical element is to make accurate
projections for future years.

9. Vehicle Miles Travelled Per Vehicle Per Year - The number of miles a given
type of vehicle travels per year must be known. This number usually varies
with vehicle age with older vehicles travelling fewer miles annually. The
number of miles travelled will be different from one country to another.

10. Vehicle Misfueling - If both leaded and unleaded petrols are sold in an area
where some vehicles require the use of unleaded fuel to protect ttre catalytic
converter, the proportion of catalyst vehicles which misfuel with leaded petrol
must be determined.

11. Fuel Characteristics - Fuel volatility can be an important determinant of
vehicle evaporative emissions (which can account for as much as half of the
total hydrocarbon emissions). Other fuel characteristics such as sulfur
content, distillation characteristics, and oxygen content may also be important.

12. Ambient Temperature - The average daily temperature (generally maximum
and minimum) must be known to predict vehicle emissions. Generally,
separate inventories are calculated for warm weather conditions (when ozone
levels are at their peak) and cold weather (when carbon monoxide levels are
high).

Case studic of Bangkok and Surabaya

A tlryical breakdown of emissions for Bangkok and Surabaya is summarized in
Figures 1 through 4. Motorcycles can be seen as a major contributor to bottr
hydrocarbons and organic particulate and a significant source of carbon monoxide
and lead. Diesel vehicles are the major source of sulfate and a significant source
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of carbonaceous particulate. Passenger cars dominate the carbon monoxide and
lead problems and contribute significantly to nitrogen oxides and hydrocarbons.
Different vehicle categories therefore, must be the focus of attention to address
different ispects of the overall vehicle pollution problem.

The major elements of an overall vehicle pollution control strategy were
summarized eadier. In short, one must both reduce emissions per kilometer
driven while simultaneously reducing the amount of driving. Emissions per
kilometer driven can be lowered by altering some aspects of the driving itself -
average speed, degree of acceleration, etc. A natural and consistent tension exists
between altering driving characteristics and reducing driving since frequently,
strategies designed to increase average speed by improving traffic flow actually
enable a given roadway network to carry more vehicles per hour and effectively
increase overall vehicle emissions.

Figures 5 and 6 show the impact of various control strategies on reducing
emissions in Bangkok and Surabaya. The first priority of course is to restrain
future vehicle growth. Economic measures, physical restrictions and selective
policies will, of course, each play a role. However, even if overall vehicle
growth could be constrained to only 5 percent per yqr, as illustrated in Figures 5
and 6, vehicle emissions in Bangkok and Surabaya would explode over the next 15
years. In addition to growth restraint, therefore, a series of additional strategies
are necessary.

Inspection and Maintenance (I/M)

I/M programs have been demonstrated to lower emissions from existing vehicles
in two ways;

a) By lowering emissions from vehicles which fail the test and are required
to be repaired.

b) By encouraging owners of vehicles to take proper care of them and to
avoid the potential costs of repairing vehicles which have been tampered
with or misfueled.

Based on all the data available, it is estimated that a well run I/M program is
capable of very significant emissions reductions. on the order of 25Vo for HC and
CO and about 10% for NO,. The lqss significant NO" reductions reflect solely the
lower tampering rates from I/M and antitampering programs since at present there
has been no focused effort to specifically design I/M programs to identify and
correct NO, problems.
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It is also important to note that the reductions start out slowly and gradually
increase over time because I/M programs tend to lower the overall rate of fleet
emissions deterioration. Maximum I/M benefits are thereby achieved by adopting
the program as early as possible.

Stringent Motorcycle Standards

Lower emissions from new motorcycles are technologically feasible. For
example, in Taipei, two levels of controls have been imposed on motorcycles.
The first, relatively modest stage went into effect in 1988; more stringent
standards were introduced on I July 1991. The latter, will require either
substantial control, or elimination, of two-stroke motorcycles.

In addition, a gradual reduction in lubricating oil mixed with unleaded petrol for
motorcycles has been underway since 1984.

Improved Fuel Quality

Petrol

Throughout much of the industrialized world, unleaded fuel has been the norm for
more than a decade. Japan has actually been the world leader in this regard, with
more than 90% of the petrol in that country being unleaded for more than a
decade.

Even when leaded fuel is used. the lead content should be reduced to no more than
0.015 grams per liter.

Diesel Fuel

Modifications to diesel fuel composition have now also drawn considerable
attention as a quick and cost effective means of reducing emissions from existing
vehicles. The two modifications which show the most promise are a reduction in
sulfur content, and in the fraction of aromatic hydrocarbons in the fuel. Recently,
the USEPA decided to reduce sulfur content in diesel fuel to a maximum of 0.05
percent by weight and such fuel will soon be introduced in Western Europe and
Japan.

Sulfur Content

In addition to a direct reduction in emissions of SQ and sulfate particles, reducing
the sulfur content of diesel fuel reduces the indirect formation of sulfate particles
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from SO2 in the atmosphere. In Los Angeles, it is estimated that each pound of
SO2 emitted results in roughly one pound of fine particulate matter in the
atmosphere. In this case, therefore, the indirect particulate emissions due to SO2
from diesel vehicles are roughly as great as their direct particulate emissions.
SO2 conversion to particulate matter is highly dependent on local meteorological
conditions, however, so the effects could be greater or less in other cities.

Aromatic Hydrocarbons

A reduction in the aromatic hydrocubon content of diesel fuel may also help to
reduce emissions, especially where fuel aromatic levels are high. For existing
diesel engines, a reduction in aromatics from 35 percent to 20 percent by volume
would be expected to reduce transient particulate emissions by 10 to 15 percent
and NO* emissions by 5 to 10 percent. HC emissions, and possibly the mutagenic
activity of the particulate soluble organic fraction (SOF), would also be reduced.
Modelling studies of the refining industry have shown that aromatic reductions of
this magnitude can often be obtained through alterations in diesel fuel production
and blending strategy, without the need for major new investments in additional
processing capacity.

Reduced diesel fuel aromatic content would have other environmental and
economic benefits. The reduced aromatic content would improve the fuel's
ignition quality, improving cold starting and idling performance and reducing
engine noise. The reduction in the use of catalytically cracked blending stocks
should also have a beneficial effect on deposit forming tendencies in the fuel
injectors, reducing maintenance costs. On the negative side, however, the reduced
aromatics might result in some impairment of cold flow properties, due to the
increased paraffin content of the fuel.

Fuel Additives

A number of well controlled studies have demonstrated the ability of detergent
additives in diesel fuel to prevent and remove injector tip deposits, thus reducing
smoke levels. The reduced smoke probably results in reduced particulate
emissions as well, but this has not been demonstrated as clearly, due to the great
expense of particulate emissions tests on in-use vehicles. Cetane improving
additives are also likely to result in some reduction in HC and particulate
emissions in marginal fuels.

Alternative Fuels For Buses

The possibility of substituting cleaner burning alternative firels for diesel fuel has
drawn increasing attention during the last decade. The reasons advanced for this
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substitution include conservation of oil products and energy security, as well as the
reduction or elimination of particulate emissions and visible smoke.

The principal alternative fuels presently under consideration are natural gas and
methanol made from natural gas, and in limited applications, LPG.

Natural Gas

Natural gas has many desirable qualities as an alternative to diesel fuel in heavy
duty vehicles. Clean burning, cheap and abundant in many parts of the world, it
already plays a significant vehicular role in a number of countries. The major
disadvantage of natural gas as a motor fuel is its gaseous form at normal
temperatures.

Pipeline quality natural gas is a mixture of several different gases but the primary
constituent is metlane, which typically makes up 90-95 percent of the total
volume. Methane is a nearly ideal fuel for Otto cycle (spark ignition) engines.
As a gas under normal conditions, it mixes readily with air in any proportion,
eliminating cold start problems and the need for cold start enrichment. It is
flammable over a fairly wide range of air fuel ratios. With a research octane
number of 130 (the highest of any commonly used fuel), it can be used with
engine compression ratios as high as 15:1 (compared to 8-9:1 for petrol), thus
giving greater efficiency and power output. The low lean flammability limit
permits operation with extremely lean air fuel ratios - having as much as 60
percent excess air. On the other hand, its high flame temperature tends to result
in high NO* emissions, unless very lean mixtures are used.

Because of its gaseous form and poor self ignition qualities, methane is a poor fuel
for diesel engines. Since diesels are generally somewhat more efficient than Otto
cycle engines, natural gas engines are likely to use somewhat more energy than
the diesels they replace. The high compression ratios achievable with natural gas
limit this efficiency penalty to about 10 percent of the diesel fuel consumption,
however.

Liquefied Petroleum Gas (LPG)

Liquefied petroleum gas is already widely used as a vehicle fuel in the US,
Canada, the Netherlands, and elsewhere. As a firel for spark ignition engines, it
has many of the same advantages as natural gas, with the additional advantage of
being easier to carry aboard the vehicle. Its major disadvantage is the limited
supply, which would rule out any large scale conversion to LPG fuel.
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Alcohol Fuels

Methanol has many desirable combustion and emissions characteristics, including
good lean combustion characteristics, low flame temperature (leading to low NO*
emissions) zurd low photochemical reactivity.

As a liquid, methanol can eitler be burned in an Ono cycle engine or injected into
the cylinder as in a diesel. With a fairly high octane number of ll2, and excellent
lean combustion properties, methanol is a good fuel for lean burn Otto cycle
engines. Its lean combustion limits are similar to those of natural gas, while its
low energy density results in a low flame temperature compared to hydrocarbon
fuels, and thus lower NO, emissions. Methanol burns with a sootless flame and
contains no heavy hydrocarbons.

Methanol's high octane number results in a very low cetane number, so that
methanol cannot be used in a diesel engine without some supplemental ignition
source. Investigations to date have focused on the use of ignition improving
additives, spark ignition, glow plug ignition, or dual injection with die,sel fuel.
Converted heavy duty diesel engines using each of these approaches have been
developed and demonstrated.

Emissions

Methanol combustion does not produce soot, so particulate emissions from
methanol engines are limited to a small amount of lubricating oil. Methanol's
flame temperature is also lower than that for hydrocarbon fuels, resulting in NO*
emissions which are typically 50 percent lower. CO emissions are generally
comparable to or somewhat greater than those from a diesel engine (except for
stoichiometric Otto cycle engines, for which CO emissions may be much higher).
However, these emissions can be controlled with a catalytic converter.

The major pollution problems with methanol engines come from emissions of
unburned fuel and formaldehyde. Methanol (at least in moderate amounts) is
relatively innocuous --- it has low photochemical reactivity, and -while acutely
toxic in large doses - displays no significant chronic toxicity effects.
Formaldehyde, the first oxidation product of methanol, is much less benign,
however. A powerful irritant and suspected carcinogen, it also displays very high
photochemical reactivity. While all combustion engines produce some
formaldehyde, some early generation methanol engines exhibited greatly increased
emissions compared to diesels. The potential for large increases in formaldehyde
emissions with the widespread use of methanol vehicles has raised considerable
concern about what would otherwise be a very benign fuel from an environmental
standpoint.
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Formaldehyde emissions can be reduced through changes in combustion chamber
and injection system design, and are also readily controllable through the use of
catalytic converters, at least under warmed up conditions. Recent efforts to reduce
aldehydes by Detroit Diesel have shown dramatic gains.

More Stringent Car and Truck Standards

Advances in automotive technologies have made it possible to dramatically lower
emissions from new motor vehicles. Increasingly, countries around the world
have been taking advantage of them. Once good I/M programs and unleaded
petrol are introduced, state ofthe art pollution controls should be pursued.

Conclusions

The development of petroleum-powered motor vehicles has truly revolutionized
society over the past century. The benefits of increased personal mobility and
access to goods and services previously beyond the grasp of individuals cannot be
denied. And, yet, the relentless growth in motor vehicle use has a dark side that
many have been slow to acknowledge, including a broad array of adverse public
health and environmental effects.

