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1. EXECUTIVE SUMMARY 

1.1 	 Introduction 

A review of the effects of automotive emissions •was carried out 
for Environment Canada as part of a Socio-Economic Impact Analysis 
(SEIA) in relation to'proposed revision of Canadian Automobile 
Emission Control Standards. This document investigated the 
following pollutants related to automobile emissions: carbon 
monoxide, nitrogen oxides, photochemical oxidants, hydrocarbons, 
and diesel exhaust particulates. The effect of the nitrate 
component of acid precipitation, formed from nitrogen oxides, 
was also reviewed. 

The rationale for establishing ambient air quality objectives and 
guides was investigated to establish the areas of concern for 
adverse effects. This procedure for setting air quality objectives 
provides an interpretation of what is considered a non-acceptable 
effect and of what is a "safe" level to provide protection from 
these effects. The approach used in defining or promulgating a 
"safe" level is important because rarely is there sufficient 
scientific information about a pollutant to provide this distinction. 
In these cases a margin of safety is usually provided to account 
for uncertainties. 

Adverse effects documented in this report include: 

1. 	Health effects of carbon monoxide, nitrogen oxides, ozone, 
diesel exhaust particulates and hydrocarbons. 

2. Terrestrial ecosystem effects, particularly crop damage. 

3. Aquatic ecosystem effects, especially fisheries (acid rain). 

4. Material damage. 

5. Visibility reduction by particulate and gaseous emissions 
and photochemical products. 

The documentation of acid rain formation from automotive air 
pollution (particularly NO ) and its environmental effects also 
constitute a part of this Ipcument. In a similar manner, the 
formation of photochemical oxidants is reviewed to provide a 
consistent approach of summarizing the effects (both direct and 
indirect) of automotive air pollution. 

The cost-benefit approach being used by the SEIA requires rather 
precise dose-response functions for each effect. Assessment 
of the present information base shows that major gaps in knowledge 
exist for each of the pollutants covered in this report. Additionally, 
there can be disagreement on what constitutes an adverse effect. 
Whenever possible, and within the limitations of current knowledge, 
dose-response functions have been provided as input to the SEIA. 



This report relies heavily upon air quality criteria documents by 
Environment Canada, the United States Environmental Protection Agency, 
the World Health Organization and other agencies. No attempt was 
made to comment on all of the primary documents referred to. 
Rather, original works or reviews believed to be most significant 
are included plus any other significant published work reported 
since the dates of the criteria documents. 

1.2 	 21./_2uÊ1Lty_Standards  

Ambient air quality standards or objectives may vary from country 
to country and within a country over the course of time as new 
knowledge is acquired. The long-term goal is generally to protect 	• 
against adverse effects on human health. Consideration is also given 
to adverse effects on the environment such'as vegetation damage, 
materials damage, and visibility impairment. The concept of a 
standard to protect receptors from significant harm is a statistical 
one, based on consideration of an aggregate of individual cases of 
significant harm. The adoption of a standard may not confer protection 
on eVery individual. The following provides a brief synopsis of 
air quality standards for carbon monoxide, nitrogen dioxide, 
hydrocarbons, and - photochemical oxidants. NO air.quality standards 
have been promulgated in Canada for diesel exhaust particulates 
or acid deposition. 

Carbon Monoxide (Section 3.4.1) 

•The generally recognized 'safe° carboxyhaemoglobin (COHb) levels in 
blood have decreased over the last decade, resulting in lower existing 
guides and proposed standards. There is also more recognition of 
the rapid accumulation of COHb by exercising idividuals. The 
current CO maximum acceptable  imit of 34 mg/m (30 ppm) for 1-hour, 
recommended in 1971, is 6 mg/m (5 ppm) higher than the more recent 
World Health Organization (WHO) recommendations and the proposed 
United States standard. Similarly, the Canadian acceptable limit 
for 8-hour exposure is higher than the existing United States standard 
and the 1979 WHO recommendation. Only the Japanese 8-hour standard 
which was set in 1971 is higher than the Canadian counterpart. 

All of the CO standards set or recommended are directed at the 
protection of vulnerable groups such as cardiac patients and anaemics 
from adverse effects. In the United States approach, there is the 
concept of providing a margin of safety for sensitive groups 
visiting high altitude locations (e.g. a cardiac patient visitor 
from New York to Denver) and the fetus. There is also uncertainty 
in model relationships between CO exposure and COHb blood levels. 
Currently, one of the aspects being explored by the U.S. EPA and 
the Canada Subcommittee on National Air Quality Objectives is the 
sensitivity of the Coburn Model predictions of COHb levels associated 
with variable rather than static CO concentrations and with different 
physiological parameters. 

Nitrogen Dioxide (Section 3.4.2) 

The long-tem standards for NO 2  for all countries are in the vicintty 
of 100 ug/m (0.05 ppm) NO 2  based on protecting the health of sen-
sitive groups of the population. Of the countries with short-term 

1-2 



s - 
o - 

standards (daily or 1-hour averages), the primary, criteria 
have been health effects, but consideration has also been given 
to the role of NO2 in the formation of photochemical pollution 
(Japan and West Germany), plant damage (Canada), and sensory 
perception (Canada). The scientific criteria available for a 
long-term standard based on health effects are very tenuous 
and the World Health Organization as of 1977 found insufficient 
information to recommend an air quality guide. The U.S. EPA 
review of scientific criteria also reached this conclusion, 
but since an annual standard was in place, it was felt that this 
level could be used as a surrogate for protection against short-
term peaks of N0 1 . An appreciable safety factor of 3 to 5 was 
incorporated int8 the 1-hour WHO health guideline because of the 
high biological activity of the NO2 . 

Hydrocarbons (Section 3.4.3) 

There are no air quality objectives for hydrocarbons in Canada. 
In 1983, the United 9.ates revoked its non-methane hydrocarbons 
standards of 160 pg/m (0.24 ppm) 3-hour average from 6 to 9 a.m. 
The past standard had been unique in that the levels set were not 
based on direct health or welfare effects of hydrocarbons, but 
was intended to provide a means of attaining the ozone standard. 

Photochemical Oxidants (Section 3.4.4) 

The chronological history of setting of standards and recommendation 
of guidelines results in conflicting trends 3  The United States 3  
relaxed their 1-hour standard from 160 pg/m (80 ppb) to 240 g/m 
(120 ppb) in 1979, while the WHO in the same year reduced their 
guide1i9s for protection of human healei from the range of p 200 
250 pg/m (100-125 ppb) to 100-200 pg/m (50-100 pb). The 
Canadian maximum acceptable objective is 160 pg/m (80 ppb) for 1-hour 
average. These differing interpretations are essentially based on 
the same set of scientific criteria, although the WHO tends to use 
animal data more than the United States in support of their 
recommendations. 

Overall, ozone standards have been set primarily to protect 
public health. In Canada, vegetation damage was also considered 
in establishing maximum acceptable objectives. The province of 
Ontario's air quality criteria for ozone is primarily based on 
avoidance of vegetation damage. 

1.3 	 Effects of Automotive Emissions 

Air quality criteria are observed effects or responses of one or 
several atmospheric substances on a defined receptor or 
population under specified conditions. These criteria are used 
as a basis of standard-setting, and in cases where information is 
complete are synonymous with dose-response relations. The 
following provides a brief summary of the effects of 
automotive air pollutants on receptors or populations. 
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1.3.1 Health 

Carbon monoxide (CO) has deleterious effects on cardiac function 
which is of greatest relevance to individuals with cardio-
vascular disease. Carbon monoxide also has an adverse effect 
on work performance and on central nervous system functions. 
Impairment of vigilance or performance of complex tasks can occur 
at low levels of CO exposure which may be of significance to 
the general population, especially with respect to its possible 
effect on driving skills. No such effect has, however, been 
clearly documented. Pregnant women, their fetuses, and newborn 
babies, have increased susceptibility to carbon monoxide toxicity, 
but precise quantification of increased risk for this group is not 
yet possible. 

Exposure to nitrogen dioxide (NO 2 ) affects sensory perception and 
causes irritation to the mucous membranes of the respiratory tract. 
The adverse effect of NO2 on lung function may be of particular relevance to asthmatics. It also appears that  NO1  increases 
susceptibility to infection, possibly accounting  or an increased 
incidence of respiratory disease, most notably in children. 

Exposure to ozone may induce abnormalities in various organs 
throughout the body. Again, the respiratory system is the site 
of greatest damage. Ozone impairs lung function, with the 
magnitude of the effect dependent on a variety of factors, including 
individual susceptibility and level of exercise. Decreased performance, 
exacerbation of asthma, increased susceptibility to infection and 
excess respiratory disease hospital admissions have all been linked 
to ozone•  exposure. 

Diesel exhaust is known to contain a high concentration of particulates, 
with the latter having been linked to increased mortality among 
elderly individuals and patients with respiratory disease (chronic 
bronchitis, emphysema, etc). Exposure to total suspended particulates 
is also known to cause exacerbation of disease in such patients, 
and studies have linked the frequence of asthma attacks and 
incidence of acute respiratory disease in children with exposure 
to particulates. Diesel exhaust emissions are composed primarily of 
very fine particles and it is not known to what extent these fine 
particles contribute to respiratory disease. The major health 
concern regarding diesel emissions is its potential to be cancer-
causing. At present, no convincing evidence exists to substantiate, 
let alone quantify, this risk to humans. 

Hydrocarbons as a class provide little direct health effect at 
ambient levels. Some hydrocarbons, however, can be hazardous at 
levels approximating those found in the ambient air. Benzene, 
for example, known to be capable of producing serious blood 
disorders, including leukemia, may be of concern in some specific 
settings. Aldehydes, such as formaldehyde, which may be formed • 

from hydrocarbons emitted in automobile exhaust, may be irritating 
to the mucous membranes or cause asthmatic attacks in sensitive 
individuals. Quantification of this effect is not possible at this 
time. 
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Acid precipitation may also indirectly affect health by increasing 
the risk of mercury poisoning, lead poisoning or intoxication 
from other elements in some areas and populations. 

1.3.2 	 Terrestrial Systems 

Studies of air pollutant effects on terrestrial systems have 
concentrated mainly on vegetation. Visible leaf injury is the 
most readily detected and most frequently reported symptom of 
exposure to NO 2 , and has been documented in many reports of damage 
to economic crops. Studies have shown, however, that declines in 
plant growth and yield can occur without such visible symptoms. 

Exposure to short-term peaks in NO2  may cause as much or more damage 
to vegetation than does continuing exposure over a growing season. 
Growth and yield reductions may take place with minimal or no foliar 
injury while it is also possible to detect extensive foliar injury 
with no significant effects on crop yields. 

Studies on combined exposures to NO2  and SO, have found that the 
NO 2 injury threshold can be significantly rêduced in the presence 
of SO2 ' Responses to mixtures are related to concentration ratios, 
sequence of exposure and other variables. Ambient concentrations in 
some areas of North America are within ranges at which observable 
injuries have occurred. 