The environmental damage caused by motor vehicle emissions is no longer
debatable, and on a global basis it is increasing. The cars, trucks, and buses that
make life better in so many ways emit more than 800 million tons of carbon per
year. From their tailpipes comes virtually all of the carbon monoxide in the air of
our cities. Less directly, they are responsible for much of the ozone and smog.
And motor vehicles play a significant role in stratospheric ozone depletion. All of
these pollutants contribute directly or indirectly to global warming.

Over the last forty years, the global vehicle fleet has grown from under 50 million
to more than 500 million, and there is every indication that this growth will
continue. Over the next twenty years, the global fleet could double to one billion.
Unless transportation technology and planning are fundamentally transformed,
emissions of greenhouse and other polluting gases from these vehicles will
continue to increase, many relatively clean environments will deteriorate, and the
few areas that have made progress will see some of their gains eroded.

The worldwide challenges that these problems pose for motor vehicle
manufacturers and policy-makers are unprecedented. Nothing less than a
revolution in teehnology and thinking, at least as profound as the initial
mechanization of transportation, is needed. Manufacturers will come under
increasing pressure to produce petroleum-powered vehicles that are ever cleaner,
safer, more reliable, and more fuel efficient. At the same time, they will need to
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develop new kinds of vehicles that will emit no pollution whatsoever. The amount
of capital needed to accomplish these goals will be large and, making matters even
more diffrcult, the pressures for these changes will arise not so much from
traditional market forces but from public policies adopted in response to climate
change and other threats.

While appropriate policies and technologies continue to develop, countries can
benefit from the adoption of those that are currently available. Various steps can
be taken to reduce air pollution emissions from motor vehicles. These include
incentives to remove older, higher polluting vehicles from the road; tightening
new vehicle emission standards for nitrogen oxides, volatile organic compounds,
and carbon monoxide; developing and using cleaner fuels with lower volatility and
fewer toxic components; enhancing inspection and maintenance (I&M) programs,
including inspections of anti-tampering emission-control equipment; and extending
the useful life of pollution-control equipment to ten years or 100,000 miles rather
than the current five years or 50,000 miles. The potential overall impact of
tighter standards, enhanced inspection and maintenance, and extended useful life is
especially significant because it helps to ensure that the benefits of clean-air
technology will persist for the full life of the vehicle.

Additional reductions in vehicular emissions can be achieved by reducing
dependence on individual cars and trucks and by making greater use of van and
car pools, buses, trolleys, and trains. Improving urban traffic management by
installing synchronized traffic lights, reducing on-street parking, switching to
"smart" roads, banning truck unloading during the day, and so forth can also
improve transportation system efficiency (Office of Technology Assessment, US
Congress, 1989).

Providing efficient, convenient, and affiordable public transportation alternatives
worldwide would produce multiple benefis. When 40 persons get out of their
cars and onto a bus for a ten-mile trip to work, the emission of some 50 to 75
pounds of carbon into the air is avoided. Greater use of public transportation
would reduce congestion, cut fatalities and injuries from traffic accidents, and
greatly improve air quality.
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Chapter 6

CASE STI]DY OF MOTOR VEIIICLE FOLLUTION

AND ITS CONTROL IN GEI..IEVA

Frangois Cupelin' and Olivier Zali**

Traffic and Air Pollution in Geneva

History and geographical situation

Over 10,000 years of historyr

The first settlers in the Geneva region were reindeer hunters who made their home
at the foot ofthe SalEve (Figure l) over 10,000 years ago. After a long period
without any visible traces of man, settlements grew up on tle shores of the lake in
the neolithic era.

During the period of Roman domination Geneva became established as a specific
entity. By the start of the Christian era, it was no longer an outpost on the fringe
of the Roman world. Though still only a small town, it held sway over a network
of farming communities, the forerunners of most of the villages in the canton. As
a junction for lake, road and river traffic, it rapidly developed into a city.

* Franqois Cupelin, Ph.D. chemistry, Assistant to the Chief Ecotoxicologist,
ECOTOX, Geneva, Switzerland

** Olivier Zali, Ph.D. chemistry, Head, Information Unit, ECOTOX, Geneva,
Switzerland

I Encyclopddie de Genbve, 1982 and 1984; Guichonnet, 1986
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GENEVA

Frrnce

l0tm

Figure l. The Canton of Geneva, its borders and the surrounding mountains.

The fairs of the Middle Ages gave Geneva an important role in European trade,
but the communication routes had remained virtually unchanged since the Roman
era. Following the decline of its fairs in the face of competition from Lyon in the
late 15th century, Geneva experienced a period of great upheaval, which saw it
change from an episcopal city to the capital of Calvinism. The Reformation also
brought a resumption of commercial activity.

From the late 16th century onward Geneva became the starting point of many
coaching routes for mail and passengers. Its influence, particularly in the cultural
sphere, was out of proportion with its physical size and its means of
communication. It was not until the early l9th century that these activities began
to extend beyond the neighboring regions. There were then regular coaching
services to Paris, Lyon, Marseille, Grenoble, Chamb6ry, Besangon, Pi6mont and
the kingdoms of Italy and Naples.

In 1814 the Republic and Canton of Geneva joined the Swiss Confederation. 2

2 Tlre Republic and Canton of Geneva will be referred to in this document
as the Canton of Geneva.
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The struggle between conservatives and radicals led to the demolition of the
fortifications. This marked the transformation from a pre-industrial city to an
industrial city and ushered in a peririd of substantial urban expansion between
1850 and 1880. It also deeply influenced the development of the road system: the
present "inner ring" figure 2) follows the line of the old city walls.

In the mid-l9th century the railways revolutionized transport and led to the
disappearance of the coaching companies.
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Figure 2. Tlte Geneva traffic plan is a "crown" type, with an inner ring, a middle
ring and a bypass motorway. The built up areas are shown in black.
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Geneva in brief 3

The canton of Geneva is located in a basin formed bv the mountains of
neighboring France @igure 1).

The area of the Canton, not including the Lake of Geneva, is 246 km2. The
population is concentrated in the city of Geneva and in some surrounding
conrmunes where new settlements have been built, mainly in the 1960s and 1970s
(Figures 2 and 3). some 80% of the population (1989 data) live in an area
representing less than a quarter of the Canton , and 90To ofjobs are concentrated
here (1985 data).

300000

250000

200000

150000

100000

soo00

\' -dM"a

a t o '

o
1850 1860 1870 1880 1910 1920 1930 1940

YEAR

Figure 3. Growth of the population of the canton, the city of Geneva and the
suburban area.

Between 1975 and 1985, 41,000 additional jobs were created and 2g,000 new
inhabitants arrived. The growth rate has decreased in more recent years (Figure 3).

#
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In the comrnunes of the Canton other than the city itself the proportion of
commuters is over 50Vo and in some cases over 80% @rimatesta et al.' 1984).

Local automobile traffrc is heavy and is supplemented by some 36,000
cross-border commuters ('frontaliers') from the neighboring deparfrnents of France
(Ain and Haute-Savoie, see Figure 2) and some 13,000 inhabitants of the Canton
of Vaud who also work in Geneva (Office des transports et de la circulation,
Genbve,1990).

With the completion of its motorway bypass and a section of motorway near to
Morat, Geneva will be at tle center of a motorway network comparable to that
crossing the Alps via the St. Gotthard Tunnel (Figure 4).

TUTTGART

ALLEMAGNE

AUTRICHE

FRANCE

GRENOBLE

links with the European motorway nefiilork.

The land-use zoning system, of which many are unaw.ue, aims to prqserve the

rural character of the ianton. Building land, including industrial estates and the

airport, accounts for 3lVo of the area of the Canton, leaving almost 55% for

agr:iculture and over 14% fot forests, parks and recreational areas (FigUres 2 and

5). The possibilities of changing land-use zoning are strictly restricted.

/\tz-
Figure 4. Geneva

t77



Motor vehicle air pollution

Public
administrations,

diplom

Agriculture,
Industry, arts and

crafts, energy

Other services
Building and civil

engineering

Banking, insurancel
consultancy

Transport and
communications

Figure 5. Different types of land use in the canton of Geneva (service cantonal
de statistique, SCS, 1991).
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Figure 6. Agricultural production in the canton of Geneva (scs, l99l).
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Woodland and

Buih-up areas and
public works

Parks and
recreational areas

Agricultural land 
\-.--.------

Figure 7. Breakdown of jobs in the Canton of Geneva by the main branches of
the economy (SCS, 1991).

Besides cereals and vegetables, rape-seed and grapes are the major crops
(Figure 6). Geneva is the third wine-growing Canton of Switzerland. The
primary sector accounts for fewer thanT% of jobs ffigure 7). The number of
people working in the secondary sector is decreasing while the very strong tertiary
sector is growing. The average monthly wage in 1989 was close to 4,500 Swiss
francs (about US $ 3,000), which is above the national average.

Geneva is a major conference, congress and exhibition center GELECOM' motor
show, etc.). Geneva is also the home of the European Office of Ore United
Nations, and a number of UN specialized agencies have their headquarters here,
including the International Labour Office (LO), the World Health Organization
(WHO), the International Telecommunications Union QTU), the World
Meteorological Organization (WMO), the World Intellectual Property Organization
(wPo), the International Bureau of Education 0BE) and the united Nations High
Commission for Refugees (UNHCR). There is also the European Centre for
Nuclear Research (CERN) and, among the nongovernmental organizations, the
International Committee of the Red Cross (CRC). More than 18,000 people are
employed by international organizations and permanent missions.
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Motor traffic and public transport

Motor traffic

Every year Geneva hosts an impressive motor show. with 636 motor vehicles per
thousand inhabitants, including 524 private cars (Landry and Cupelin, 1977), the
canton of Geneva is also one of the most highly motorized areas of the world
(Figure 8). There is at present little or no sign of a reversal of the upward trend
in the number of vehicles (Figure 9).

+ Total number of vehicles

+ P.ivate cars

65
YEAR

Figure 8. Growth of the total number of motor vehicles and the number of cars
per 1,000 inhabitants in the Canton of Geneva (SCS, various years).

The parking problem is acute, mainly because of the heavy commuter traffic. The
demands of pressure groups for the construction of public car parks in the city
center are becoming increasingly insistent. up to 1989, the construction of car
parks within the inner circle was banned under cantonal law. Now that ttris ban
has been dropped, impact assessments (see section below on the air quality
management plan) are carried out to determine whether or not a car park can be
constructed. Swiss legislation obliges the local authority to assess the impacts
which would result and to take all necessary steps to ensure compliance with the
federal standards on environmental protection.
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Figure 9. Total number of vehicles and
Canton of Geneva (SCS, various years).

1983 1985 1987 1989

number of private cars registered in the

Figure 10. Traffic flows (number of vehicles per da1) at the borders of the
Canton, on the main routes into the city and on the bl idges over the Rhone (SCS,
various years and Office des transports et de la circulrtion (OTC), 1988).
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The number of access routes to Geneva (Figure 10) is limited for geographical
reasons, especially the presence of the lake. The Arve and Rh0ne rivers oblige
drivers to use bridges on which the traffic is extremely heavy. The Mont Blanc
bridge is crossed by an average of 90,000 vehicles a day (office des transports et
de la circulation, Genbve, 1990).

The trafhc in the city is organized in a "crown" system with an inner ring, a
middle ring @igures 2 and,2l) and the future motorway bypass of the city (see
section on major projects below).

Traffic entering the city is regulated by an automated system based on the
counting of vehicles by means of induction coils. These figures are permanently
monitored by a computer, which adapts the duration of the green phase of traffic
lights at the level of the "middle ring" (Figure 2). ln this way the morning queues
are kept on the outskirts of the city so as to ensure relatively fluid traffic flow
within the city area. This rather sophisticated system cannot nevertheless regulate
the traffic flow leaving the city and cannot then prevent an almost daily traffic jam
after office hours.

Out of the 1,380,000 motor vehicle journeys made every day, 78Vo are at present
made by private cars (Office des transports et de la circulation, Genbve, 1990).
For a long time, car traffrc tended to be encouraged in the city. This led to the
dismantling of the tram network which many people now regret. Steps have
recently been undertaken to reverse this trend (see section below on the air quality
management plan).

Urban transport

Geneva's first tramline was inaugurated in 1862. The end of the last century saw
the rapid growth of this form of transport and the changeover from animal traction
to stqrm-driven vehicles. At the beginning of this century 126 km of tram lines
were electrified @ncyclopddie de Genbve, 1984).

With the increase in car traffic these tramlines were gradually taken out of use and
now there is only one left. on the urban and suburban routes tle trams have been
replaced by trolley buses. The countryside is served by diesel{riven buses.

The number of passengers carried bears witness to this trend (Figure l l). This
graph also shows a decrease in the use of public transport from the late 1960s, a
recovery in the late 1970s and a sharp increase in the late 1980s, the outcome of a
policy for developing demand initiated by Geneva Public Transport (rpG) with the
support of the Cantonal authorities.
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Figure 11. Trends in the number of passengers carrid by the various forms of
public transport between 1940 and 1986. For the period 1978 - 1989 a revised
series is given for the total number of passengers using a new method of
calculation (SCS, various years).

Rail and air traffic

On the 6-km stretch between Geneva Cornavin station and the new station serving
Geneva airport, over 200 trains are circulating daily in each direction. This is
evidence of the quality of the connections with the rer,t of Switzerland. Through
the link with Bellegarde on the French rail network C eneva has a TGV
(high-speed train) service.

Geneva Airport, which handles some 90,000 scheduled and charter flights each
year, is another important component of the city's transport. Some 6 million
passengers were carried in 1990. The growth in air traffic is considerable: there
were 3,700,000 passengers in 1975, while projectionr for the year 2005 are for
around 10 million.

The major projects

The concern to reduce traffic within the city of Genel a has led to two major road
projects: a motorway bypassing the city and a lake crossing by bridge or tunnel.

183



Motor vehicle air pollution

Construction of the motorway bypass linking the Geneva-Lausanne motorway to
the French motorway network started at the end of 1981 and is scheduled for
completion in 1993. The plans for a lake crossing are even older than those for
the Geneva bypass. They should be carried out in the foreseeable future,
following the vote in 1987 approving the project in principle.

The public transport network is also being extended, particularly with the
construction of a new tram route linking the left and right banks. The plan to
construct an automated rapid-transit railway has led to a controversy, and no
consensus has yet been reached. This option remains open.

The Geneva air pollution monitoring network (ROPAG)

Network of passive samplers

When the first air quality measurement network was set up in 1959, emissions
from heating plants were the main problem. Temperature inversion, common in
the Geneva basin, was driving smoke downwards, which led, understandably, to
complaints from the public.

The network comprises 18 passive samplers for sulfur dioxide. Eight Owen
gauges collect the atmospheric deposits (rains and duss) which are then analysed
in the laboratory. Due to the measures taken to limit the sulfur content of fuels,
the mean annual sulfur dioxide flow (Figure 12) has fallen. The advent of natural
gas has reinforced this trend. Moreover, 12 high-performance plants operating on
heavy fuel oil with a very high sulfur content have been or are being converted to
alternative fuel: the heavy fuel oil is replaced by natural gas or extra-light oil, the
sulfur content of which is now limited to 0.2 %.

It must be added that the proportion of diesel powered private cars is very low in
Switzerland (less than 3%).

The early days of monitoring

Continuous monitoring of air quality by fixed measuring stations began in 1972
with the Sainte-Clotilde station @igure 13), which for years was an experimental
pilot station. It is located in the city center very close to the ECOTOX
laboratories.
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Figure 12. Trends in the annual flux of sulfur dioxid: (SQ) measured by three
passive samplers representative of urban (ItOtel de Ville), suburban (Carouge) and
rural (Landecy) environments (ECOTOX, 1991).

Figure 13. Location of the eight measurement stationli of the Geneva Air
Pollution Monitoring Network (R OPAG).
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The station at Anibres, which has been operational since 1973 fot ozone and was
extended in 1975. is in a rural area on the left bank ofthe lake. A van was fitted
out as a laboratory in 1978 for use in the event of accident or disaster, but neither
eventuality has occurred. Consequently it was replaced by a laboratory mounted
on a trailer in 1990.

Between 1976 and 1982 a thorough knowledge of the spatial distribution of air
pollution was acquired by means of circadian profiles (Landry and Cupelin, 1977):
once-a-month the entire staff of the department worked shifts for 24 hours to take
samples at 18 measurement points throughout the city and canton. On the basis of
the findings the sites were selected for the fixed urban stations of the Geneva Air
Pollution Monitoring Network (ROPAG).

The ROPAG network

The stations were not set up in exceptional places but at points representative of a
particular environment. They were put into service in turn at Meyrin (1984,
suburban environment fairly close to the airport), Jussy (1985, woodland
environment), Ile (1986, urban environment, heavy traffrc, town center), Wilson
(1986, urban environment, heavy traffic, lakeside), Foron (1987, suburban
environment, heavy traffic nearby) and finally Passeiry (1989, rural environment).
The air samples are taken on the roof of the station at a height of about 3 meters,
except at Jussy where a 16-meter mast is used fbr taking measurements above the
tree-tops. The atmospheric pollutants measured are sulfur dioxide, nitric oxide,
nitrogen dioxide, carbon monoxide, ozone, total hydrocarbons and, at four of the
eight stations, methane (Figure 14). Concentrations of pollutants are measured
continually. Every 30 minutes a half-hourly average is taken. The equipment is
automatically calibrated every night between midnight and 12:30 a.m. Mor@ver,
air temperature and humidity are continuously recorded. Five stations are
equipped for recording wind speed and wind direction, two have equipment for
taking dust samples and for measuring sunlight.

The prevailing winds in Geneva are the north-easterly @ise) and the
south-westerly. The stations at Anidres and Passeiry are located along the line of
these winds as they approach Geneva, which makes it possible to determine the
pollution level of air masses approaching and leaving the city.

I-egal context

Environmental problems have been taken into account by Swiss legislation since
the beginning of the century with a law on protection of forests (1902). In 1955,
a law on protection of water came into force. There were nevertheless legislative
gaps, particularly as regards air, soii and noise pollution.
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ln 1971, in the midst of tle economic boom, awarene;s that overall environmental
harmony was lacking, and that economic activity was producing an exponential
increase in consumption and in waste, led the Swiss people and the cantons to
adopt by popular vote article 24 septies of the constitr. tion, which empowers the
Confederation to prepare legislation on environmental protection.

The draft Law on Environmental Protection (LPE) was the object of wide-ranging
consultations with interested parties. The Federal Chiunbers adopted it on 7
October 1983. It is a framework law which is appliui through decrees (orders) of
the Federal Council, ttre executive authority of the Srriss Confederation. Such
decrees are subject to consultation procedures but the5' are not subject to popular
vote.

Of these decrees, the Air Protection Order (OPair), which came into force on 1
March 1986, sets limis to emissions and limit values for ambient air
concentrations. The ambient air concentration limits lTable 1) aimed at protecting
humans, animals and plants, their biotopes and biocoenoses, and the soil, from
harmful and unpleasant air pollution. A distinction is drawn between short-term
limit values (daily, hourly) intended to prevent high concentrations of short
duration, and long-term limit values (annual) aimed at reducing chronic exposure.

The requirement to protect not only people but also thg most sensitive forms of
life has led Switzerland to adopt very high standards. Except for carbon
monoxide, for which the24 hours limits is not as strirt as an 8 hours or one hour
limit, the Swiss standards are of unequalled severity. It should be noted that these
standards correspond, except in a f'ew details, to the limit values recommended by
WHO (see Chapter 2,Partl).

Trends in air quality in geneva

Trends in annual metns (ECOTOX, Geneva, 1991)

Sulfur dioxide (SO) cnd carbon monoxide (CO)

The continuous measurements @igure 15a) confirm the trend measured by the
passive samplers (Figure 12).

The improvement in the quality of the eombustion pro;esses is at the root of the
improvement in the situation for carbon monoxide (Fitpre 15b). The still greater
improvement since 1986 is due to a combination of tho advent of the catalytic
converter compulsory on new vehicles since 15 Novenrber 1986, the annual
inspection of heating plants and the annual compulsorl check on vehicle exhaust
gases.
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Case study of Geneva

Substance Limit Value Statistical Definition

Sultur dioxide (SO2) 30 pgtil

100 pglm3

100;rglm3

Amual mean (arithmetic mean)

)S % of half-hourly msns ovet one year

< 100pg/m3

X-hour avenge; should uder no circumtance
)e exceeded more thm once a yar

Nitrogen dioxide (NQ) 30 pgt#

100 pglm3

80 pgt#

Annual mm (arithmetic meu)

15 % of half-hourly mams over one

< 100 pglm3

l4-hour average; should under no crrcum
re exceeded more than once a year

Carbon monoxido (CO) 8 mg/n3 24-hour eversge; should under
:ircumianm be exceeded more than onc

Oane (O3) l0O irglrl3

r2o pst#

t8 % of half-houily mms over one monlh

< 100 pglm3

rourly rverage; should under no circumslances
p exceded more lhm once e ysr

Suspended particulate mtterl)

Irad (Pb) in suspended particulate matter

Cadmium (Cd) in suspended particulate
mtter

70 pglm3

150 pglm3

1 pgh#

ln no/m3

\nnul mean (artimetic mmn)

15% of 24-hotr mm over one yar

< 150 pglm3

\nnusl M (arithmetic man)

\nnul mro (arithmetic mean)

Deposited particulate matter (total)

kad (Pb) in deposited particulate

mattef

Cadmium (Cd) in zuspended particulate
mtier

Znc (7a) in deposited particulale matief

Thallium @) in deposited particulate

mattef

200 mglmz. dty

lo}  pgl# 'day

2 pgln? . day

4oo pgl&'d^y

2 pglr?' d^y

.\nnul mru (arithmetic mean)

.\nnul mm (arithmetic mm)

,\nnul mm (arithmetic msn)

,\nnual mean (arithmetic mean)

, \nnual mean (arithmetic mean)

l) Fine suspended particulate mtter whose termiral velocity is less tb m l0 cm/s.

Notes : m8 = milligmm; I mg = 9.961 t
4g = micrcgram; I pg : 0.001 ng
ng - n0ogram; I ng = 9.661 ,t
< means 'less thm or equal to'

Table 1. Ambient air concentration limit values ("valeurs limites d'immission")
stipulated by the Air Protection Order (OPair).



Motor vehicle air pollution

pglm3

8 O  r ' *
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3 0 | . :
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4 0 +  ^
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1 0
o

Ste Clotilde ---o- Meyrin --*- Anilres

Figure 15. Trends in annual mean values for sulfur dioxide (SQ), carbon
monoxide (CO), nitrogen dioxide (NQ) and ozone (q) at three stations
representative of urban areas (Ste Clotilde), the suburbs (Meyrin) and rural areas
(Anibres).
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Nitric oxide snd. nitrogen dioxide

For the nitrogen oxides Sigure 15c) there was still a ;trong upward trend until a

few years ago. The introduction ofthe catalytic conv:rter triggered a decrease.
The iepercussions on nitrogen dioxide levels are not direct, however, since

emission mainly takes placi in the form of nitric oxid: (NO). If a large amount of

No is present it is ttte oxidation stage that governs tho No2 content. The NQ

levels witl not really fall until the amounts of NO emitted have dropped back

below a certain threshold.