The available data suggest that ozone (0 3 ) is the most pervasive 
and economically damaging of the photochemical oxidants. Ozone 
effects on plants include metabolic alterations, reduced primary 
production, and subsequent changes in the partitioning of photosynthate 
and related reductions in biomass and/or yield. Other resulting 
effects include those that relate to plant quality, such as foliar 
injury or altered nutritional composition of crops. Studies note 
that while foliar injury is a useful indicator of the presence of 
photochemical oxidants, it may be caused by other stresses and may 
not always be a reliable predictor of effects of oxidants on growth, 
yield or quality. Current evidence suggests that ozone in ambient 
air in many areas of North America is sufficient to reduce the 
growth and yield of vegetation, and that sensitive crops are 
significantly affected by a 7-119ur midday seasonal average 0 1  
concentration of 80 to 200 pg/m ,(0.04 to 0.10 ppm). 



There is evidence to suggest that major portions of temperate 
forest ecosystems are undergoing perturbations related to oxidants, 
resulting in significant forest changes. Decreases in production 
and diversity are evident, with early and mid-successional forests 
being particularly endangered. Long-term continual stresses are 
thought to decrease total foliar cover and species richness and 
increase dominance by oxidant-tolerant species. Gradual and subtle 
changes over time in forest metabolism, •growth and composition over 
wide areas of the temperate zone are thought by researchers to be 
much more important than the more dramatic destruction of forests 
in the immediate vicinity of point sources of  oxidants over short 
periods. 

Nitrogen inputs from acid precipitation are probably insignificant 
as a nutrient source relative to agricultural crop requirements, 
but may supply as much as 40% of forest nitrogen requirements. There 
is currently little certain evidence that existing acid precipitation 
levels are having deleterious effects upon terrestrial vegetation, 
but it may affect the productivity of forest and crop plants by 
direct impaction, changes in soil structure and processes, or 
leaching of minerals from watersheds. Foliar injury due to acidic 
deposition has not been documented in the field, but treatments in 
controlled conditions with simulated acidic precipitation have 
resulted in foliar injury, growth reductions and growth stimulations 
in some cases. Too . few studies have been comPleted to assess 
accurately the terrestrial effects of acidic precipitation. 

1.3.3 	 Aquatic Systems 

Acidic sulphur inputs exceed acidic nitrogen inputs over eastern 
North America on an annual basis and the net yield of these anions 
to streams and lakes is predominantly sulphate on an annual basis. 
Researchers have concluded that since nitrate reaches surface waters 
in small amounts relative to its loadings on an annual basis and does 
not accumulate in surface waters, its influence on long-term surface 
water acidification is less than sulphate. 

Nitric acid may play a more significant role in short-term 
acidification associated with spring melt of nitrate-containing 
snowpack. Thus, nitrate might be important on an episodic basis 
by adding to the existing pH depression caused by sulphate. 
Stuàies to date of this-phenomenon have found that sulphate 
concentrations still exceeded nitrate on an equivalent basis, even 
during spring runoff. 

The evidence and conclusions of published sources lead to the 
conclusion that for surface water systems, most of the increases in 
acidity observed was due to the changes noted in sulphate concentration 
attributed to sulphate and sulphuric acid deposition. Both 
sulphuric and nitric acids contribute acidity to surface waters 
during periods associated with pH depressions and fish stress. 
There is no strong evidence at present for anticipating any 
appreciable reduction in long-term lake or stream acidification 
from a reduction in nitrate inputs. 



Atmospheric nitrogen may supply a significant proportion of loadings 
to the Great Lakes and other Canadian waters. 	In most lakes, 
eutrophication is largely limited by phosphorus availability, 
so that atmospheric nitrogen inputs are unlikely to be a major 
contributer to lake enrichment. Coastal and estuarine ecosystems, 
and currently eutrophied lakes are exceptions where increased nitrogen 
supplies may contribute to stimulated aquatic production. 

1.3.4 	 Man-Made Materials 

Damage to some man-made materials by ozone and nitrogen dioxide 
has been documented at levels experienced in the ambient atmosphere. 
However, caution must still be used in applying documentation of 
material damage in chamber studies to real life exposure's. 

Cellulosic fibres (cotton and viscose rayon) dyed with direct 
dyes, vat dyes, and fibre reagtive dyes, suffer severe fading on 
chamber exposures to 940 pg/m (0.5 ppm) NO 2  with high humidity (90%) 
and high temperatures (30° 3C). Significant 4 fading is observed on 12 
weeks exposure to 100 pg/m (0.05 ppm) under the same high humidity 
and temperature  condition.  Acid dyes on nylon fade on exposure to 
NO 2 at levels of 200 pg/m (0.1 ppm) under the same environmental 
conditions. Yellowing of white fabrics for polyurethane segmented 
fibres, rubberized cotton, optically brightened acetat, and nylon 
have been documented in chamber studies using 400 pg/m (0.2 ppm) 
NO2  for exposure of 8-hours. Nitrates have been implicated in the 
cracking of wires made of nickel brass alloy that are used in 
telephone equipment, but no other evidence exists for metal corrosion. 
Since nitrate salts are more hygroscopic than chloride or sulphate 
salts, nitrates may lower the threshold requirements for wet metal 
corrosion. 

The only quantified effect of ozone on materials is for tire 
products. St9ssed natural rubber cracks at ozone concentration as 
low as 40 pg/m (20 ppb). Tires are protected from ozone degradation 
by the addition of antiozonants which inhibit ozone reactions. There 
are effects of ozone on textile dye fading under select conditions 
but this can not be readily generalized to the urban environment. 
All effects occurred at high temperatures and high relative humidites. 
Some recent work has indicated there may be a significant association 
between the erosion of latex paint and relative humidity and ozone 
but further work is required to provide a definitive dose-response 
damage function. No evidence currently exists to substantiate any 
adverse effects on structural materials by ozone, nitrogen dioxide, 
or nitrates. 

1.3.5 	 Visibility 

Visibility is recognized as being important to perceived air quality 
by people in general and by government agencies. One of the criteria 
used to establish the Canadian maximum air quality objective for 
suspended particulates was protection against visibility impairment. 
Recently both the U.S. Environmental Protection Agency and the 
Canadian National Research Council have recommended that standards 
(Objectives) be established for fine particles with visibility as 
a criteria on the basis of the relatively well defined relationship 
between visual range and fine particle mass. These fine particles 
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in many cases are photochemical products of gaseous emissions. The 
basis.for estimating visual-range from fine particle mass. concen-
tration  is reasonably well known. Semi-empirical relationships may 
be used as an indicator of the relative .  importance of the various 
chemical species - present in the fine particle mode to visibility • 
impairment. The importance of sulphates invisibility reduction in 
eastern North America is firmly established, while nitrates, organ-
ic compounds, and carbon (soot) are more site dependent. 

The recent United States-Canada Memorandum of Intent document on 
long-range transport concludes that "available data suggest that 
nitrates exist predominantly in the vapour phase and are for the 
most part of little consequence to visibility in eastern North 
America." 

The contribution of nitrogen dioxide to reduction of visual range 
is small, but it may cause a brownish haze in some circumstances; 
however, in the majority of cases, brownish haze has been attributed 
to particle scattering. 

1.3.6. 	Indirect Effects 

Indirect effects include the formation of a secondary reaction 
product which itself has a direct effect as summarized in the previous 
five areas of human concern. These indirect effects include the 
formation of photochemical oxidants from primary emissions of 
hydrocarbons and nitrogen oxides in the presence of sunlight and 
the formation of nitrates and nitric acid from emissions of nitrogen 
oxides. The end products all have known or suspected adverse effects 
on various receptors. 

The quantitative relationship between precursors (NOx  and hydro-
carbons) and end products (0 3 , HNO 3

) is very complicated and not 
completely understood. 

The role of NOx  emissions in formation of photochemical oxidants is 
a matter of controversy. Some studies suggest that decreasing 
present  NO  x levels will promote formation of ozone. 

Ali of  the conversion processes for acid precipitation require 
oxidizing substances such as hydrogen peroxide, ozone, and hydroxyl 
radicals. The production of these compounds is directly related 
to the reactive hydrocarbon pollutant class. The conversions of 
air pollutants to acid aerosols all occur at different rates, 
depending on the relative and absolute amounts of sulphur dioxide, 
nitrogen oxides, hydrocarbons, and fine particles present in emissions. 
Meteorological conditions also greatly influence overall conversions. 
The acid conversion process on an event basis (short-time period) 
may be characterized by SO,)  and NOx  competition for oxidants and 
inhibition of one acid's fôrmation by the presence of the other 
compound. However, over a longtime and over a large regional 
scale the reactions may possibly be considered linear. In other 
words, the concentration of the acid formed may be directly propor-
tional to the emission amount of its precursor. 



RÉSUMÉ A L'INTENTION DE LA DIRECTION: 
RÉPERCUSSIONS NUISIBLES DES ÉMISSIONS DES VÉHICULES AUTOMOBILES* 

préparé par 
R.0. Kolomeychuk et K.L. Yeager de 
The Environmental Applications Group Limited, et A. Yassi 

1 	Introduction 
Une étude des émissions de véhicules automobiles et de leurs répercussions 

nuisibles a été effectuée pour Environnement Canada dans le cadre de l'Analyse des 
incidences socio-économiques (AISE) de normes proposées limitant les émissions des 
véhicules automobiles neufs. Au cours de cette étude des recherches approfondies ont été 
faites sur les polluants émis par les véhicules automobiles, nommément le monoxyde de 
carbone, les oxydes d'azote, les oxydants photochimiques, les hydrocarbures et les 
particules émises par les systèmes d'échappement de moteurs diesel. Les répercussions des 
composants nitriques des précipitations acides formés à partir des oxydes d'azote, ont 
également été étudiées. 

La philosophie sur laquelle repose les normes et les lignes directrices a été le 
fruit d'une réflexion approfondie dans le but de cerner les principales préoccupations que 
soulèvent les effets nuisibles sur la qualité de l'air. L'élaboration des normes nécessite un 
jugement sûr pour faire la distinction entre un effet inacceptable et une concentration 
maximale admissible, c'est-à-dire celle qui assure une protection contre les répercussions 
nuisibles. La méthode utilisée pour définir ou imposer une concentration maximale 
admissible est importante parce qu'on dispose rarement d'une information scientifique 
suffisante sur un polluant pour établir cette distinction. Dans ces cas, une marge de 
sécurité est habituellement incorporée pour tenir compte des incertitudes. 

Les polluants susmentionnés ont des répercussions nuisibles dans les cinq 
domaines suivants: 
1) La santé, à cause du monoxyde de carbone, des oxydes d'azote, de l'ozone et des 

particules émises par les systèmes d'échappement de moteurs diesel. 
2) L'écosystème terrestre, en particulier les dommages causés aux récoltes. 
3) L'écosystème aquatique, spécialement sur les pêchés (précipitations acides). 
4) Les dommages matériels. 

* MAS, contrat no KE145-2-0692, octobre 1983:' 



5) 	La réduction de la visibilité par les émissions particulaires  et gazeuses et les 

produits photochimiques. 

De plus, le présent document traite de la formation des précipitations acides 

provenant des émissions de véhicules automobiles (particuiièrement N0 x) et de ses . 

 répercussions. On y expose aussi les résultats d'une étude sur la forniation des oxydants 

photochimiques qui permettront d'élaborer , une Méthode logique visant à identifier 

sommairement les répercussions nuisibles, directes et indirectes, des émissions des 

véhicules automobiles. 

La méthode d'analyse des coûts et des rendements utilisée pour l'AISE exige 

que les fonctions "dose-réponse" soient précises pour chaque répercussion nuisible. 