Ozone (O3)

Measurement of this pollutant requires particular care on account of its great

reactivity. Figure 15d seems to show an upward trenC in some locations in mean

ozone levels' we shall refrain here from drawing an:r conclusions on this
complex issue, the scope of which extends well beyorLd Geneva and for which the

avaiiable data need to be analysed with caution (Land:y and Cupelin, 1981).
Readings taken close to the ground depend to a great extent on deposition, which

is goveined by very local conditions (vegetation cover', automobile traffic' etc.).
It is difficult to draw conclusions for a general evaluation. Measurements in the

vertical dimension are needed to confirm this trend. '[he contribution of
ECOTOX in this area takes the form of measurementl from a hot-air balloon
containing scientific equipment @ali and Landry, 1991). The results obtained so
far show that ozone concentrations generally rise veq' sharply with altitude until
they reach a fairly constant value. This confirms that there is a large ozone
resirvoir at zrltitude and that measurements on the gr< und depend mainly on the
rate of ozone deposition. This rate is influenced by human-related factors such as

motor vehisle traffrc and by natural factors such as the type of vegetation.

Readings exceeding the short-term limit values

In the case of co and So2 the oPair limit values are being' or shortly will be,
complied with (Table 2). On the other hand, this is lar from being the case for

ozone and nitrogen dioxide. In summertime the ozone concentrations very
frequently exceed the hourly limit value for ambient t:oncentration. Figure 16

shows a typical example of the pattern of concentrations on a sunny day.

It is in the country that the highest levels are generally measured' particularly at
the Jussy station whose special character has already been mentioned
(measurement in the woods, above tree-top level, at :r height of 16 meters). In
1991 however, it was at the Meyrin station in a subu::ban area that the highest
hourly means were measured Qag y.glrf).
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1986 \987 r988
O3 NO2 o3 N02 s()2 o3 N02 s02

ussy t9t .l0l n9e
\nieres 28( 7E? 1 758
)asseiry

)ynn 717 E3( t
'oton

:lotllde 7t9 6g 31 1& 3t 9 l
2( It t21 7a

Wilson 48 J J 2( t (
r989 r990 1991

o3 N0z 03 NO2 suz o3 N02 sg2
IussY t7  t 9 147( t75t
{ni}res ilm 7( 169
'asseiry 107!
vteyrin 106: l I 62t 761
:oron I  l7 l 15t l . 35?
5te{lotilde 661 6i ,+0( 4t 731 31
t le l4 : tn . l3 : l0i
Wilson 7 5( 4i 5(

Table 2. Number of times the daily ambient concentration limit values were
exceeded for nitrogen dioxide (NoJ, sulphur dioxide (Se) and number of times
the hourly ambient concentration limit value was exceeded for ozone (or) from
1986 to 1991, It should be noted that the daily ambient concentration value for
carbon monoxide (co) was never exceeded during this period (Ecorox, 1991)

ppb

140

120

-x- lle

+ AniAres

+ Passeiry

+ Ste Clotilde

nol, 

14 16 18 20 2i

Figure 16. Patterns of ozone concentrations for a sunny day (July 4, l99l) at two
urban stations (le and ste clotilde) and two rural area ltations (Anibres and
Passeiry). 1 ppb = 1 part per billion - 2 F,glrn3.
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Case study of Geneva

The daily limit value for ambient concentration of nitlogen dioxide is exceeded all
the year round. However, the excess values are worse in winter when stable
antiiyclonic situations cause the Geneva basin to be c,rvered by a thick layer of
stratus cloud, a sign that pronounced temperature invorsion is preventing the
pollutants from dispersing.

Besides the daily limit value of 80 g.g/m3 stipulated b 1 the federal order, a
cantonal regulation specific to Geneva provides for a temporary reduction in traffic
volume if the daily mean is in excess of 160 trrglm3 o.r more than three
consecutive days @dpublique et canton de Genlve, 1')89). In such a case, which
has not yet occurred, cars not fitted with a catalytic c)nverter would only be
allowed on the roads every other day: "use of the roads is prohibited on
even-numbered days for motor vehicles (motor cars, inotor cycles and mopeds)
with an odd-numbered registration number, and on otld numbered days for motor
vehicles with an even-numbered registration number', Vehicles fitted with a
catalytic converter are not affected by this measure.

Information

Since 12 March 1987 a daily bulletin on air quality has been available on an
automatic telephone answering service. This messagc is also transmitted by fax to
the media, which may publish the content in whole o: in part.

The bulletin contains:

- the measurements for the previous day in numerical form
- comments on these measurements antl a forecast for the day in

question and the following day
- explanations of the mechanisms wheroby the pollutants are formed

and dispersed, and advice to people I rable to emit them.
- a graph showing the pattern of conce,rtrations on the previous day

at two tYPical stations.

A monthly summary is also prepared for the media and for the authorities
concerned. An annual report is published on the meisurements made by the
ROPAG network (ECOTOX, Geneva, 1991).
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The Air Quality Management PIan as an rnstrument of Environmental
Management

I-egal context

The strategy and principle of air potlution control

The idea behind the Federal law is that the environment be regarded as a whole,
and that the impact of different kinds of pollution, and the correction thereof, be
dealt with individually, collectively and in their combined effects. In cases where
people or tle environment have already suffered harm, sanitation measures must
produce results quickly. Legislation must reconcile the development of human
activities, especially that of future technology and the individual behavior of
consumers, with the burden that nature will be able to support. This means that
the burden on the environment should not increase, in spite of demographic and
economic growth. Indeed, it should be reduced wherever possible.

In accordance with this principle, OPair adopts a two-pronged approach
comprising prevention and correction. There are therefore two phases in the
control of emissions. In the first phase, atmospheric pollution is limited by
m&Nures taken at source. These are paid for by the owner of the installation,
since Federal legislation recognizes the principle that 'polluters pay'. However,
measures must be technically feasible and economically bearable. Such limiting
measures are taken independently of the context, and of existing sources of harm.
This means that for the purposes of prevention, the best technique for reducing
pollution should also be used in places where ambient air concentrations are not
excessive.

The second phase implements measures to prevent excessive air pollution,
increasing tle severity of norms for emission, or reducing the use of sources of
pollution.

where the limit values for ambient air concentrations are exceeded, the cantons
must submit air quality management plans ("plans des mesures"). The deadline
for implementation set by the order is I April 1994.

The diffrculties encountered by cantons in applying this new legislation have
resulted in delays in preparing the air quality management plans.
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A few lines of action

Environmental impact assessment (EIA)

The EIA is a prevention instrument. It allows the environmental impact of
construstion or alteration of a given instaliation to be evaluated in good time,
before any decision is taken. It can be used to ensur'i) that all the provisions of
legislation on the environment are duly taken into ac(ount, and it encourages the
authors of drafts to improve them if necessary.

An EIA should be made during planning, and therefcre before work begins on a
project. It enables the promoter to correct conceptual errors and revise the
investment plan. It can therefore also serve as an instrument for economic
management.

The EIA report is accessible to the public, who can trerefore judge for themselves
to what extent a project is compatible with environmcntal protection.

In Geneva, various EIA have already been undertaker, including for the
construction of the motorway bypass (I-andry et al., 1980), the alteration of the
urban waste incineration plant @6partement des trav;lux publics, Gen0ve, 1988)
and numerous parking lot projects.

General limitation of emissions

The OPair contains a large number of limit values fo: emissions, applicable to
existing and future installations. Most of them are s(t for installations of a
minimum size, or for minimum volumes of pollutantr;. For large industrial
installations and combustion plants, OPair makes a ntmber of specific provisions.
Boilers and burners over a certain capacity are given a standard expert evaluation
prior to approval for sale.

Emissions from motor vehicles ue limited by legislation on road trafhc. Since
1986, all vehicles registered in Switzerland must conply with the US 83
standards. Vehicles with diesel engines are the object of new standards which
came into force in 1991.

The anti-pollution plan

When it is found that an installation does not confornr to the requirements of the
OPair, it must be cleaned up. An anti-pollution plan is prepared in collaboration
with the authorities which set a deadline. The usual rleadline is five years.
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The air qualiry management plan

when excessive ambient concentrations have been measured or are expected, the
authority establishes an air quality management plan to prevent or eliminate
excessive ambient air concentration. The plan indicates:

a. The sources of emissions responsible for excessive ambient air
concentration, and the proportion of the total burden of pollution
for which they are responsible;

b. Measures to prevent or eliminate excessive ambient air
concentration, and an estimate of the effectiveness of each of those
measurqs.

As a rule, the measures listed in the plans are taken within five years.

Air quality management plan : methodology

Introduction

we shall describe the methodology applied in Geneva during drafting of the air
quality management plan in 1989. After consultation with the main sectors
concerned, the plan was adopted by the conseil d'Etat of the canton of Geneva on
27 March 1991 (Service de la ldgislation et des publications offlrcielles, Genbve,
1991).

As part A shows, excessive air pollutant concentrations in Geneva are caused by
nitrogen dioxide and ozone. In order to keep matters simple, we shall describe
only the method used to reduce total nitrogen oxides (No*) emissions. ozone is a
secondary pollutant produced by the joint activity of nitrogen oxides, volatile
organic compounds (voc) and sunlight. The ozone problem is therefore not
limited to the Geneva region and should be treated on a vaster scale. As ozone is
reduced by most primary pollutants (CO, NO, SO2, VOC...), the air quality
management plan relating to nitrogen oxides therefore affects ozone ambient
concentration. In future years, the plan will be adapted to ensure parallel
reduction of VOC emissions.

Principle of evaluation

Atmospheric pollution is emitted by stationary and mobile sources throughout the
territory of Geneva. Those emissions are subject to the action of wind and
weather, and they are often transformed in the atmosphere.
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Emissions dispersed in the atmosphere are referred to as ambient air
concentrations. These are assessed by measuring the r:oncentration of the pollutant
in question in air samples taken between 2 and 3 meters above ground level (see
section above on traffic and air pollution in Geneva).

It is assumed that there is a cause and effect relationship between emissions from a
source and resultant ambient air concentration. This rreans that the further one
goes from a source of pollution, the less noticeable its effects will be (Figure l7).

Figure 17. The relationship between emissions and arnbient air concentrations.

Division of tasks

In Switzerland, the cantons are responsible for checkirg the quality of air on their
territory. The results are assessed in the light of the ()Pair objectives. If ambient
air concentrations are excessive, the cantonal authorit'l must prepare an air quality
management plan.

This situation, described in the section above on traffic and air pollution in
Geneva, pertains in the canton of Geneva for ambient air concentrations of
nitrogen dioxide and ozone.

NTRATIONS
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The content of an air quality management plan

The air quality management plan should name the sources of emissions that cause
excess ambient air concentrations, and the proportion of overall pollution of which
they are the cause. It should also set out measures for prevention or removal of
excessive ambient air concentration, and give an indication of the effectiveness of
each of those measures. Figure 18 shows the entire methodological procedure for
implementing the air quality management plan.

/  
MAPoF 

lq:17

TMoDEr 
oF 

\
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Figure 18. Methodology for development of the air quality management plan.
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The requisite resources

Model of emissions

In order to meet the objectives of the air quality manigement plan, officials must
map out the sources of emission responsible for excessive emission. This calls for
the use of numerical models, whose specifications are given in Table 3.

Sptrifications

Qualitative inr/entory of sources

Estimate of erilssions from each source

Map of sourc(,s

Evaluation of measures set out in the plan

Table 3. Requisite specifications for the numerical mrdel.

Model of arnbient air concentrations

The map of ambient air concentrations is based on tle , model of emissions. It is
essential to ensure that the measures taken enable the limit values of ambient air
concentration to be respected. The model is based on the assumption that there is
a relationship between emissions and ambient air concentrations.

Fluctuation of emissions is one of the causes of fluctu rtion of ambient air
concentrations. Other such factors are changes in the meteorological parameters
responsible for dilution such as wind speed and direct on, and atmospheric
stability.

In order to take these facts into account. our model is based on measurements
taken by the Geneva network for observation of atmospheric pollution (ROPAG).
They have been correlated with data on estimated emir;sions around the measuring
station.

0uestions

Who is producing the emissions ?

How much is emined ?

Where are the sources of emission ?