L'évaluation de ra  base d'information actuelle montre qu'il existe d'importants manques de 

connaissances sur chacun des polluants étudiés dans le présent rapport. De plus, il peut y 

avoir .désaccord  sur ce qui constitue une répercussion nuisible. Lorsque c'est possible et 

dans les limites des Connaissances actuelles, les fonctions "dose-réponse" ont été 

incorporées dans les données utilisées pour faire l'évaluation de•  Panalysg. des incidences 

socio-économiques. 

Le présent rapport est basé principalement sur les documents relatifs aux 

critères de la qualité de l'air élaborés par Environnement Canada, l'Environmental 

Protection Agency (E.-U.), l'Organisation mondiale de la santé et d'autres organismes. On 

n'a pas voulu commenter tous les principaux documents consultés. Par contre, des travaux 

ou études originaux considérés comme étant les plus importants y sont inclus, ainsi que 

tout autre ouvrage important qui a été publié après ces documents relatifs  aux critères. 

2 	 Normes de qualité de l'air 
Les normes ou les objectifs de qualité de l'air ambiant peuvent varier selon les 

pays et dans un même pays, au fur et à mesure que de nouvelles connaissances sont 

acquises. Leur but à long terme est de protéger la santé humaine contre les répercussions 

nuisibles. On a également considéré les répercussions nuisibles des polluants sur la•

végétation, la propriété matérielle, la visibilité et sur l'environnement en général. Le 

concept d'une norme visant à protéger les récepteurs d'une nuisance significative repose 

sur des données statistiques qui représentent un ensemble de cas singuliers de nuisance 

significative. L'adoption d'une norme ne garantie pas la protection de tous les individus. 

Les paragraphes suivants constituent une brève synopsis des normes de la qualité de l'air 

applicables au monoxyde de carbone, au dioxyde d'azote, aux hydrocarbures et aux 

oxydants photochimiques. Aucune norme de qualité de l'air n'a été imposée au Canada 



pour limiter les émissions des particules provenant des systèmes d'échappement de 

moteurs diesel ou concernant les dépôts acides. 
Monoxyde de carbone. Les concentrations dites admissibles de carboxyhémoglobine 
(COHb) dans le sang ont diminué au cours de la dernière décennie, ce qui a contribué à 
abaisser les valeurs de référence existantes et à diminuer la rigueur des normes proposées. 
On est également de plus en plus conscient de l'accumulation rapide de COHb chez les 
personnes physiquement actives. Actuellement la limite maximale admissible est de 
34 mg/m 3  (30 ppm) de CO pendant une heure. Cette limite recommandée en 1971, excède 
de 6 mg/m 3  (5 ppm) les plus récentes valeurs recommandées par l'Organisation mondiale 
de la santé (OMS) et les normes américaines proposées. Il en va de même pour la limite 
canadienne admissible dans le cas d'une exposition de huit heures, qui est plus forte que la 
norme américaine existante et la recommandation faite par l'OMS en 1979. Seule la norme 
japonaise pour une exposition de huit heures, publiée en 1971, est plus forte que la norme 
homologue canadienne. 

Toutes les normes pour le CO, imposées ou recommandées, visent à protéger 
contre les répercussions nuisibles les personnes vulnérables, comme celles qui souffrent 
d'affections cardiaques et d'anémie. La méthode américaine est fondée sur le concept 
d'une marge de sécurité déterminée pour les groupes vulnérables qui visitent certains 
emplacements en haute altitude (par exemple, un cardiaque de New York en visite à 
Denver) et pour les foetus. Le modèle de relations entre l'exposition au CO et les 
concentrations sanguines de COHb comporte un certain degré d'incertitude. L'un des 
aspects étudiés actuellement par l'EPA et le Sous-comité canadien des objectifs nationaux 
de qualité de l'air est la sensibilité des concentrations du COHb prévues à l'aide du modèle 
Coburn lorsqu'elles sont associées à des concentrations variables plutôt qu'à des 
concentrations statiques de CO et à des paramètres physiologiques différents. 
Dioxyde d'azote. Dans tous les pays, les normes de l'exposition à long terme au NO2 
voisines de 100 mg/m 3  (0,05 ppm) ont pour but de protéger la santé de certains groupes 
vulnérables de la population. Dans les pays qui ont publié des normes pour l'exposition à 
court terme (moyennes journalière ou d'une heure), les critères fondamentaux portent sur 
les répercussions sur la santé. On a étudié en outre, le rôle joué par le NO2 dans 
l'évolution de la pollution photochimique (Japon et République fédérale allemande), les 
dommages à la végétation et la perception sensorielle (Canada). Les critères scientifiques 
disponibles pour les normes d'exposition à long terme basées sur les répercussions sur la 
santé sont très ténus et, à partir de 1977, l'Organisation mondiale de la santé a constaté 



que l'information n'était pas suffisante pour recommander des valeurs de référence pour la 

qualité de l'air. L'étude des critères scientifiques faite par l'EPA est également parvenue 

à cette conclusion mais, comme une norme annuelle était appliquée, on pensait qu'elle 

pouvait servir provisoirement de protection contre les concentrations maximales à court 

terme de NO2. Un facteur de sécurité appréciable compris entre 3 et 5 a été incorporé 

dans la ligne directrice de l'OMS relative à la forte activité biologique en une heure du 

NO2. 
Hydrocarbures. Il n'existe pas d'objectifs de qualité de l'air pour les hydrocarbures au 

Canada. En 1983, les États-Unis ont annulé leur norme relative aux hydrocarbures autres 

que le méthane, qui était de 160 p g/m 3  (0,24 ppm) en moyenne pour trois heures (de 

6 h 00 à 9 h 00). Cette norme comportait une caractéristique spéciale : les concentrations 

n'étaient pas basées sur, les répercussions directes des hydrocarbures sur la santé ou le 

bien-être, mais avaient pour but de fournir un moyen de se conformer à la norme pour 

l'ozone. 

Oxydants photochimiques. La chronologie des événements qui ont conduit à l'établis-

sement des normes et à la recommandation de lignes directrices indique des tendances 

conflictuelles. En 1979, les États-Unis ont abaissé leur norme portant sur une heure de 

160 p g/m 3  à 240 p g/m 3  (de 80 à 120 pp 10 9 ) tandis que, la même année, l'OMS abaissait 

ses lignes directrices pour la protection de la santé humaine de la plage des 200 - 
250 1.1g/m 3  (100 - 125 pp 10 9 ) à celle des 100 - 200 p g/m 3  (50 - 100 pp 10 9 ). Au Canada, 

l'objectif maximal admissible est de 160 p g/m 3  (80 pp 109 ) pour une concentration 

moyenne d'une heure. Ces interprétations différentes sont essentiellement basées sur le 

même ensemble de critères scientifiques quoique l'OMS tende à utiliser plus que les États-

Unis des données animales à l'appui de ses recommandations. 

En général, les normes pour l'ozone ont été établies principalement pour 

protéger la santé publique. Au Canada, les dommages causés à la végétation ont 

également été pris en considération lors de l'établissement de concentrations maximales 

admissibles. En Ontario, les critères de qualité de l'air pour l'ozone visent principalement 

à éviter les dommages à la végétation. 

3 	Répercussions nuisibles 
Les critères de qualité de l'air sont les répercussions ou réponses observées 

d'une ou plusieurs substances atmosphériques sur un récepteur ou une population définis 

dans des conditions déterminées. Ces critères servent de base à l'établissement des 



normes et, dans les cas où l'information est complète, correspondent aux relations "dose-

réponse". Les paragraphes suivants constituent un résumé des répercussions nuisibles des 

polluants atmosphériques émis par les automobiles sur des récepteurs ou des populations. 

3.1 	Santé. Le monoxyde de carbone (CO) a des répercussions délétères sur la 

fonction cardiaque et est des plus dangereux pour les personnes atteintes d'une maladie 

cardiovasculaire. Le monoxyde de carbone a également des répercussions nuisibles sur le 

rendement au travail et les fonctions du système nerveux central. Une diminution de la 

vigilance ou du rendement lors de l'accomplissement de tâches complexes peut s'avérer 

importante au niveau de la population en général lorsque celle-ci est exposée à de faibles 

concentrations de CO, et ses Cf fets possibles peuvent se faire particulièrement sentir sur 

l'aptitude à conduire des véhicules automobiles. Toutefois, aucune répercussion de ce type 

n'a été clairement documentée. Les femmes enceintes, les foetus et les nouveaux-nés sont 

très sensibles à la toxicité du monoxyde de carbone mais la quantification précise d'un 

risque accru n'est pas encore possible pour ce groupe. 

L'exposition au dioxyde d'azote (NO2) affecte la perception sensorielle et 

cause l'irritation des muqueuses du tractus respiratoire. Les répercussions nuisibles du 

NO2 sur la fonction pulmonaire peuvent avoir une importance particulière pour les 

asthmatiques. H semble également que le NO2 augmente la susceptibilité à l'infection et il 

est possible qu'il soit responsable de l'augmentation de l'incidence de la maladie 

respiratoire, plus particulièrement chez les enfants. 

L'exposition à l'ozone peut provoquer des anomalies dans différents organes. 

Le système respiratoire constitue, encore une fois, le site des plus grands dommages. 

L'ozone nuit à la fonction pulmonaire, l'importance de ses répercussions dépend de 

différents facteurs et notamment de la susceptibilité individuelle et du niveau d'activité 

physique. La diminution du rendement, l'exacerbation de l'asthme et l'augmentation de la 

susceptibilité à l'infection ont également été reliées à l'exposition à l'ozone. 

On sait que les gaz d'échappement des moteurs diesel contiennent une forte 

concentration de particules qui ont été reliées à l'augmentation de la mortalité chez les 

personnes âgées et les malades atteints de maladies respiratoires (bronchite chronique, 

emphysème, etc.). On sait également que l'exposition aux particules cause l'exacerbation 

de la maladie chez ces malades et des études ont relié la fréquence des attaques d'asthme 

et l'incidence des maladies respiratoires' aiguës chez les enfants à l'exposition aux 

particules. Par contre, on ne sait pas encore dans quelle mesure les fines particules, qui 



composent la majeure partie des émissions des moteurs diesel, peuvent influer sur les 

maladies respiratoires. Toutefois, la principale préoccupation relative à la santé est le 

potentiel cancérigène des émissions des moteurs diesel. Actuellement, aucun signe 

convaincant n'indique clairement l'existence de ce danger, qui ne peut, à plus forte raison, 

être quantifié. 
Aux concentrations ambiantes, les hydrocarbures considérés comme une caté-

gorie ont peu de répercussions directes sur la santé. Toutefois, certains d'entre eux 

peuvent être dangereux à des concentrations voisines de celles de l'air ambiant. Le 

benzène, par exemple, qu'on sait capable de causer de sérieux désordres sanguins, 

notamment la leucémie, peut inquiéter dans certaines situations particulières. Les 

aldéhydes, le formaldéhyde par exemple, qui peuvent être formés à partir des 

hydrocarbures émis dans les gaz d'échappement des véhicules automobiles, peuvent irriter 

les muqueuses ou causer des attaques d'asthme chez les personnes sensibles. La 

quantification de ces effets n'est pas possible actuellement. 

Les précipitations acides peuvent également affecter indirectement la santé 

en augmentant le danger d'empoisonnement par le mercure et le plomb ou le danger 

d'intoxication par d'autres éléments dans certaines régions et chez certaines populations. 

3.2 	Systèmes terrestres. Les études des répercussions des polluants atmosphé- 

riques sur les systèmes terrestres ont porté principalement sur la végétation. La blessure 

visible de la feuille exposée au NO2 est le symptôme le plus facilement décelable et le 

plus fréquemment signalé et a fait l'objet de nombreux rapports sur les dommages causés 

aux cultures commerciales. Certaines études ont toutefois montré que des diminutions de 

la croissance et du rendement des plantes peuvent se produire sans qu'apparaissent ces 

symptômes visibles. 

L'exposition à court terme à des maximums de NO2 peut causer autant de 

dommages, sinon plus, à la végétation que l'exposition continuelle à ce gaz au cours d'une 

saison de croissance. Les diminutions de la croissance et du• rendement peuvent se 

reproduire en n'étant accompagnées que de blessures foliaires minimes ou en l'absence de 

ces blessures; il est également possible de déceler des blessures foliaires graves sans 

observer de répercussions significatives sur les rendements agricoles. 

Certaines études des expositions combinées au NO2 et au SO2 ont révélé que 

le seuil de blessure du NO2 peut être diminué significativement en présence de SO2. Les 

réponses à ces mélanges sont reliées aux rapports des concentrations, à la séquence des 



expositions et à d'autres variables. Dans certaines régions d'Amérique du Nord, les 

concentrations ambiantes sont comprises dans des plages de concentrations auxquelles des 

blessures observables ont été causées. 

Certaines données disponibles semblent indiquer que l'ozone (03) est le plus 

pénétrant et le plus dommageable, sur le plan économique, des oxydants photochimiques. 

Les répercussions de l'ozone sur les plantes se manifestent notamment par des altérations 

métaboliques, la diminution de la production primaire et la modification subséquente du 

compartimentage des produits de la photosynthèse et des diminutions connexes de la 

biomasse et(ou) du rendement. La qualité de la plante subit d'autres répercussions, comme 

la blessure foliaire ou l'altération de ses éléments nutritifs. D'après certaine S' études la 

blessure foliaire constitue un indicateur utile de la présence d'oxydants photochimiques, 

mais comme cette blessure peut être également causée par d'autres stress on ne peut pas 

toujours se fier à ce facteur pour prévoir les répercussions des oxydants sur la croissance, 

le rendement ou la qualité. Certains signes semblent indiquer actuellement que l'ozone 

que l'on trouve dans l'air ambiant de nombreuses régions d'Amérique du Nord est suffisant 

pour diminuer la croissance et le rendement de la végétation et que certaines cultures 

sensibles subissent des modifications significatives dues à l'exposition saisonnière pendant 

les sept heures journalières médianes à des concentrations d'03, comprises entre 80 et 

200 ig/m3  (0,04 et 0,10 ppm). 

Certains signes semblent indiquer que de grandes parties des écosystèmes 

forestiers de la zone tempérée subissent des perturbations reliées aux oxydants qui 

apportent des modifications significatives à la forêt. Certaines diminutions de la 

production et de la diversité sont évidentes, les forêts primaires et celles qui leur ont 

succédé en partie étant particulièrement en danger. On pense que les stress continuels à 

long terme diminuent la couverture foliaire totale et la richesse des espèces et 

augmentent la dominance des espèces tolérantes aux oxydants. Au fil du temps, certaines 

modifications progressives et subtiles du métabolisme, de la croissance et de la 

composition des forêts dans de vastes régions de la zone tempérée sont considérées par les 

chercheurs comme étant beaucoup plus importantes que la destruction sur de courtes 

périodes, plus dramatique, des forêts au voisinage immédiat des sources ponctuelles 

d'oxydants. 

Les composés nitriques des précipitations acides ne sont probablement pas 

significatifs comme source d'éléments nutritifs pour les cultures agricoles mais peuvent 

fournir jusqu'à 40 p. 100 des besoins en azote des forêts. 'Il existe actuellement peu de 

signes certains prouvant que les concentrations existantes 'd'azote dans les précipitations 



acides ont des répercussions délétères sur la végétation terrestre, mais ces concentratiuns 

peuvent modifier la productivité de la forêt et des plantes agricoles par impaction 

directe, par des modifications de la structure et des processus du sol ou par lessivage des 

minéraux des bassins versants. La blessure foliaire n'a pas été documentée sur place à 

cause des dépôts acides, mais certains traitements appliqués dans des conditions contrô-

lées, comportant des précipitations acides simulées, ont causé, dans certains cas, des 

blessures foliaires et des diminutions ou stimulations de la croissance. Les études 

terminées sont trop peu nombreuses pour pouvoir évaluer avec précision les répercussions 

terrestres des précipitations acides. 

3.3 	Systèmes aquatiques. Dans l'est de l'Amérique du Nord, les apports sulfurés 

acides excèdent annuellement les apports azotés acides dans les précipitations acides et le 

produit annuel net de ces anions dans les cours d'eau et les lacs est constitué surtout de 

sulfate. Certains chercheurs ont conclu que puisque le nitrate atteint les eaux superfi-

cielles en petites quantités par rapport à la charge annuelle de ces eaux et ne s'y 

accumule pas, son influence sur l'acidification à long terme des eaux superficielles est 

plus petite que celle du sulfate. 

L'acide nitrique peut jouer un rôle plus significatif dans l'acidification à court 

terme liée à la fonte printanière du manteau nival contenant du nitrate. C'est la raison 

pour laquelle le nitrate peut être épisodiquement important parce qu'il accentue la 

diminution existante du pH causée par le sulfate. À ce jour, certaines études de ce 

phénomène ont constaté que les concentrations de sulfate excèdent encore celles du 

nitrate mesurées sur une base équivalente, même pendant l'écoulement printanier. 

Les conclusions des documents de référence publiés permettent d'affirmer que 

la plus grande partie de l'augmentation de l'acidité observée dans les réseaux d'eaux 

superficielles était due aux modifications de la concentration de sulfate attribuées aux 

dépôts du sulfate et de l'acide sulfurique. Les acides sulfurique et nitrique contribuent à 

l'acidification des eaux superficielles pendant des périodes de diminutions du pH et de 

stress pour le poisson. Il n'existe actuellement pas de signe certain permettant de prévoir 

une diminution appréciable de l'acidification à long terme des lacs ou des cours d'eau à 

cause d'une diminution des apports de nitrate. 

L'azote atmosphérique peut constituer une part importante de la charge des 

Grands lacs et des eaux canadiennes. Dans la plupart des lacs, l'eutrophisation est limitée 

dans une grande mesure par le phosphore présent, il est donc invraisemblable que l'azote 



atmosphérique soit un élément majeur dans le processus d'enrichissement des lacs. Il 

considérer comme des exceptions les écosystèmes des côtes, des estuaires et des lacs 

eutrophisés qui peuvent connaître une stimulation de la production aquatique lorsque les 

apports de nitrate augmentent. 

3.4 	Substances artificielles. Les dommages causés aux substances artificielles par 

l'ozone et le dioxyde d'azote ont été documentés pour certaines concentrations observées 

dans l'atmosphère ambiante. Toutefois, certaines précautions doivent encore être prises 
pour appliquer à des expositions réelles la documentation Sur les dommages matériels 
élaborée dans des études de laboratoire. 

Les fibres cellulosiques (coton et rayonne à la viscose) teintes à l'aide de 
colorants directs, colorants à cuve et colorants réagissant sur la fibre, subissent une grave 
décoloration à l'exposition en cuve à 940 p g/m 3  (0,.5 pprn) de NO2 en atmosphère très 

humide (90 p. 100) et très chaude (30 ° Ç). Une décoloration significative est observée 
après une exposition de 12 semaines à 100 p g/m 3  (0,05 pprn) NO2 dans les mêmes 
conditions d'humidité et de température élevées. 'Sur le nylon, les colorants acides se 
décolorent lorsqu'ils sont exposés à une concentration de 200 p g/m 3  (0,1 ppm) de NO2 
dans les mêmes conditions environnementales. Le jaunissement des tissUs blancs en fibres 
de polyuréthane segmentées, coton caoutchouté, acétate blanchi bptiquement et nylon .a 
été documenté par des études en laboratoire où ils ont été exposés pendant 8 heures à une 
concentration de 400 p g/m 3  (0,2 ppm) de NO2. Certain S nitrates ont été rendus respon-
sables de la rupture de fils en alliage de nickel et de laiton utilisés dans l'équipement 
téléphonique, mais il n'existe pas d'autres rapports portant sur la corrosion des métaux. 

Les nitrates étant plus hygroscopiques que les chlorures ou les sulfates, 
l'utilisation des premiers peut abaisser le seuil de la corrosion des métaux par l'humidité. 

Les seules répercussions quantifiées de l'ozone sur les sùbstances artificielles 
sont celles des produits utilisés pour fabriquer les pneus. Le caoutchouc naturel se fissure 
en présence de concentrations d'ozone aussi faibles (pie 40 p g/m3 (20 pp 10 9). Les pneus 
sont protégés de la dégradation grâce à l'addition d'agents antiozone qui inhibent les 
réactions du caoutchouc avec l'ozone. L'ozone a des répercussions sur les colorants 
textiles qui sont altérés dans des conditions Spéciales qui ne peuvent pas être facilement 

généralisées dans l'environnement urbain. Toutes ces réperctissions ont été observées à de 
hautes températures et dans des conditions d'humidité relativement élevées. Des travàux 
récents ont indiqué qu'il peut exister une association significative entre l'érosion de la 



peinture au latex et l'humidité relative en présence d'ozone, mais des études plus 

approfondies sont nécessaires pour établir définitivement une fonction "dose-réponse" 

pour le dommage. 

3.5 	Visibilité. La visibilité constitue un élément important dans l'appréciation de 

la qualité de l'air par la population en général et les organismes gouvernementaux. Au 

Canada, la protection contre les obstructions de la visibilité est l'un des critères sur 

lesquels est fondé l'objectif de qualité maximale de l'air relativement aux particules en 

suspension. Récemment, l'Environmental Protection Agency et le Conseil national de 

recherches du Canada ont recommandé que des normes (objectifs) soient élaborées pour 

les particules fines, la visibilité servant de critère, d'après une relation relativement bien 

définie entre la portée visuelle et la concentration massique des particules fines. Dans de 

nombreux cas, ces particules fines sont des produits photochimiques des émissions 

gazeuses. La méthode d'estimation de la portée visuelle à partir de la concentration 

massique de particules fines est assez bien connue. Une relation semi-empirique peut être 

utilisée comme indicateur de l'importance relative des différentes espèces chimiques 

présentes sous forme de particules fines en tant qu'obstruction de la visibilité. Dans l'est 

de l'Amérique du Nord, l'importance de l'action du sulfate sur la diminution de la visibilité 

été confirmée tandis que celle des nitrates, des composés organiques et du carbone 

(suie) dépend plus de l'emplacement. 

Le Protocole qui a fait l'objet d'une entente récente entre le Canada et les 

États-Unis relativement au transport sur de longues distances des polluants a permis de 

conclure que "les données disponibles semblent indiquer que les nitrates présents surtout à 

l'état de vapeur n'ont, pour la plupart, que peu de conséquences sur la visibilité dans l'est 

de l'Amérique du Nord". 