How will these emissions develoo ?
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Map of emissions

Sources of nitrogen oxide emissions

The formation of nitrogen oxides results mainly from reaction between
atmospheric oxygen and nitrogen during combustion processes. A minimal
proportion comes from oxidation of nitrogen containing compounds in the
combustion materials themselves.

With regard to emissions, we always talk in terms of total nitrogen oxides (NO*).
Nitrogen oxides include a large number of compounds of the NnO* type, although
from the point of view of air protection, the only significant onbs are NO and
NOr. Nitric oxide (NO) accounts for 90 to 95Vo of NO* emissions, and it
ultimately changes in the atmosphere into nitrogen dioxide (NOz), which is the
most toxic.

This is why NO" emissions are expressed in terms of mass of nitrogen dioxide,
even though at emission only 5 to l0% of NO* is nitrogen dioxide. It is only that
fraction that acts as a primary pollutant.

There are three main sources of emission of total nitrogen oxides: transport,
heating and industry.

Transpon

In Geneva, road traffic is a major source of air pollution. This is explained by the
tremendous growth in motor traffic over the past 30 years (see section above on
traffic and air pollution in Geneva). It is one of the most highly motorized areas
in the world.

Geneva has an international airport. Air traffic is another source of nitrogen
oxides. For the territory of the canton of Geneva, only emissions on the ground
and during take-off and landing have been taken into account in the air quality
management plan. From the regional point of view, only nitrogen oxides injected
into the atmosphere up to a height of 800 meters is of real importance. Emissions
in the upper troposphere may be assumed to have no influence on local ambient
air concentrations.

Heating plant

In addition to transportation and industry, NO* emissions produced by heating
systems are significant.
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In this area there are two sources of emissions: heati rg of homes, where emission
levels are linked to the number of inhabitants, and he ating of workplaces, where
emissions are linked to the number of employees, irr xpective of the type of
activity.

Emissions produced by heating, unlike road traffic ernissions, show considerable
seasonable variation. When heating emissions are compared to traffic emissions
on an annual basis, this fact is not evident.

Indastr i al ins t all at i o ns

In the canton of Geneva, approximately 75Vo of the rrorking population is in the
tertiary sector. This is why NO, emissions produced by industry are relatively
low. Such emissions result from the following activilies:

(1) incineration of domestic waste,
(2) industrial heating plants,
(3) civil engineering activities,
(4) agriculture and forestry.

Emissions of nitrogen oxides from industrial plantsl e,rter the atmosphere through
chimneys whose height is calculated to ensure there is no excessive ambient air
concentration.

For civil engineering, agriculture and ibrestry, activir ies all of which are
discontinuous. emissions comes from mobile sources. It is therefore difficult to
include them in a map of emissions.

Model of emissions

Estimating the emissions requires some simplifyingl hypotheses. Appendix B
describes how this calculation has been done. Our model takes account of two
types of emission.

The first is emissions from vehicle traffic and heating. It is mapped out in 500 by
500 square meter cells. Emissions produced by air b affic moving on tle ground
in the airport, are included in the traffic emissions. Irigure 19 shows the sum of
these two sources of emission.

20r



X
td
7-r

d

x
rn
ol
o

f \ .
' t q

€<
I 3

- J 6
\-A @

o\

\ n c
*

on
nilmm '=

ffiilttr 3

t , 9
o E

f f i x
f f i 5

c n 5
a A

rn .?
cl
c)

mam=
x

C)
bo\ n 9
.€

t c

f ] * ,

o(

o
k

bo



Case study of Geneva

The second type comprises diffuse sources of emissiio r: industrial emissions
evacuated by high chimneys, and emissions from air trafftc up to 800 meters
above ground. Those emissions increase the general level of nitrogen oxides
ambient air concentrations on the whole territory and are not linked directly to
given grid squares.

Table 4 sums up the data on emission of total nitrolgelt oxides.

Table 4. Glob:rl emissions of NO* in 1988 for the Cinton of Geneva in tons
NO*/year (ECOTOX)

Map of ambient air concentrations

Introduction

The ideal model should permit calculation of the haJf-hourly concentration of
pollutants and the statistical means from emission dau,, physical-chemical and
photochemical parameters of the atmosphere, and clinratic and meteorological
conditions. Such a model could be used in conjuncticn with weather forecasts to
predict conditions. At present, there are no such rnrodels for an urban environment
where sources of polluting emissions are found together. Such a model is yet to
be designed. What we offer here is an empirical model for calculation of ambient
air concentrations based on the hypothesis that there ir; a linear type relationship
between emissions and ambient air concentrations. Tlte multi-linear regression
model will be calibrated using data supplied by the R{)PAG network and the
estimations made of the emissions.

Emissions in Geneva in 1.988 (tonrs lt{O1)

Road Traffic

Air traffic

Heating installations

Total
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Estimates of future ambient air concentrations will be expressed in average annual
concentrations. It is easy enough to incorporate the types of meteorological
conditions and their annual frequency of occurrence. As already mentioned,
emissions for traffic and heating are also calculated for annual periods. In this
way, the OPair limit value for ambient air concentration, which is a mean annual
value, can be compared with the forecasts.

What basic unit should be chosen?

The locations of the measuring sites are described in the section above on traffic
and air pollution in Geneva. Each has its own special features. The essential
issue is that of determining how representative they are of the whole territory of
Geneva. Sources of emission near the site could distort the ambient air
concentration picture given by the measuring station.

In theory, the influence of a single source depends on the distance between the
source of emission and the measurement site. Experience shows that this
hypothesis is borne out for primary pollutants, such as carbon monoxide, but that
it does not apply to secondary pollutants resulting from physical-chemical
transformations, such as ozone and nitrogen dioxide. For the latter, we have
noted that maximum concentration of ambient air concentrations varies with
meteorological conditions and solar intensity. We have therefore taken account of
total emissions in a grid square of one km2 centered on the measuring point. This
gives a good correlation between emissions and ambient air concentrations of
nitrogen dioxide.

Model emissions/ambient air concentrations : relationship between emissions
and ambient air concentrations of total nitrogen oxides

In Geneva, we have found mean monthly concentrations of nitrogen dioxide to be
relatively constant, while, in the urban area, the map of emissions shows a large
proportion of NO* emissions to be produced by heating installations, even though
they only work in winter. Total nitrogen oxides emissions should therefore be
better related to tle average NO* ambient air concentrations than to average
nitrogen dioxide ambient air concentrations. It is shown in appendix C how this
relationship has been derived.

Graphic representation of the map of ambient air concentrations

Figure 20 shows the map of ambient air concentrations of nitrogen dioxide for
1988, calculated from the map of emissions. Estimations of nitrogen dioxide
ambient air concentrations take account of:

204



Case study of Geneva

the level per unit surface area of total nitrogen oxides emissions
from traffic and heating installations,

the background level calculated on tho basis of estimated forecasts
that depend on global emissions of tolal nitrogen oxides for the
canton.

The ambient air concentration values thus obtained for each grid square are then
interpolated so as to provide a map where nitrogen dioxide concentrations are
shown with isometric lines.

Anti-pollution measures

Introduction

Evaluation of total nitrogen oxide emissions showEd load traffic to be the main
source. Thus the section of the air quality managem( nt plan devoted to sanitation
measures for road raffic will predominate.

The renewal of the vehicle park in Switzerland is probably among the quickest in
the world. It has been estimated that within 13 yeiys, more than 95Vo of private
vehicles will be replaced. The progressive replacem(,nt of non-catalysed vehicles
by new ones respecting US 83 standards will induse ir strong reduction of nitrogen
oxides emissions. It will nevertheless not be sufFtcrieltt neither to reach OPair
objectives nor to resolve the problems linked with thc saturation of the canton road
network.

Measures to be taken with regard to transport

Guiding principles

All the measures set out here were developed by the ;antonal transport office and
are described in full in the air quality management plan of 27 March 1991. We
shall mention only the main ones. All the measur€s llroposed meet the criteria
presented in Table 5, which were established with political consensus.

Some of tle measures proposed can be put into pract,ce immediately, while others
depend on completion of public works or transport bfrastructure. This means that
they will be time tabled until the year 2000.

(1 )

(2)
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Case study of Geneva

(a) Compliance with Federal orders governing environn ental protection

(b) An impact that complements other mesures leading to overall improvement

of our environment

(c) Being respected, and therefore having the support ol the population

(d) Preservation of individuat liberty in terms of mobility and choice

(e) Fostering development of the viability of the city anrl canton.

Table 5. Criteria for choice of measures.

Regular information on the air quality management plan will be distributed to the
general public, so that every inhabitant feels involved, The cleaning up of road
traff,rc is an ambitious project which does indeed call for the support of the
population. It is all the more ambitious in that its ains are at first sight
contradictory: reduction of road traffic emissions u'hi e maintaining or even
increasing the mobility of the population. To meet these aims, the only alternative
is to transfer part of the traffic in private vehicles to rlther, less polluting, forms of
transport. The public transport network will meet ttris need, and its development
is a priority.

Development of public tansport

A number of steps will be taken to improve the pedormance of the present
network, in terms of capacity, availability, speed and comfort. It must be
emphasized that peak hour public transport dictates the maximum available level.
A master plan for the public transport network for thu period 1990-1994 has been
adopted. It entails improvement of existing lines, ;rrc vision of preferential trafflic
lights at cross-roads, development of the urban net'work with the creation of a
further tramline, and reorganization of the Geneva rel;ional network. The master
plan for the public transport network 1995-2000 airns to create a new structure for
the urban network (trams and underground trains) arul to develop regional
transport (trains and buses).

Taken together, these measures will encourage a larg,:r proportion of journeys to
be made in public rather than in private transport.
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New trffic plan

The map of road traffic emissions shows that the center of town is the area where
emissions are highest. The high density of emissions leads to excess ambient air
concentrations of pollutants. In order to reduce them, city center tra{fic must be
reduced.

In order to limit traffic towards the center, ttre "crown" traffic system figure 21)
is to be replaced by a system based on sectors (Figure 22). In such a system,
passage from one sector to a neighboring sector will still be possible along a link
road, whilst passage across two sectors will no longer be possible through the
center. Passage through two non-adjacent sectors will only be possible using a
road outside the sectors. This new traffic system will maintain access to the
center, while reducing transit traffic. It will be introduced gradually when the
bypass motorway is opened in 1993. It should gradually reduce traffic in transit
through the town by creating sealed areas that are accessible only to terminal
traffic. It will be extended to tlte entire road network as soon as the planned
bypass motorway and road across the lake are built.

There could be concern that these arrangements will lead to a displacement of
industry and housing towards the new routes, creating unexpected traffic
problems. This eventuality should be avoided if the regulations preventing
changes in land use zoning are strictly applied. The new traffic plan objectives
must be backed up with appropriate land-use policies.

Trffic management

The present traffic management system will be modernized and updated so as to
make the best use of existing and planned infrastructure.

The movement of public transport vehicles in town will be a priority feature of the
traffic management system.

A "bypass" system will be developed over 5 years to manage the priorities given
to public transport. They will be able to pass queues and move almost as though
in a traffic-free area.

Cantonal regulations will be adopted to ensure the coexistence of the new form of
traffrc network with a supply of parking places. Control of parking will allow for
modulation of traffic for regular, visiting and professional drivers.
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Figure 21. Radial/concentric traffic plan. (Source: Cffrce des transports et de la
circulation, Ddpartement de justice et police, Genbv'e. r

Figure 22. Sector based traffic plan. (Source: Office des transports et de Ia
circulation, Ddpartement de justice et police, Genbve. )
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The establishment of "park and ride" car parks at the entry to the town will be
encouraged.

The building ofunderground car parks will allow surface parking spaces to be
removed, with road space being redistributed for the benefit of public transport,
deliveries, two-wheeled vehicles, pedestrians and greenery.

Present and planned parking spaces for regular commuters will be counted and,
where possible, reallocated to the inhabitants of the districts and to visitors.