L'effet du dioxyde d'azote sur la diminution de la portée visuelle est petit 

mais, ce composé peut, dans certaines circonstances, provoquer l'apparition d'une brume 

sèche brunâte; dans la majorité des cas, toutefois, cette brume sèche est attribuable à la 

diffusion de la lumière solaire par les particules. 

3.6 	Répercussions indirectes. La formation d'un produit de réaction secondaire qui 

a lui-même des effets directs sur la santé humaine dans les cinq domaines examinés 

sommairement dans les paragraphes précédents comportent des répercussions indirectes. 

Celles-ci sont notamment la formation d'oxydants photochimiques à partir des émissions 

primaires d'hydrocarbures et d'oxydes d'azote en présence de lumière solaire et la 



formation de nitrates et d'acide nitrique, à partir des émissions d'oxydes d'azote. Les 
produits finals ont tous des répercussions nuisibles connues ou soupçonnées sur les 
différents récepteurs. 

La relation quantitative entre les précurseurs (NO x  et hydrocarbures) et les 
produits finals (03, HNO3) est complexe et n'est pas complètement comprise. 

Le rôle des émissions de NO x  dans la formation des oxydants photochimiques 
prête à controverse. Certaines études semblent indiquer que la diminution des côncen-
trations de NO x  présentes favorise la formation de l'ozone. 

Tous les processus de conversion dans le phénomène des précipitations acides 
exigent des substances oxydantes comme le peroxyde d'hydrogène, l'ozone et le radical 
hydroxyle. La production de ces composés est directement reliée à la catégorie des 
hydrocarbures réactifs polluants. Les conversions des polluants atmosphériques en aérosols 
acides se produisent à des vitesses différentes qui dépendent des quantités relatives et 

absolues de dioxyde de soufre, d'oxydes d'azote, d'hydrocarbures et de particules fines 
présentes dans les émissions. Lés conditions météorologiques influencent également 
fortement les conversions générales. Le processus de conversion de l'acide au cours d'un 

événement (période courte) peut être caractérisé par la concurrence du SO2 et des NO x 
 pour fixer les oxydants et l'inhibition de la formation d'un acide par un autre composé 

présent. Toutefois, sur une période longue et à l'échelle d'une grande région, il est possible 
de considérer ces réactions comme étant linéaires. En d'autres mots, la concentration 
d'acide formé peut être directement proportionnelle à la quantité de son précurseur 
é rnise. 
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2. AIR POLLUTION 

Concepts  of Air Pollution 

Air is defined as the relatively constant mixture of gases enveloping 
the earth up to about 8 kilometres above the surface. The components 
of clean or unpolluted air, given in Table 2.1-1 consist mainly of 
oxygen (21 percent by volume of air), nitrogen (78 percent) and trace 
gases (1 percent). Oxygen is very reactive and chemical reaction 
with this substance (oxidation) is ever present involving both living 
and inert matter. Nitrogen, which is relatively inert, only enters 
chemical reactions in special circumstances such as in presence of 
lightning or at high temperatures. The major trace variable of air 
is water vapour which ranges in concentration from about 200 to 300 
ppm (0.02 to 0.03%) in dry regions to 50,000 or 60,000 ppm (5 to 6%) 
in a warm humid climate. Water vapour plays an important role as 
solvent and catalyst for many thermal and photochemical reactions 
in the atmosphere. The gases, carbon dioxide and methane, are of 
potential importance in maintaining climatic stability while the noble 
gases-argon, helium, neon, krypton, xenon-are inert and for all practical 
purposes can be ignored in atmospheric processes. 

In addition to the above-mentioned  substances,  numerous other gases 
may be delineated such as sulphur dioxide, carbon monoxide and ozone, 
along with particles present in clean air at very low concentrations. 
The atmospheric background level of these compounds varies over water 
and land and with latitude. This originates from natural sources and 
chemical processes in air. There is never truly clean air insofar as 
decaying vegetable matter, decaying dead animals, forest fires, and 
volcanoes emit gaseous and particulate compounds which may exist 
temporarily in local areas at high levels. 
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10 
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 102  

-1.01  

102. 
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weight 

74.085 
22.644 
1.965 
1.256 
0.047 
0.001 

< 0.001 
< 0.001 
< 0.001 
< 0.001 
< 0.001 
< 0.001 

pg/m3  

8.67 
2.65 
2.30 
1.47 
5.49 
1.44 
8.25 

5.35 -7.63 
3.32 
8.73 
4.00 
4.17 

TABLE 2.1-1 

THE GASEOUS COMPOSITION OF UNPOLLUTED AIR 

The Gaseous Composition of Unpolluted Air (Dry Basis).* 

Nitrogen 
Oxygen 
Water 
Argon 
Carbon dioxide 
Neon 
Helium • 

Methane 
Krypton 
Nitrous oxide 
Hydrogen 
Xenon 
Organic Vapours 

ppm(vol.) 

780,900 
209,400 

9,300 
315 
18 
5.2 
1.0 -1.2 
1.0 
0.5 
0.5 
0.08 

ca. 0.02 

% by 
volume 

78.090 
20.940 

0.930 
0.032 
0.002 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

ugim3  

8.95 x 10 
2.74 x 108 

7 1.52 x 105 5.67 x 104 1.49 x 10 
8.50 x 102 

, 2 
6.56-7.87 x 103 3.43 x 102 

 9.00 x 10 
4.13 x 101 

 4.29 x 102 

% by 
weight 

75.540 
23.126 

1.283 
0.048 
0.001 

<0.001 
<0.001 
<0.001 
< 0.001 
<0.001 
< 0.001 

The Gaseous Composition of Unpolluted Air (Wet Basis).* 

Nitrogen 
Oxygen 
Water 
Argon 
Carbon dioxide 
Neon 
Helium 
Methane 
Krypton 
Nitrous oxide 
Hydrogen 
Xenon 
Organic Vapours 

ppm(vol.) . 

756,500 
202,900 
31,200 
9,000 

305 
17.4 
5.0 
0.97-1.16 
0.97 
0.49 
0.49 
0.08 

ca. 0.02 

% by 
volume 

75.650 
20.290 
3.120 
0.900 
0.031 
0.002 
0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

* from "Fundamentals of Air Pollution". A.C. Stern, H.C. Wohlers, R.W. 
Boubel and W.P. Lowry, Academic Press (1973) and "Chemical Compounds 
in the Atmosphere" T.E. Graede1, Academic  Press (1978).  



Air pollution  ma  y be considered as the presence in the outdoor at-

mosphere of a substance (gaseouÈ or particulate) or mixture of sub-

stances, added in sufficient amounts to produce a measurable effect 

on man, animals, vegetation, or materials. What is considered as a 

pollutant depends upon recognition of the substance (or substances) 

which cause adverse effects. Air quality refers to the characteristics 

of ambient- air that are required to ensure against adverse effects. 

Thus air quality is poor if the concentration of a pollutant (or pol-

lutants) in air exceed the level at which it is considered to have an 

adverse effect. 

There are two basic categories of air pollutants: primary and secondary. 

Primary pollutantssuchas carbon monoxide and hydrocarbons are directly 

released into the air from fuel combustion in stationary and mobile 

sources or from other processes. However, under the proper conditions, 

some of these primary pollutants can undergo chemical reactions and 

transformations in the atmosphere to produce secondary pollutants such 

as ozone and nitric acid. Air pollutants can result from both natural 

and man-made sources and in some cases, there is no clear distinction 

between the natural and man-made air'pollutants. 	The atmosphere 

serves as a delivery system from emission sources to the receptor. 
Once the substance is in the atmosphere, what happens to it depends 

on its physical and chemical characteristics rather than whether 

it was of natural or man-made origin. Man's activities that lead to 
air pollution are usually a result of overloading the atmosphere's 

capability to dilute, to transform emissions to innocuous compounds, 

or to recycle substances. The associated elevation of pollutant levels 

above that in clean air may cause adverse effects. 

The final portion of the atmospheric cycle of a substance consists 

of several removal processes. These various processes serve to 

cleanse the atmosphere of accumulated material and deliver it to the 

surface of the earth. Removal processes may be classified into 

three types: wet removal, dry deposition, and chemical transformations. 



Wet removal is associated only with precipitation, whereas dry removal 

processes go on all the time. Chemical transformations in the atmos-

phere are thought of as a removal process since they transform one 

species into another. 	The hydroxyl radical (OH) reactions appear to be 

the dominant gas-phase process by which most trace gases (i.e. carbon 
monoxide, hydrocarbons, nitrogen dioxide, and sulphur dioxide) are 

consumed in the atmosphere (Niki et al.., 1972r  Demerjian et al., 1974; 

Calvert et al, 1978). 

One of the more important questions to be answered when a pollutant 

has been released into the atmosphere is what area will be affected. 
To attempt an answer consideration must be given to the strength 

of the source, the way in which an effect is made manifest, whether 
the effects depends on airborne concentration or deposition, whether 

atmospheric processes are involved and meteorological considerations. 

Air pollution is in the first instance a local problem; however, the 
pollutants gradually mix into larger and larger volumes of air until 
they are distributed over very large areas. This leads to consider-
ation of the properties of air pollutants on progressively larger 
spatial scales. 

Air pollution problems may be'grouped into four spatial sdales: 
local (0 to-50 km), regional (50 to 500 km), continental (500 to 
5000 km) and global (greater than 5000km). One of the aspects that 
determines the zone of influence of an air pollutant is atmospheric 
residence time. An obvious requirement for a large-scale pollution 
probleM is that a substance must have an atmospheric life time 
sufficiently long to be- transported over long distances. Figure 2.1-1 
gives examples of atmospheric substances with various residence times 
and the corresponding air pollution scale. A compound with a resid-
ence time of years, such as carbon dioxide, has time to mix through-
out the atmosphere and become globally distributed. For compounds 
with shorter . residence times their potential zones of influence are 
reduced accordingly. For example, ozone can be expected to have a 
potential . effect up to the continental scale while dust raised from 
streets is only noticed up to several tens of metres. .At Continental 
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FIGURE 2.1-1 
DISPERSION OF POLLUTANTS INTRODUCED INTO THE ATMOSPHERE 

AS DETERMINED BY RESIDENCE TIME* 

Note: D p  refers to particle diameter 

*Reproduced from NRC, 1981 



scales, especially at mid-latitudes of the Northern Hemisphere, re-

moval of soma  substances by precipitation becomes important. 

On a local scale pollutant levels can readily be distinguished from 
global,  continental, and  regional .  levels. For example, congestion of 
automobiles at intersections in downtown cores, gives rise to levels 
of pollutants that are easily distinguishable from average levels 
over the city and the rural countryside. 

Associated with the four scales of air pollution is the time for 
effects to be noticed at each level. On the local scale, deleterious 
effects could arise within hours while at the opposite end of the 
spectrum, global effects may not be noticed even after decades. High 
levels of some air pollutants in urban areas (the local scale) have 
been associated with health effects. This has resulted in the formula-
tion of air quality standards in various countries. However, even at 
this scale generally accepted quantitative assessment of the range 
of effects are still not available. The next section addresses the 
air pollutants associated with automobiles and their potential scale 
of influence. 