Measures to be taken with regard to air traffic

The canton of Geneva enjoys a Federal concession for the use of its airport. Its
powers, especially as regards poilution, are therefore very limited.

The Federal authorities will be asked to consider, in the interests of pollution
control, limiting access to Swiss airports for certain types of aircraft which are
deemed too dirty. They should consider setting landing surcharges for aircraft
that cause too much pollution.

Measures to be taken with regard to heating

Striaer emission standards

New and more binding standards governing air protection came into force on I
February 1992. This should result in a 40vo reduction of total nitrogen oxides
emissions, according to the Confederation.

Reduction of energy consumption

In order to reduce polluting emissions due to heating, energy-saving measures will
be taken, with the systematic checking of the installation of thermostats, provision
of adequate regulation of domestic heating appliances, and individual billing of
heating and hot water costs.

Steps to be taken in industry

The proportion of total nitrogen oxides attributable to industry is low.
Furthermore, stricter limitations on emissions came into force on 1 Februarv
1992. Tt,efu purpose is to produce a reduction of the order of 43Vo,

The plant for incineration of domestic waste from the canton which is the source
of a large proportion of industrial emissions, is being extended. Emissions of
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nitrogen oxides will increase by 56% unless speciall nteasures are taken.
evacuated through a chimney about 100 meters hig1h, so that they affect
of background ambient air concentration.

In order to limit the impact, an emission limit valu,e c f 80 mg/m3 has been
selected. This means that total nitrogen oxides emiiss'ons should fall from 940
tons of NO* per year to 150 tons of NO* per year.

Evaluation of anti-pollution measures

Introduction

AntiPollution me&sures are evaluated in two phasers. In the first phase, the
proposed measurqs are evaluated in relation to emirssirns. This involves a sectoral
approach for the various listed sources of total nitrogtn oxides. In the second
phase, the proposed model is used to calculate future ambient air concentrations.

Emissions will be reduced step by step. Two schedu.es for future ambient air
concentrations have been selected, one for 1994, u'hi:h is when tle OPair ends,
and the other for the year 2000, by which time all th,: proposed measures should
have been carried out.

Evaluation of measures to reduce emissions

Rood trffic

According to the Traffic and Transport Office (OTC) the set of measures proposed
should reduce individual motor traffic by t5% overall, with reductions of up to
40% in some parts of the city center, and up to 20% in some rural areas.

On the other hand, the new traffic plan will lead to nlore traffic on the bypass
motorway as of 1994, and in the regions affected try the lake crossing, as of the
year 2000. With this linear reduction in road traffic, overall emissions calculated
on the basis of these hypotheses should be 2496 to;ns of NO* per year for 1994
and 1367 tons of NO, per year for 2000. These calculations take account of the
gradual introduction of the catalyser, which should ctt the emission factors.

Heating

According to Confederation estimates, introduction o i the new OPair requirements
in 1992 will lead to a 43% cut in emissions. The rprtdicted effect will not be fully
apparent until the year 2000. The estimated charge lor that reference year will be
575 tons of NO, per year.

They are
the level
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Industry

For industrial sites, tle cut in emissions will be similar to that in heating
installations. As regards the incineration plant of the canton of Geneva, the oPair
standards of 1992 will not be met until the year 2000, at which point total nitrogen
oxides emissions for the industrial sector will be 373 tons of NO, per year.

Figure 23 shows all the estimates for total nitrogen oxides emissions.

Evaluation of anti-pollution measures relating to ambient air concentration

According to the proposed model, the background level of nitrogen dioxide will
fall at the same time as total nitrogen oxides emissions. On the basis of estimates
for emissions, a background level of 19 p.glnf of NO2 is expected for 1994, and
13 p.glm3 of NO2, for the year 2000. To this background level, one should add
the proportion of nitrogen dioxide produced by road trafflrc and heating, calculated
on the basis of emission maps for those sources. Figures 24 and 25 show the
distribution of nitrogen dioxide ambient air concentrations for 1994 and 2000.

In 1994 ambient air concentrations will be considerably lower than in 1988.
However, part of the built-up area will still be in a zone where the limit value of
3O p"glfir3 is exceeded. In critical zones, ambient air concentration should not,
however exceed an annual average of 40 pglm3. In the year 2000, nitrogen
dioxide ambient air concentrations in the canton will be within the limit value of
30 pglm3.
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Motor vehicle air pollution

Conclusions

The air quallty management plan will permit the achievement of the objectives of
the legislation on environmental protection and minimise health risks for the
population. It will not give instant results and its application must be rigorously
supervised for years to come.

Every year, a report on how the measures are being applied will be presented to
the Grand-Conseil (ttre Cantonal parliament) and every two years an updating of
the estimates for emissions will be made. Comparison of current ambient
concentrations with estimated trends will permit reinforcement of the proposed
mglsures.

So far, the air quality management plan adopted has only taken into account the
reduction of nitrogen oxides. The next step is to deal with the problem of volatile
organic compounds (VOC).

The measures have been analysed in terms of their effectiveness in reducing air
pollution. No cost/benefit analyses have yet been undertaken.

The plan will be successful only if a majority of the population agrees with its
objectives. An infbrmation campaign therefore, has to be planned in parallel with
the progressive introduction of the various measures contained in the air quality
management plan.
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Chapter 7

SUMMARY AND CONCLUSIONS

1. The most ubiquitous air pollution in the world today is caused by motor
vehicles.

All metropolitan areas of the wodd, which contain srrme 50% of the earth's
population, have or soon will have motor vehicle trafic congestion problems that
lead to major air pollution problems for the general public. Although more
serious air pollution can be produced locally by industrial emissions and
regionally/seasonally by high sulfur content fossil furd (coal and oil) combustion,
the large and growing number of motor vehicles pro luces continuous and
extensive air pollution.

2. Motor vehicle traffic and its emissions seriousllg damage the health of urban
populations.

Ozone, formed by complex photochemical reactions of NO* and HC, causes eye
irritation, contributes to pulmonary irritation, provol:es asthmatic attacks in
susceptible individuals and the development of chronic obstructive lung disease in
repeatedly exposed populations. Lead (Pb) is a pernicious component of
particulate matter and creates a severe neurological Lealth hazard, especially for
children living near high traffic streets. The constih ents of particulate matter,
either as emitted or as aerosols formed by atmosphelic photochemical reactions,
cause pulmonary irritation and contribute to respirafirry illness. Urban carbon
monoxide (CO) affects people with cardiac deficiencies and is almost entirely
produced by vehicular traffic. Nitrogen dioxide (JN(l) causes atrnospheric
discoloration and is a respiratory irritant. Motor rrelLicle noise creates a constant
disturbance to urban life.

3. Studies carried out in developed countries have dt,monstrated that fixed site air
monitors adequately characterize tle exposure ofthe general population to urban
air pollution. However, special studies show that th,)se monitors substantially
underestimate exposures for significant segments of the population in closer
proximity to motor vehicle emissions.

It has been incontrovertibly established that ambient (outdoor) air quality measured
at fixed monitoring stations designed to represent ,cornmunity exposures in general'
significantly underestimates the exposures to primaq motor vehicle air pollutants
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(Pb, CO, particles and HC) of many population subgroups. People in vehicles in
heavy traffic, people walking/working along busy streets and people whose homes
front onto busy streets are all exposed to both noise and air pollutants at much
higher concentrations than reported by the community monitoring networks.
These high exposures have been the subject of special studies of short duration in
only a few locations.

4. Available data indicates that exposures in cities to high pollution levels may be
greater in developing than in industrialized countries because ofhigher vehicle
emission rates and lifestyles which place people in close proximity to roadways.
More information is needed on tle exposures to automotive air pollutants of both
the public in general and high contact population subgroups.

From the few exposure studies undertaken recently in cities with little or no motor
vehicle emission controls in place (Mexico D.F. and Manila), evidence shows that
drivers, commuters and streetside groups are exposed to extremely high levels of
CO, Pb and particles. There is, currently, little reliable data on community
exposures but there is an urgent need now, for cities such as these, to initiate
monitoring campaigns to establish the magnitude of the problem.

5. The data necessary to assess the magnitude of vehicular emissions in developing
countries are generally lacking. The magnitude may be grossly underestimated if
assessments are based on emission factors that apply to test conditions in
developed countries.

Although emission factors are established in standardized conditions, actual
emissions from in-use vehicles are significantly increased by age, poor
maintenance and wear-and-tear. Computations of total vehicular emissions rely on
an estimate of the mix of vehicles by type, age, number, speed and the daily
kilometers driven. This information is combined with emission factors (g/km) by
category to derive the daily emissions. Whereas the first set of data are usually
obtainable. ernission factors are calculated and must be based on data from other
areas. Care must be used in applying these data, being sure to account and
correct for local vehicle character, fuel composition and driving patterns.

6. Emission controls by direct engineering (hardware) modifications are currently
available.

Existing technology can limit the g/km emission rate. This can be achieved
through introducing changes in engine design, mandatory inspection and
maintenance, and the use of catalytic converters to reduce the pollutants emitted.
Fuel composition can also be adjusted to reduce emissions. These represent direct
costs to the vehicle user.
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Summary and conclusions

7. Changes in human behavior and traffic patterns are necessary to reduce the
volume of vehicular traffic and thereby, to reduce em ssions.

Indirect controls on drivers, such as encouraging carr l)ools, increasing fuel and
vehicle prices, limiting urban parking, and providirrg ow fare mass transit, can
reduce the number of vehicles on the road as well zs rheir daily kilometers driven.
The costs of these indirect controls are diffrcult to qutntiry.

8. Some developed countries have made significant reluctions in vehicular
emissions.

Countries such as Switzerland, Japan and the USA hare successfully introduced
direct and indirect controls on vehicle emissions so thrt further air quality
deterioration has not occurred, and in most cases has improved significantly. Had
these emission controls not been imposed (as in Gerne.'a, Tokyo and Los Angeles),
air quality would have deteriorated so badly that massive health costs to the public
would have been incurred. However, a high initial capital investment is required
to reap these much greater long-term benefits.

9. Vehicle emission controls require heavy investmrgnl but should be seen in the
perspective of long term cost benefits in terms of pub, ic health. Countries with
motor vehicle pollution problems should begin to pl[a e in emission controls
appropriate to their economic and social context.

Sophisticated control measures can be implemented in those countries where
financial resources are available. Those with fewer r()sources can reduce
emissions progressively by first instituting the simplest and most cost effective
controls, such as inspection and maintenance programs and use of cleaner fuels.
This should be followed by a phased reduction of emi;sions by more costly
mqsures which meet public health needs and are alTordable.

10. Least developed countries should plan now to pro/ent motor vehicle air
pollution problems from occurring in the future wh,on significant development
starts to occur.

In the next century, as the world population increases and economic development
accelerates, the per capita number of vehicles in use i,r newly developing countries
will increase at a staggering rate. Unless control mea;ures are applied to reduce
the use of vehicles. many growing urban areas will experience the same problems
as large cities such as Bangkok, Mexico City or Los l\ngeles. Urban planners and
environmental agencies should cooperate today and plm for future transportation
mix with designs for mass transit, phased emission co.rtrols, and inspection and
maintenance programs, that could prevent the problens from becoming
unmanageable.
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I l. Through the sharing of information and experience, on a worldwide basis,
countries will be able to choose motor vehicle emission control programs which
best fit their needs.

By examining the history of motor vehicle air pollution control in both developed
and developing countries, it will be possible to a) evaluate the success and failure
patterns of the various direct and indirect control procedures that have been
attempted, and b) choose tle control option sequence that is appropriate for the
specific case. Case studies of the cities of Bangkok, Geneva, Los Angeles,
Manila, Mexico City, Surabaya and Taipei provide useful examples of the
complex interactions that are involved in solving air pollution problems.
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Appendix A

Methodology for Estimation of Numbt:rs of People Exposed

Separate methods were used to estimate tle numbers of pmple exposed inside
vehicles and along roadsides.