2.2 	 Automotive Air Pollutants 

2.2.1 	Automotive Emissions 

The gasoline powered automobile is a source of three primary air 

pollutants-carbon monoxide, nitrogen oxides, and hydrocarbons. The 
hydrocarbon mixture generated by .motor vehicles is complex with over 
300 identified compounds (Hampton et al., 1982). It is well known 
that ozone and other photochemical oxidants are produced by the action 
of sunlight on mixtures of hydrocarbons and nitrogen oxides (Haagen-

Smit and Wayne, 1976; Haagen-Smit, 1952). The automobile's import-
ance as a contributor to the formation of photochemical oxidants 
relative to other sources varies according to the characteristics 
of an area. Automobile emissions come from more than the tailpipe; 
hydrocarbons are also released through evaporation from the fuel 
tank and carburetor. 

Exhaust emissions from a diesel-powered automobile are similar to those 

from its gas-powered counterpart with one major exception. Diesel en-

gines release substantial amounts of particles (soot) which contain or-

ganic compounds. 

The 1976 Canadian Emission Inventory (EPS, 1981a) of anthropogenic 

sources states: "Nitrogen oxide emissions are mainly from gasoline-

powered motor vehicles (26.8% of total) and industrial combustion 

(19.7% of total). Gasoline-powered motor vehicles and forest fires are 

important sources of hydrocarbon emissions (33.1% and 31.3% of total). 

These two sources are also major contributors of CO emissions (46.6% 

and 31.4% of total)." 

2.2.2 	Carbon Monoxide 

Carbon monoxide (CO) is a colourless, odourless, and tasteless gas. 

After carbon dioxide (CO2), CO is the pollutant which is emitted into 

the air in the largest quantities. Man-made emissions are not the 

only sources; oxidation of methane in the atmosphere, oceans, and 



degradation of chlorophyll are natural sources. Overall, the man-made 

source or CO may be'compared in magnitude with natural sourdes-(Freyer, 
1979). The mean.lifetime of carbon monoxide in the atmosphere is 
around 60 days and its concentration in unpolluted air of the mid-lati-
tudes of the Northern Hemisphere is around 0.23 to 0.29 mg/m 3  (0.20 to 
0.25 ppm) (Ehhalt, 1981). 

For many years, it was believed that CO did not participate in photo-
chemical reactions. However, experiments in the early 1970's demon-
strated that its presence could speed up the oxidation of nitric oxide 
(NO) to nitrogen dioxide (NO 2 ), thus hastening the appearance of ozone 
(Westberg et al., 1971). This reaction is sufficiently fast to be im-

portant in the urban atmosphere with a CO concentration of 6 mg/m 3  

(5 ppm) (National Academy of Sciences, 1977). 

If no hydrocarbons were present in the atmosphere but carbon monoxide 
and nitrogen oxides were present, significant ozone concentrations 
would develop. With hydrocarbons present, the addition of CO does 
not have a strong effect on oxidant concentrations unless it is pre-

sent in levels of about 2290 mg/m 3  (2000 ppm) (ibid, 1977) which is 
much higher than actual monitored values in urban areas. Fishman and 
Crutzen (1978) speculate that oxidation of CO by the hydroxyl (OH) 
radical in the presence of NOx  may lead to significant ozone production 
in the global atmosphere. 

Concentrations of CO near man-made sources vary with time, season, and 

geographic location. The dispersion and dilution of CO until it 
reaches background levels is affected by wind, atmospheric stability, 
vertical mixing height and ambient temperature. The following auto-
mobile related scenarios may result in unusually high ambient levels 
of CO (EPA, 1979): (1) on a city freeway where traffic is stopped, 
CO levels may exceed 50 mg/m3  (44 ppm); (2) inside a closed automobile 
where cigarettes are smoked, CO may exceed 100 mg/m3  (87 ppm); and (3) 
in heavily travelled vehicular tunnels, a one-hour maximum of 250 mg/m3 

 (218 ppm) CO was recorded. The highest levels of carbon monoxide 
measured in Ontario in 1980 were at 381 Yonge Street in Toronto. This 
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station, located close to a major traffic artery and within an urban 

street canyon, measured an annual average of 4.8 mg/m3  (4.2 ppm), a maxi-
mum 8-hour average of 29.9 mg/m3  (26 ppm), and a maximum 1-hour average 

of 43.7 mg/m3 (38 ppm) (MOE, 1981). No other station exceeded these 

8-hour and 1-hour values. The arithmetic mean of monitors in rural 

locations was 0.12 mg/m 3 (0.1 ppm) which may be considered the back-

ground level. 

2.2.3 	Nitrogen Oxides 

There are numerous oxides of nitrogen (N0x ) but for all practical 

purposes, NO x is taken to be the sum of nitric oxide (NO) and nitrogen 
dioxide (NO 2 ). Nitric oxide is a colourless, odourless gas which is 

only slightly soluble in water. In most urban atmospheres, NO is 

readily converted (oxidized) to NO 2 . Nitrogen dioxide has a reddish-

brown colour and a pungent odour. Although the boiling point of 

NO 2 is 21°C, its low partial pressure prevents condensation in 

the atmosphere. NO2  is involved in photochemical reactions because 

of its strong absorption of sunlight which leads to subsequent 

decomposition to NO and atomic oxygen (0). Several other compounds 

derived from  NO 	of importance in air pollution. These sub- 

stances include nitrates (NO3 ),nitric acid (HNO 3 ) ' N-nitroso compounds, 

and organic compounds such as peroxyacetylnitrates (PAN). These 

compounds are discussed in the sections on photochemical oxidants 

and acid precipitation. 

Natural or clean air levels of nitrogen oxides result from forest 

fires, lightning, microbial activity in soils and possibly oxidation 

of ammonia in the atmosphere. Estimates of natural emissions of NOx 
in Canada range from about 1 to 2.7 million tonnes per annum (Logan , 

1982; EPS 1981b); however,  there  are  large uncertainties associated 
with these values. The 1976 inventory of Canadian anthropogenic 

sources estimated annual  NO 	to be about 1.9 million 



0 + 02 + +M 	( 3 ) 

tonnes with gasoline-powered automobiles contributing approximately . 
1/2 million tonnes =8, 1981a). ThUs the gasoline-powered automo-
biles release 12 to 20 percent of the total NO x  emissions (natural 
and man-made) in Canada. A unique difference between natural and 
man-made sources is that the foniter are widely distributed through-
out the country while the latter are usually concentrated in urban 
and industrial centres. This concentration of anthropogenic  sources 
leads to higher•concentrations of  NO x  than are found in clean back-
ground air. The concentrations or NO and NO 2  in clean air over 

land are considered to be lebs than 0..001 ppm (Logan, 1982). 

Nitrogen oxides are released to the atmosphere primarily in the 

form of NO. Only about 5 to 10 percent by volume of the total 

emissions of NO from combustion sources is in the form NO 2 (EPA, 

1982). Nitric oxide reacts rapidly with ozone (0 3 ) to form NO 2 by: 

NO 	0 3  NO 2 	0 2 	 (1) 

which in turn is photodissociated into nitric oxide and atomic 

oxygen: 

NO 2 + h ------ NO + 0 > N.) 

Oxygen atoms in air react predominantly with molecular oxygen to 

regenerate ozone: 

(2) 

where,M represents a -third compound (nitrogen, oxygen, water, etc,). 
The combination of the results of reactions 1, 2, and 3 causes 
generation of, a small concentration of ozone directly related to 

the ratio of NO 2 to NO concentrations and the intensity of sunlight 
abSorbed .1py NO 2  (reaction 2). 



I. 
However, in a sunlight-irradiated, polluted atmosphere, nitric oxide 

may be converted rapidly to NO2  by reaction with perhydroxyl .and 
organic peroxy radicals by: 

NO + HO 2  	> NO2 + OH 	 (4) 

NO + RO 2 	> NO2 + RO 	 (5) 

where R represents methyl (CH 3 ), ethyl (C 2H5 ) and higher alkyl groups. 
During the day NO and NO 2  are interconverted on a time scale of minutes 
by reactions 1, 2, 4 and 5. NOx can lead to formation of ozone in the 
atmosphere by reactions 1 and 2, provided  NOx  levels are about 30 ppt 
(Logan et al. 1981). 

Nitrogen oxides are removed from .the atmosphere by conversion to 
nitric acid via the reaction: 

OH + NO 2 (M) 	 > HNO3 + (M) 

followed by rainout or surface deposition of HNO 3 . Logan et al. (1981) 
estimate for the unpolluted atmosphere that  NOx  is converted to HNO 3 

 within 1 to 2 days at mid-latitudes in summer and within about 10 
days in winter. Lifetimes of 4 to 8 hours were found in plumes from 
the urban areas of Boston and Philadelphia during summer (Spicer, 
1982, Spicer and Sverdrup, 1980). Spicer's measurements show that 
NO and NO2 are converted into HNO 3 , pe roxyacetylnitrate (PAN), and 
particulate nitrate. 

Nitric acid concentrations as high as several ppb have been observed 

in urban areas and the ratio of PAN:HNO 3 varied between 0.5 and 3 

(Spicer, 1977). Concentrations reported for rural sites in the east-

ern United States are about 1 ppb for HNO 3  and a few hundred ppt for 

PAN ( Spicer and Sverdrup, 1980; Holdren et al 1982). The concentra-

tion of NO 2 in polluted air in Canada, United States and Europe 

sometimes exceeds 188 to 376 pg/m 3  (0.1 to 0.2 ppm), (Platt and Perner, 
1980; EPS, 1981c). 

(6): 
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Typical conditions for high NO 2  concentrations are usually a high 

flux of sunlight in combination with stagnant air. However, high 

concentrations of NO 2 can also occur during winter. Lindqvist et 

al. (1982) indicate that high NO 2  concentrations occur in Northern 

Europe during relatively long periods of time characterized by an 

inversion, no wind, temperatures around or below 0°C and relatively 

low photochemical activity. NO 2  concentrations of 188 to 564 ug/m 3 
 (0.1 to 0.3 ppm)in Göteborg, Sweden can last for several hours each 

day during an inversion period. 

2.2.4 	Hydrocarbons 

The class of compounds known as hydrocarbons is unique among the 

emissions of automobiles. All pollutants except for hydrocarbons are 
believed to have direct effects on health, vegetation, or materials. 
Hydrocarbons mainly cause adverse effects indirectly through their con-
tribution to the formation of photochemical oxidants. However, one mem-
ber of this class, benzene, can be present in ambient air at levels that 
represent a potential adverse health effect (Tilton et al. 1981). 

Vehicle exhaust gas contains low molecular-weight hydrocarbons such 
as methane, ethane, ethylene, acetylene, propylene, and olefins which 
are present in gasoline. The emissions also contain partially 
oxygenated organic compounds besides hydrocarbons such as aldehydes, 
ketones, alcohol ethers, esters, acids and phenols (National Academy 
of Sciences, 1976). Aldehydes are generally believed to be the most 
important of these organic compounds. Some of the aldehydes (e.g. 
formaldehyde) may also be deleterious to health. In addition, 
polycyclic aromatic hydrocarbons (PAH), such as benzo(a)pyrene, are 

products of incomplete combustion. The PAH's are of concern because 
of their mutagenic and carcinogenic properties. 

Methane(CH 4 ) is the most abundant gaseous hydrocarbon in the at-
mosphere resulting from the bacterial decomposition of organic 
matter in oxygen deficient environments such as swamps. By 
comparison anthropogenic sources are of minor importance. The 
major process for removal of CH 4  from the atmosphere appears to be 
oxidation by the OH radical which eventually leads to formation of 
CO. 
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It is well established that hydrocarbons much more reactive than 

methane are emitted in significant quantities in vehicle exhaust, 

during handling of solvents, and from the petrochemical industry 

in general (EAG, 1981a). Reactivity of a hydrocarbon or organic 

compound is generally taken to be a measure of the extent of effect which 

the presence of a particular hydrocarbon has in the formation of re-

action products in sunlight in the presence of nitrogen oxides and air. 

Hydrocarbon reactivity canbemeasured in terms of the rate of ozone 

formation or maximum concentration of ozone produced. One scheme, 

based on maximum one hour ozone concentrations observed in laboratory 

smog chamber tests, is used in Table 2.2-1. This table illustrates 

both the types of hydrocarbon emissions from automobiles and their 

reactivity. It is normally recognized that the hydrocarbons, methane, 

ethane, acetylene, and benzene have small or negligible reactivity 

(Classes 00 and 01 in Table 2.2-1). Highly reactive organic compound 

emitted by automobiles include the aldehydes and olefins (Class 5). 

Non-methane hydrocarbons are also emitted by natural processes in 
vegetation, microorganism decomposition in soils and water body 
sediments, and forest fires (EAG, 1981b). The role of reactive 
natural hydrocarbons in photochemical pollution is conflicting. 
Dimitriades (1981) concluded from measured concentrations in 

combination with reactivity data that natural hydrocarbons are judged 
to contribute negligibly to urban ozone, and that their contribution 
to rural ozone is less Certain but probably not major. 

2.2.5 	Photochemical Oxidants 

The mixture of products resulting from reactive hydrocarbon inter-
ference in the NO 2 photolytic cycle is commonly called photochemical 
smog. The photochemical oxidants present in smog comprise ozone 
(03 ), peroxyacetylnitrates (PAN), and other organic compounds including 

aldehydes and alkyl nitrates. This section deals with ozone which 
is the most abundant photochemical oxidant. 



Evaporative Emissions 
from Gasoline Powered Automobiles 

Gasoline Fuelled Automobile Exhaust 
(with no Exhaust Contro/s) 

TABLE 2.2-1 

EXAMPLE OF AUTOMOBILE ORGANIC 

SPECIES PROFILES AND THE 

REACTIVITY CLASSIFICATION OF THE  COMPOUNDS 

N) 

PERCENT 	REACTIVITY 	 PERCENT 	REACTIVITY 
CHEMICAL NAME 	 CHEMICAL NAME WEIGHT 	CLASSIFICATION 	 WEIGHT 	CLASSIFICATION 

ISOMERS OF HEXANE 	 11.62 	 03 	 ISOMERS OF HEXANE 	 4.15 	 03 
ISOMERS OF HEPTANE 	 4.78 	 03 	 ISOMERS OF HEPTANE 	 5.21 	 03 
ISOMERS OF OCTANE 	 4.63 	 03 	 ISOMERS OF OCTANE 	 8.29 	 03 	, 
ISOMERS OF NONAME 	 0.45 	 03 	 ISOMERS OF NONANE 	 1.23 	 03 
ISOMERS OF DECANE 	 0.68 	 03 	 ISOMERS OF DECANE 	 0.32 	 03 
N-BUTANE 	 11.88 	 03 	 N-BUTANE 	 3.10 	- 	03 
ISOMERS OF PENTANE 	 36.78 	 03 	 ISOMERS OF PENTANE 	 4.92 	 03 
ISOMERS OF BUTENE 	 4.51 	 05 	 ETHANE 	 0.68 	 01 
ISOMERS OF PENTENE 	 7.22 	 05 	 ISOMERS OF BUTENE 	 4.34 	 05 
1-HEXENE 	 2.34 	 05 	 ISOMERS OF PENTENE 	 2.06 	 05 
ISOMERS OF OCTENES 	V 	0.15 	 05 	 ETHYLENE 	 11.60 	 05 
HEPTENES 	V 	 0.44 	 05 	 PROPYLENE 	 8.50 	 05 
ISOMERS OF XYLENE 	 0.83 	 04 	 1-HEXENE 	 0.78 	 05 
ISOMERS OF BUTYLBENZENE 	 0.04 	 04 	 HEPTENES 	 1.02 	 05 
ISOMERS OF TRIMETHYLBENZENE 	2.54 	 05 	 ISOMERS OF XYLENE 	 3.62 	 04 
TOLUENE 	 9.12 	 04 	 ISOMERS OF BUTYLBENZENE 	 0.07 	 04 
ETHYLBENZENE 	 0.20 	 04 	 TSOMERS OF TRIMETHYLBENZENE 	2.06 	 05 
BENZENE 	 1.79 	 01 	 TOLUENE 	 11.91 	 04 

ETHYLBENZENE 	 0.74 	 04 
TOTAL 	 100.00 	 BENZENE 	 3.90 	 01 

FORMALDEHYDE 	 4.70 	 05 
METHANE 	 7.60 	 00 
ACETYLENE 	 9.20 	 01 

TOTAL 	 100.00 

Source: EAG, 1981a 
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Ozone is present naturally in air arising from such sources as strato-

spheric injection into the lower atmosphere and photochemical reactions. 

In the global atmosphere, 0 3  has a lifetime of several weeks. Ozone 

is not uniformly mixed in the atmosphere. Near the earth's surface, 

its concentration is in the order of 40 to 120 pg/m 3 (20 to 60 ppb). 

Ozone has a special role in determining the reactivity of common trace 

gases in air. When 0 3  is photochemically decomposed, an OH radical is 

formed. This radical is the primary controller of oxidation of many 

trace gases in the atmosphere such as carbon monoxide and nitrogen ox-

ides. Ozone occurs at relatively high concentrations in the strato-

sphere where it is produced by ultraviolet radiation from the sun. It 

also occurs in high concentrations in polluted urban atmospheres and 

downwind of cities, being formed by the interaction of sunlight with 

the ozone precursors, reactive hydrocarbons and nitrogen oxides. 

Most of the reactions between precursors take place during the 

warmer months of the year when sunlight intensity is strongest. 

Conditions conducive to this type of pollution can occur up to a 

latitude of 60° North or the Arctic Circle (Nieboer et al., 1976). 

Hence given the proper mixture and amount of precursors, ozone 

levels can be expected to be elevated at some time of the  year through-

out most of Canada. Because of the 'relatively long life-time of ozone 

in the absence of high levels of NO , the pollutant  cari  be transport- 

ed over long distances. 

The photochemical production of oxidants in the atmosphere is a com-

plex function of the relationships among the concentrations of its 

precursors, sunlight intensity, meteorological conditions etc. The 

following sequence is commonly observed in urban areas (Haagen- 

Smit and Wayne, 1976). During the predawn hours of the morning when 

city activity is at a minimum, concentrations of NO and hydrocarbons 

slowly build up in calm wind conditions while ozone and NO 2 remain at 

low levels in the absence of photochemical reactions. After dawn with 



7) 

increasing urban activity NO and hydrocarbons increase and NO 2  begins 

to be generated by photolysi$.. After a couple of more hours, NO is 

reduced to low levels because it has been converted to NO 2' and NO 2 
reaches its highest concentration. Ozone begins to accumulate until 
it reaches maximum concentration sometime after noon, and then gradually 
declines throughout the rest of the day. The portrait of events neglects -

the effects of any transport over the city from distant sources of ozone 

and its precursors.. The variation of ozone and its predursors at a • • 	— 

monitoring location in Vancouver illustrateÉ the above discussion 

(Figure 2.2-1). 

Thebasic reactions for productionof ozone were given in Section 2.2.3 

on nitrogen oxides. Here, it is necessary to point out that when 

reactive hydrocarbons are present with nitrogen oxides, they can form 

peroxy radicals that oxidize the nitric oxide, pumping it directly 	— 

to nitrogen dioxide (Figure 2.2-2 ). This leaves very little of the 

NO to react with ozone, so that ozone builds up to large concentrations. 

The chain of reactions is stopped when radicals react with NO 2  to form 

stable products such as PAN by: 

9 
.CO 2 	NO 2 	 > 	CONO 2 

Another oxidant, pernitric acid (HO 2NO2 ), much like PAN, may be pre-
sent in concentrations similar to PAN. 

On occasions, researchers have found a surface ozone concentration 
maximum downwind of large urban areas (Chung, 1977) implying that the 
time for photochemical production of 0 3  from  NO x  and hydrocarbons re-
quires a few hours. Graedel and Schiavone (1981) concluded from their 
modelling of the urban atmosphere that significant portions of city 
emissions are transported downwind where they are available for chemi-
cal reaction (or deposition). 

1 

1 

1 
- 

- 
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FIGURE 2.2-1 
VARIATION OF OZONE AND ITS PRECURSORS IN VANCOUVER * 

HOUR 

* Reproduced from Concord Scientific (1982) 



Ozone 

Nitric 
Oxide 

NO 

'eigieded: 

_ 	 ......... ....... 	..... 

.... ...... ....... . .... 

.......................................

............................................................................................................... 

...................... f .......... 	..... 
... .. " ......... 
	

• ... .. ... ...... . 	
. . Nitrogen 

Dibxide 
NO2 

Oxygen 
Atom 

0 

Ozone 

Nithc 
Oxide 

NO 

Nitrogen 
Dioxide 

NO 2  

Winneiggiene'Re 

Oxygen 
Atom 

0 

FIGURE 2.2-2 

THE PHOTOCHEMICAL CYCLE * 

The NO-NO2-03 cycle in air contaminated with  NO x only (above) and 
with NOx  and hydrocarbons (below). 

*Reproduced from the,National AcadeMy of Sciences (1976) 
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There is a general consensus that reducing hydrocarbon emissions would 

reduce the production of photochemical oxidants (OECD, 1979). There 

is substantial controversy on the role of NO . An experimental model 

developed by Glasson (1981) suggests that hydrocarbon reduction reduces 

0 3 in urban as well as downwind areas while NOx reduction increases 

0 3 and has little effect on 0 3 in downwind areas. The results also 

indicate that both hydrocarbon and NO reduction will reduce NO 2  

levels,with  NOx  reduction being more pronounced. This study pertains 

specifically to Los Angeles and is not necessarily transportable to 

other urban centres. However, work conducted by several research 

groups with different modelling tools in different areas tends to 

predict that HC control alone is usually more efficient than combined 

HC and NOx control and that,in addition, NO control alone may often 

increase the downwind 0 3 burden (Hov and Derweht, 1981; Jones et al. 

1983). 

Over the past decade, a number of studies have pointed to the import-

ance of long range transport in determining ozone levels in parts of 

Canada (Munn, *1973; Chung, 1977; Mukammel et al. 1982). During pro-

longed periods of air stagnation, ozone may be trapped in the lower 

atmosphere resulting in the gradual build-up of concentrations similar 

in levels to those observed in urban areas. Wolff and Lioy (1980) 

have documented annozone river"of high concentration which stretches 

from the northwest coast of the Gulf of Mexico to the lower Great 

Lakes and on to New England in the presence of warm tropical air 

during summer. Under these conditions, which are conducive to photo-

chemical 0 3 formation, even emissions from moderate size cities 

(populations n, 100,000) may contribute to the downwind ozone burden 

(Spicer et al. 1982). During such episodes scavenging of ozone in 

urban centres has been noted due to higher levels of nitric oxides 

in cities than in rural areas(Stasiuk and Coffey, 1974) resulting 

in lower concentrations in urban areas than in rural areas (cf. 