In-Vehicles

In-vehicle exposure to air pollutants from motor vehicles is a function of several
factors: (1) the average speed, volume and composition of traffic which varies
according to the route and time of travel; (2) the morle of travel and the ventilation
of the vehicle; and (3) how long the trip takes. These factors are expected to vary
greatly among countries in ways that have not been troroughly and systematically
studied and compared for the world's urban populati,ln. For simplicity, it was
assumed that the actual number of people exposed to motor vehicle air pollutants
inside vehicles is primarily a function of how freglerrtly a person uses a motor
vehicle to make trips, i.e., personal mobility.

Studies by Zahavi (1976\ suggested that personal rnobility could be estimated as a
function of a country's degree of motorization. To e stimate personal mobility in
urban areas, a country's per capita gross national product (GNP) was used as a
surrogate for its degree of motorization for two reasons. First, GNP data are
more prevalent than motorization data. Second, a c(,untry's per capita GNP and
degreJ of mot<_rrization were found to be highly corrrilated (r = 0.887, p < 0.001)
for a convenience sample of 23 countries.

This same sample of 23 countries was then augmentrd with mobility data for
selected metropolitan areas in these countries (Iab,le 1). It was assumed that the
mobility of each metropolitan area was representativ: of the mobility for all cities
in the country containing that metropolitan area. ,A :egression analysis of these
data enabled development of the following model:

Yir = 1.033295 + 0'00Cr0(6 (xir)

where:

urban vehicular triips per day per person of
country i in the 19t8(s; and

GNP per capita of'country i in 1988 U.S. dollars.

t t l

Yir

Xir
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Table 1.

Economic
Group
Low Income

Lower-Middle
Income

Upper-Middle
Income

Metropolitan Area
Bombay, India
Jakarta, Indonesia
Karachi, Pakistan
Lagos, Nigeria

Abidjan, Ivory Coast
Bangkok, Thailand
Bogota, Colombia
Cairo, Egypt
Mexico City, Mexico
Sao Paulo, Brazil

Buenos Aires, Argentina
Caracas, Venezuela
Pusan, South Korea
Seoul, South Korea

Hong Kong
Munich, Germany
Osaka-Kobe-Kyoto, Japan
Paris, France
Sample of British towns
Sample of French towns
S:unple of Spanish towns
Singapore
USA average

Daily Vehicular Trip Rates Per Person and per Capita GNp
for Selected Metropolitan Areas Worldwide.

Vehicular Country's
trips per day per capita GNP
per person-a (1988 US $)-g

0.82
0.77
1.76
0.30

1.0s
t . l 2
t . r4
0.67
t .73
r .52

| . 3 7
t .25
t .24
1 . 8 2

1.47
2.31-b
2.30-c
1.84-d
1.96-e
2.14-e
l . l2 -e
1 . 4 1
2.68-f

340
440
350
290

770
1,000
I , lg0

660
1,7&
2,|ffi

2,520
3,250
3,600
3,600

9,220
18,480
21,020
16,090
12,810
16,090
7,74fr
9,070

19,840

High Income

Notes:
a/ Dimitriou, 1990, p 57, except as indicated.
b/ OECD, 1988, pp. 97,100.
c/ OECD, 1988, pp. 145, 147.
d/ OECD, 1988, p. 161.
e/ Webster et al., 1985, p.22.
f/ Charles River Associates, 1988, p. B-3.
g/ World Bank, 1990, pp. 178-179.
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This moclel was statistically significant (F = 39'313, J < 0.001) for (1' 21)
degrees of freedom. The predictive power (P = 0.65 ) of this model was
respectable. This model was then used to estimate petsonal mobility by vehicles
in urban areas of countries throughout the world.

Studies by Zahavi (1976) also suggested that a crude nrodal split estimate (i.e.,
percent oi urban trips by automobile versus public/prarilransit) could also be made
based on the extent of motorization in a particular crou trY. Preliminary data
analysis suggested that per capita GNP was also a goo 1 predictor of modal split'
but that it was not as powerful a predictor as a countrr''s level of motorization.
Consequently, the following two models were developcd for this purpose based on
data from a convenience sample of 40 cities worldwid': (Iable 2):

Yiz : 22-034 + 0.001884 (Xil)

18.825 + 0.097837 (Xiz)

where:

percentage of urban trips by arrtomobile of country i for
the early 1980s;

GNP per capita of country i in 1988 U.S. dollars; and

cars per 1000 population of country i for the 1980s.

The percentage of total vehicular trips by public and Jaratransit for each country
(Y,r) *^ computed by subtracting the percentage of I ehicular trips by automobile

Gtt from 100 percent. For these variables, data firr each country were available
for different years throughout the 1980s. Data wofie r,ot readily available for the
same year for these three variables.

I2l

t3tY;z

Yiz

Xir

x;z
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Appendices

Equation [2] was statistically significant (F = 37-2, p < 0.001) for (1, 38)
degrees of freedom and

Equation [3] was statistically significant (F = 68.3, p < 0.001) for (1, 38)
degrees of freedom.

The predictive power (f = 0.a9) of Equation [2] was inferior to that (f = 0.6a)
of Equation [3]. Thus, Equation [2] was used to estinate modal splits for 21
(mosity small) countries for which data on motorizalliol were not available and
Equation [3] was substituted for 138 countries for whir:h motorization data were
available. The assumption was made that these modlellr, although based on a
sample of 4{t world cities, could be used to estimate modal splits for the entire
urban population of other countries.

Roadside

For purposes of estimating how many people are expo;ed along roadsides in
developing countries, street vendors and hawkers wer€ assumed to be members of
the informal subsector of a country's economy. Acr:otding to Friedmann and
Sullivan (1975), this sector includes handicraft worlt:er; (seamstresses, basket and
mat makers, rope makers, silversmiths) street traders imd service workers
(peddlers, food vendors), casual construction workers (carpenters, bricklayers'
plumbers, electricians), and "underground" occupatiolS (prostitutes, professional
beggars, police spies, dope peddlers, pickpockets). Fl iedmann and Sullivan stated
ttrat ttre informal sector provides employment for between 25 and 40 percent of the
urban economy in developing countries.

That percentage of the informal sector that "works lhe streets" in developing
countries and thus is exposed to motor vehicle air p'oll irtion could not be found in
the literature. Thus, this study assumed that 15 to il5 percent of the urban labor
force represented an upper limit of the roadside populttion for developing
countries. For developed countries, 5 to 10 percent o i the urban labor force was
assumed to work in roadside settings for lack of infrrnnation on this subject. The
following equation was used to make these estimaters:

Y;a = k(Xn)(Xir)

where:

Yie = tle number of people exposrt' to motor vehicle air
pollution in roadside settings of country i in 1990;

t4l
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the proportion of the urban labor force working in
roadside settings (i.e., 15 to 25 percent in developing
countries and 5 to 10 percent in developed countries);

the urban population of country i in 1990; and

the percentage ofthe total population of country i
in the labor force in 1988-1990.

For lack of data, the assumption was made that the percentage of a country's total
population in the labor force was similar to the percentage of its urban population
in the labor force. Data on the percentage of the total population in the labor
force came from two sources: (UNDP, 1991; and Wright, 1991).

Xi:

Xic
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APPEh{DIX B

Geneva : estimation of NO* emissions

Estimation of emissions from road transport

Estimation of annual emissions of total nitrogen oxides from road traffic entails
knowledge of the parameters defined in Table 1. The precision of the overall
estimate therefore depends on the accuracy with which these parameters are
quantified. It was necessary to establish simpli$ing hypotheses for each of them.

Parameter Definition

1. Volume of traffic

2. Type of vehicle

3. Vehicle speed

4. Emission coefficient

Vehicle flow, daily distribution

Private cars, delivery vehicles, lorries, buses,
motor-cycles, mopeds

Depending on type of road and observance of
speed limits

Type of driving, mechanical state of vehicle,
year of manufacture

Table 1. Parameters for estimation of total nitrogen oxides emissions from road
traffic.
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Yolume of road traffrc

The volume of road traffic is calculated with referenrce to the traffic plan for the
Geneva network, published by the office of road traffi,: and transportation (OTC)
in 1988 (Ofrice des transports et de la circulation, Gienbve, 1988).

The traffic plan shows tle average traffic on a workinil day for the entire road
network. The map of emissions was made to coincide with the boundaries of the
cantons. The basic grids squares are of 0.25 km2; the r side is therefore 500 m in
length. The volume of traffic is expressed in terms of vehicles/km per day.
Emissions for each grid square were calculated by adding together tle outputs
from the volume of traffic for the length of road.

The traffic plan from the transport office is designul primarily for traffic
management, not for evaluation of emissions. It does rot include roads where the
traffic flow is less than 1000 vehicles per day. In ordt,r to gain a better idea of
emissions due to traffic, we evaluated the "sporadic" t'affic, which is not
accounted for by the OTC traffic plan. Traffic was re.;istered manually by survey
on about 10 grid squares. It turned out that the trafilic plan covered an average of
84% of all traffrc. The emissions have been increased to take this scattered traffic
into account.

To find annual emissions, changes in traffic at weekenls had to be considered.
Using data from the 18 automatic traffrc counters orr tl e Geneva road network, the
average annual volume was estimated to be 355 times hat of an average working
day.

Type of vehicle

Road traffic includes various types of vehicle. In orde: to estimate the proportion
of emissions attributable to each category of vehicle,, u e calculated their respective
emissions on the basis of the number of each type oll v*icle registered in the
Canton of Geneva. Table 2 shows the emissions for eirch category of vehicle.
The categories of vehicle which emit most nitrogen ox des are private cars and
heavy goods vehicles. The map of emissions calculate,l on the basis of the traffic
plan therefore took account of these two categories :rlo te. For heavy goods
vehicles, recorded numbers of vehicles were used to establish the average
proportion of this type of traffic for each zone in the crmton. It has been found
that it varies between 2% and 4Vo. T\e proportion of reavy goods vehicles is
very important, since they emit approximately 10 timel more total nitrogen oxides
per km than passenger.
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Category Vo Number
Emission Factor

g/vh (1)
Relative emission

%

Passenger cars

Heavy goods vehicles

Motorcycles

Mopeds

79

5

7

9

188597

10906

16820

2r33r (2)

1 ,5

13,35

0 ,11

0,06

65,5

33,8

0,4

0,3

For 1988, speed of 50 km/h according to reference [17]
According to the Geneva automobile department, 1990.

Table 2. Emissions per category of vehicle in relation to total number of vehicles
in 1988.

Vehicle speed

Vehicle emission coefficients depend to a great extent on speed. Statistical
averaging is used since it is impossible to know the speed of each vehicle at every
moment. The information on traffic by category of speed published by the
Federal Office for Environment, Forests and the Countryside (OFEFP) for the
different categories of roads (OFEFP, 1988) provided the average statistical
values. By "speed", we mean the commercial speed corresponding to the
relationship between a given distance and the total time needed to travel it. It
takes account of acceleration, deceleration, delays at crossroads, etc. Table 3
shows, for the various categories of road, the relative distribution of vehicles for
different speeds.

Emission coefficients

The emission coefficients correspond to the actual quantity of polluting gas emitted
in the course of each kilometer travelled G/km), which depends on engine speed
and load, or in more general terms on the average speed of the vehicle. Since the
emission coefficients depend on the average speed of the vehicle, a weighted
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Speed

km/h

Non-built-up areas

Passenger cars @C)

Non-built-up areas

Heavy goods
vehicles (IIGV)

10 0 .1 0 .1
20 1 . 6 1 . 0
30 t . l 1 . 1
40 3 .9 6.5
50 6.5 r0.8
60 1 1 . 1 t4.2
70 14.6 2 t .7
80 1,9.4 24.2
90 19.6 20.4
00 14.2
10 7.9
20
30

Built-up areas

)assenger cars
("c)

Built-up area

Heavy goods
Vehicles (HGV)

5 .8 4 . 1
19.2 t7 .7
16.7 17.3
18.7 17.7
20.7 2 t . 8
1.8.7 2r .2

Bu

Table 3. Distribution of traffic by category of speal i r % (OFEFP). The speed
limit in built-up areas is 50 km/h; outside built-up ar*s, it is 80 km/h.

emission coefficient was calculated which takes accourt of the distribution of
traffrc by category of speed, for each speed group. In order to simplify matters,
the canton was divided into two zones: built-up areas :nd non-built-up areas.

OFEFP calculated the emission coefficients (OFEFP, 1988). A whole range of
parameters was taken into account. These include t'yrpc of engine and category of
vehicle, prescriptions on exhaust gases and the numller and types of vehicles there
are in Switzerland.
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The emission coefficients for total nitrogen oxides that we have used to calculate
road traffic emissions are shown in Table 4. The sharp decrease of ttre
coefficients for passenger cars @C) is due to the fact that more than 95% of the
swiss vehicles will be equipped with a catalysor by the years 2000, while in 1988,
it was onlv 5%.

Table 4. Total nitrogen oxides emission coefficients expressed in g/vehicle . km
(ECOTOX/OFEFP). pQ = personal cars; HGV = heavy goods vehicles.

Calculations due to road traffic

Road traffic emissions were calculated in accordance with the parameters
described above, and for grid squares of500 by 500 meters. The choice of
emission coefficient for each grid square depended on the zone it was in @uilt-up
or non built-up area). The proportion ofheavy goods vehicles in the different
regions of the canton,2% to 4% according our measurements, has been taken into
account. The quantity emitted is proportional to the volume of traffic expressed in
vehicles . km, and to the emission coefficient expressed in g/vehicle . km.
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Year PC
non-built-up area

HGV
non-built-up area

PC
built-up area

HGV
built-up area

1988 2.24 16.20 t .42 14.06

1994 0.89 t4.74 0.57 t2. ' t9

2000 0.40 tt.70 0.26 10.14
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Estimation of emissions due to heating

Methodology

A considerable proportion of total nitrogen oxides emissions arises from use of
fossil fuels for air and water heating. Evaluation of btal nitrogen oxides
emissions is difficult, since it depends on the follovring parameters for each
installation:

(1) type of tuel,
(2) fuel consumption,
(3) concentration oftotal nitrogen oxides in tte combustion gases.

For each 500m x 5(X)m grid square, emissions werr: calculated using the OFEFP
method (OFEFP, t987a), in accordance with the number of workplaces, the
number of inhabitants and emission coefficients. It is assumed that emissions are
also proportional to degree-days ofheating, definedi ai the sum ofdaily differences
between the temperature of the premises heated (20' rJ) and the average daily
temperature, as long as it is equal to or less than 1i!' C (Service cantonal de
statistique, Gendve, 1991).

Emission coefficients for heating

A distinction was made between the energy required lor heating homes and that
needed for heating industrial workplaces. Energy c;onsumption was divided as
follows: 9O% for natural gas and extra light oil,39l f tr wood and coal, and the
remainder of 7% is electricity. This results in an emission coefficient for Geneva
of 45 kg of NO. per ton of fuel. The number of degree-days for 1988, the
reference year, is 3004, and the energy factors userl are as follows:

- 8.22 megajoules per year, per inhabitant and per degreelday,
- 17.54 megajoules per year, per industrial worlplace and per degree/day.

The emission coefficients of total nitrogen oxides per inhabitant and per workplace
are therefore:

- 1.1 kg NO* per year and per number of inhalbitrnts,
- 2.4 kg NO,. per year and per involved workpla<,e.

Sensitivity tets

A significance percentage of real estate is the propertl' ofthe city of Geneva. Its
heating department was therefore able to check all its installations in order to
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obtain the actual emission factors. The conclusions of that study confirm the
theoretical calculations of the emission factors. The emission coefficient per
inhabitant for the buildings of the city of Geneva is 1.7 kg of NO* per year. The
difference may be explained by the fact that most of the buildings belonging to the
city of Geneva house commercial premises, whose emissions are higher.
Furthermore, concentrations of nitrogen oxides measured in the combustion gases
are higher than those used in the theoreticd calculation. This is because the
development ofheating technology, to ensure energy saving, has paradoxically led
to an increase in total nitrogen oxides emissions.

Estimation of emissions due to industry (EIE)

Geneva has a large factory for incineration of domestic waste, and an EIE was
published in 1983 because of a planned extension (Ddpartement des travaux
publics, Genbve, 1988). Total nitrogen oxides emissions for 1988 are estimated at
600 tons.

Some industrial heating plants burn heavy fuel oil. A campaign to measure the
emissions from those plants shows that they were responsible for approximately
65% of the 200 tons emitted by industrial installations. Emissions due to
industrial activities other than heating were estimated using the methodology
published by OFEFP (OFEFP, 1987b). For the Canton of Geneva, they are of the
order of 110 tons per year.
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APPENDIX C

Geneva : relationship between emissions and ambient air concentrations
of nitrogen oxides

Relationship between emissions and total nitrogen oxides ambient air mean
concentration

The total concentration of nitrogen oxides is the sum of nitrogen dioxide and nitric
oxide ambient air concentrations measured at the same station. The relationship
with the emissions is of the type:

[NOx] : Io * lrr . Er."ffi" + 1t2 
,EHeating

where [NO*] is the average annual concentration of total nitrogen oxides recorded
at each measuring station; it is expressed in pg of No2 per m3. The measuring
station is at the center of a I kmz grid square,

Io is the background level of ambient air concentration (pglm3),

. pr, y2 arc the constants expressed in pg . year . km2 / m3 . tN62 ,

Erruffi" @1) corresponds to total annual nitrogen oxides emissions (NO*)
due to tra{fic in the I km2 grid square expressed in tons of NO2 ,

EHeating- @g) corresponds to total annual nitrogen oxides emissions [NO*]
due toleating in the 1 km2 and expressed in tons of NO2.

The values of Es and Er are obtained from the map of emissions for 19gg. The
values used to obtain the relationship by multiple linear regression are shown in
Table 1.
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Station NO^ @g/m3)
(measured)

E6
(t 1r16*/year.km'z)(1

Ile
Wilson
Sainte Clotilde
Meyrin
Foron
Anibres
Jussy

232
170
144
71,
8 1
t9
29

90
38
36
8
7
I

0 .1

E1

1qg*/year.km2)

1,36
57
58
z4
t2
0 .1
0 .1

Table 1. Relationship between emissions of NO- and ambient air concentration of
NO* (annual average).

The relationship obtained is the following:

[NO* ]  =  44  +  0 .28 .Eu *  1 .36 .Er  ( l )

The cumulated correlation coefficient is 0.9085.

When the grid square is reduced to 500 x 500 m, the :orrelation is not so good,
so the 1 km2 grid square was preferred.

Relationship between ambient air concentratio:r of total nitrogen oxides
and ambient air concentration of nitrogen dioride

Total nitrogen oxides emission mainly in the form of rftric oxide, is the source of
ambient air concentration of nitrogen dioxide by oxid: tion of nitric oxide. That
oxidation process depends on a number of parameterrs temperature, air pressure,
presence of ozone, concentration of nitric oxide, etc.

NO* @g/m3)
(estimated)

253
r31
t32
78
62
44
44
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It has been shown (Williams, 1990) drat there is a relationship between ambient air
concentration of nitrogen dioxide and of nitric oxide. There must therefore be a
relationship between ambient air concentration of nitrogen dioxide and that of total
nitrogen oxides.

The relationship is of the type:

lNO2l = po * t rr . tNOl Q)

lNol = tNo_l - [No2] with [No*] > INol > 0 and INo,.l > tNot >0(3)

lNOrl = Fo * ttt .(NO,l - tNO21)

lNOzl . (1 + pr) = tlo * pr .[NO*]

Lto Pl
lNOr l= +-- - - - - - - - . [NO*]

(1 + pr) (1 + pr)

This relationship is valid only under the conditions given in (3).

Observations have shown that the factor p.1 of relationship 2 depends on the time
of year. To put it simply, the proportion of nitrogen dioxide to nitric oxide is
higher during the seasons when tropospheric ozone is formed. The relationship
(2) is however always checked, and checked against annual averages.

For the ROPAG network, it is assumed that in the Canton of Geneva the
meteorological conditions governing formation of tropospheric ozone are relatively
homogeneous. This hypothesis has been borne out by observation. During the
summer smog, hourly ozone concentrations are almost identical to those at stations
in tle rural areas.

It can be assumed that there exists for annual ambient air concentrations of NO"
and NO* a comparable relationship for all the measuring stations.

In order to verify this supposition, the relationship between annual average
ambient air concentrations for all measuring stations in 1988 was calculated. The
relationship in which concentrations are expressdin pglm3, is as follows:

lNo2l = 11 + 0.268 .[No*] (corr. coeff. = 0.9857)(5)

(4)
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Concentrations of nitrogen dioxide for
given in Table 2.

1988 estimated using that relationship, are

Station NO^ measured NO2 mt

Ile
Wilson
Sainte Clotilde
Meyrin
Foron
Anibres
Jussy

323
170
144
7 l
8 l
T9
29

6t
f ,

5:
4 1

Jz
1 l
2(

Table 2. Relationship between annual averages of ttotal nitrogen oxides and
nitrogen dioxide concentrations (pglm3)

The calculation made for the years 1987 and 1989 shr ws that this relationship
exists also for those years, and that it is almost identir;al.

As Figure I shows for 1988, the initial conditions (.3) are at the origin of a zone in
which the relationship [NO2]/[NO*] has no meaning ( NOzl > [NO,l).
Consequently, the ordinate at tlre origin of the relatiorrship [NOt/tNO*], valid for
all the stations of the ROPAG network, is not significant. It is useful only for the
purposes of calculation. Below 15 p.g,:lrr3, the relatiotrship (5) is no longer valid.

t 5

56
50
30
33
t6
19
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NO, relm3

.O+s

E:'u"-l,z=

o too 2oo No* rdm3

Figure l. Relationship between nitrogen dioxide and total nitrogen oxides
(expressed as NO). Source: ECOTOX/ROPAG network, annual averages for
1988.

Relationship between total nitrogen oxides emissions and ambient air
concentrations of nitrogen dioxide

The empirical relationships that have been established, (1) and (5), enable us to
relate total nitrogen oxides emissions to nitrogen dioxide ambient air
concentrations:

INO*I = 44 + 0.28 'Ec * 1.36'Er

lNo2l = 11 + 0.268 '[NO*]

By substituting [NO*] with (1), we obtain:

lNo2I = l l  + 0.268. (44 + 0.28 .Ec+ 1.36 .Er)

lNO2l = 23 + 0.075 'Ec * 0.36 'Er
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The empirical relationship obtained shows that the rneisured nitrogen dioxide
ambient air concentrations consist of a fixed part callel the background level, a
part which is proportional to traffrc emissions (83Vo) and a part which is
proportional to heating emissions (l1Vo). The backlgnrund level is estimated,
using relationship (6), to be 23 pglm3 for 1988.

Estimation of background ambient air concent:ation level

The background level depends on the volume of emissions from the regions
around the Canton of Geneva. It is assumed to contain a proportion of imported
nitrogen dioxide, which is estimated at 4 y.gtnf for Slritzerland, and part which is
directly proportional to total NO* emissions from the r:anton.

We have calculated the level of background ambientl ar concentration for the
various anti-pollution scenarios on the assumption that reduction in global
emissions leads to a proportional reduction in backg;rornd pollution @ollback
model). This is a criticat step since for 1988, the bac)rground level wx 23 p.glm3
according to the relationship established using the emp irical model, or 19 pglnf
from cantonal sources and 4 ltgln-t from outside the crnton. The decreasing
background levels corresponding to the anti-pollutio'n r;cenarios are calculated on
the basis that the 1988 background level, corresponrls to overall 1988 emissions in
the Canton of Geneva of 6567 tons of NO*.
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