Equation 1 Section 2.2.3). 



2.2.6 	Diesel Exhaust Particulates 

Comparisons of diesel-powered automobile emissions with its gasoline 

counterpart generally show much higher concentrations of particulates, 

higher PAHs, higher sulphates but lower carbon monoxide and total hydro-
carbons. PAHs and sulphates are associated with the particulate 
emissions. A list of identified PAHs in diesel exhaust is given 
in Table 2.2-2. Light-duty catalyst gasoline cars emit particulates 
at a rate of about 0.05 g/km compared with 0.2-0.6 g/km for diesels 
(Baines et al. 1982).  Approximately three-quarters of the particulate 
matter emitted from diesels is soot (National Research Council, 1981). 

Airborne particles ranging in size from a few nanometers (10 -9 metres) 
to perhaps 100 microns are ubiquitious components of the atmosphere. 
These particle; taken collectively,can contain every compound existing( 

_ 

or produced on the earth that is solid or liquid at ambient conditions 

as well as sorbed traces of most gases. There is strong evidence 	— 

that the atmospheric aerosol is composed of two distinct populations, 
substances having a diameter below 2 gm (fine particles) and particles — 
produced by mechanical processes with diameters above 2 gm (coarse 
particles). The particle emissions of diesel engines belong to the 
fine particle class. 

Ambient concentrations of particulates have commonly been measured 
in North America with a high-volume sampler. This instrument collects 
all suspended particulate matter up to a size of about 100 gm in 
diameter. Since the mass of the coarse particle fraction varies 
considerably and is much larger than the fine particle fraction, 	— 
the measurement of total suspended particulates by high volume samplers 
bears little resemblance to the concentrations of fine particles 
(Dann,1983). 

r 
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TABLE 2.2-2 

POLYCYCLIC AROMATIC HYDROCARBON (PAH) COMPOUNDS 

IN DIESEL EXHAUST PARTICULATES 

Nonpolar PAH Identified in Diesel Exhaust Particulate Extract 

dibenzothiophene 
anthracene and phenanthrene 
methyl dibenzothiophene isorners(3) 
methyl (phenanthrene and anthracene) isomers(4) 
dimethyl dibenzothiophene isorners(7) 
dirnethyl (phenanthrene and anthracene) isomers(13) 
fluoranthene and pyrene 
trimethyl dibenzothiophene isomers(9) 
BaP, BeP, perylene,and isomers(3) 
trimethyl (phenanthrene and anthracene) isomers(15) 
tetramethyl dibenzothiophene isorners(12) 
tetramethyl (phenanthrene and anthracene) isomers(16) 
benzo(g,h,i) fluoranthene 
benz(a)anthracene, chrysene, benzo(c)phenanthrene, 

triphenylene isomers(2) 
methyl benz(a)anthracene isomers(4) 
pentamethyl dibenzothiophene isorners(4) 
dimethyl benz(a)anthracene isomers(2) 
methyl (fluoranthene and pyrene)isorners(7) 

Moderately Polar» PAH Derivatives Identified in Diesel Exhaust 
Particulate Extract 

• benz(a)anthracenedione 
methyl (anthrone and phenanthrone) isonners 
thiozanthone isomer 
dimethyl (anthrone and phenanthrone) isomers 
pyrenone 
trimethyl (anthrone and phenanthrone) isorners 
methyl thioxanthone 
dimethyl thioxanthone isomers(2) 
benz(d,e)anthrone and isorners(3) 
1-nitropyrene 
1,1' biphenyl-ol 
9-fluorenone 
(pyrene or fluoranthene) carboxaldehyde 
dibenzofuran carboxaldehyde 
phenanthrone 
anthrone isomer 
9-xanthone 
xanthene carboxaldehyde 
(anthracene or phena.nthrene)dione 
dibenzothiophene carboxaldehyde 
methyl (anthracene or phenanthrene)dione 
phenanthrene carboxaldehyde 
anthracene carboxaldehyde 
methyl (anthracene and phenanthrene) 

carboxaldehyde isomers(9) 
dimethyl (anthracene and phenanthrene) 

carboxaldehyde isomers(8) 

Reproduced from Prater et al. 1981 

2-21 



2.2.7 	Auld Precipitation 

The term acid rain was first used in 1872 in a publication entitled 

"Air and Rain.Whe Beginnings of a Chemical Climatology" (R.A. Smith, 

1872). This publication enunicated many of the principal ideas that 

are now part of the present understanding of the acid rain phenomenon. 

Contemporary concepts about acid precipitation and its environmental 

effects originated in three fields of science: limnology (study of 

lakes), agriculture, and atmospheric chemistry. The science of at-

mospheric chemistry began in Sweden during the 1950's; the first study 

of the causes of acid precipitation and its impact on aquatic eco-

systems began during the same period; and in agriculture,  studies com-

menced as early as the late 19th century. Through various steps 

over the last century the concepts of acid precipitation have been 

transported from the domain of scientific curiosity to that of 

public concern. 

Acidity in a solution such as rain is synonymous with the presence 

of hydrogen ions' (H ) and is commonly expressed by a pH value. This 

measure of acidity is the negative logarithm of the hydrogen ion con-

centration (pH .---. -log (le) ). In pure water the solution is neutral 

and has a pH of 7. The pH will become less than 7 when the solution 
becomes acidic. Since the pH is a logarithm, solutions of pH 6, 5 

and 4 contain respectively 1, 10, ancIA.00 microequivalents of 

acidity (e) per liter. In other words a liquid having a pH of 4 

will be 100 times as acidic as one with pH 6. 

Carbon dioxide contained in the atmosphere dissolves in rain water 

to a certain extent and forms carbonic acid. At normal concentrations 

of CO 2 in the atmosphere, rainwater saturated with carbonic acid 

has a pH of about 5.6. Other substances reaching the atmosphere 

shift the pH one way or another and determine the chemistry of 
natural precipitation. In areas where the soil is alkaline or 

basic, the incorporation of wind eroded dust in precipitation may 

elevate pH levels to 6 or 7. Precipitation in coastal areas 
has enhanced concentrations of such sea-spray components as 

sodium (Na) and chloride (Cl).  Gases such as sulphur dioxide, hy-

drogen sulphide, and nitrogen oxides which come from natural sources, 

can also alter the chemistry of precipitation. Sulphur dioxide and 



hydrogen sulphide are oxidized and hydrolyzed in the atmosphere to 

sulphuric acid while nitrogen oxides are similarly converted into 

nitric acid. If these acids are present in significant quantities, 

they can acidify precipitation below pH 5.6. Recent examination of 

the composition of precipitation in remote areas of the world suggests 

that the lower limit of the natural mean pH of precipitation is pro-

bably equal to or greater than 5 (Galloway et al., 1982).  Acid pre-

cipitation is commonly regarded as rain or snow which has a pH of 

5.6 or lower. 

Various measurements of the chemical composition of precipitation 

indicate that acids are present in larger quantities than would 

occur naturally. This increased acidity is usually attributed 

to SO 2 and NO pollution of the air; of direct relevance to this 

study is the importance of the NO contributions. Acid precipitation 

has been well documented as a regional phenomenon in eastern Canada 

(Whelpdale, 1980), Scandinavia (Likens et al., 1979) and eastern 

United States (ibid, 1979). The chemistry of precipitation portrayed 

for four areas in Canada in terms of the concentration of major ions 

is given in Table 2.2-3. Hydrogen, sulphate (SO 4 ), nitrate (NO 3 ) and 

chloride contribute to the acidity; the other ions tend to neut-

ralize an aqueous solution. 

The precipitation for the three stations in eastern Canada, which may 

be classified as acidic have high levels of sulphate and nitrate 

compared with that of Port Hardy. The two stations near the oceans 

(Kejimkujik and Port Hardy) have high concentrations of chloride but 

this ion, to a great extent, is neutralized by the high levels of 

sodium. Both ions originate primarily from sea salt. Some sort of 

sulphate at these locations may also be attributed to sea salt. 

Maps of the spatial distribution of pH and the most important 

chemical species in precipitation over North America have been 

prepared by the Atmospheric Environment Service of Environment Canada 

(Barrie and Sirois, 1982). The pH maps (Figure 2.2-3) show a zone of 

depressed pH coincident with the greatest sulphate and nitrate deposi-

tion. 
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TABLE 2.2-3 

SELECTED EXAMPLE OF PRECIPITATION'CMEMISTRY IN 
CANADA FOR 1980 

PORT HARDY 	 DORSET 	MANIWAKI 	KEJIMKUJIK 	II 
BRITISH COLUMBIA 	ONTARIO 	QUEBEC 	NOVA SCOTIA 
pH 5.0 

Hydrogen (e) 

Sulphate (S01) 

Nitrate (NO-) 3 
Ammonium (NH) 

Chloride (CL-) 

Calcium (Ca++) 
Magnesium (Mg++) 
Potassium (K+) 

Sodium (Na+) 

Chemistry of precipitation is portrayed in terms of micromoles per liter 
of 9 ions. 

Source: Barrie and Sirois (1982) 

1 

- 

- j.  

2-24 



SPATIAL DISTRIBUTION OF 
SO, ' DEPOSITION (m mOle et) 

CORRECTED FOR SEA•SALT 
1910 
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r  SPATIAL DISTRIBUTION OF PRECIPITATION 
AMOUNT WEIGHTED  ME AN  pH 

1900 

FIGURE 2..2-3 
WET DEPOSITION 

A) Precipitation amount-
weighted mean annual pH 
in Canada for the calendar 
year 1980 

B) Precipitation amount-
weighted mean sulfate ion 
deposition for 1980 
(m moles per square metre) 
(0.961 kg/ha.lm mole/m2 ) 

C) Precipitation amount-
weighted mean nitrate ion 
deposition for 1980 	. 
(m moles per square metre) 
(0.62 kg/ha.lm mole/m2 ) 

LEGEND: • CANSAP 
o APN 

Source: 
Barrie and Sirois (1982) 



The major pathways leading to acidification of the air, suspended 
particles, dews,  fo'g droplets, cloud nuclei, and raindrops are 
shown in Figure 2.2-4. The formation of acids is linked to the 
photochemical reactions which produce radicals and oxidants. The 
relative importance of gaseous phase and aqueous-phase pathways for 
various geographical regions have not been established but there are 
indications that the aqueous-phase is dominant for H 2 SO 4 . The relative 
importance of the pathways for HNO 3  is not known, but it appears 
that the overall HNO 3 formation rate is greater than five times 
that for H2 SO4' Some additional details on nitric acid are given 
later in this section. Provided that scavenging of H 2SO 4  and HNO 3  
are not appreciably different, the faster transformation rate of NO 2 
to nitric acid would indicate that nitrate in precipitation would be 
of a more local origin than sulphate. It should be noted that 

either oxidation scheme leads toi eventual  déposition in a wet or 
dry form. 

The Linearity Debate 

There is considerable debate on the interaction of radicals and 

oxidants in the formation of sulphuric acid, one of the major con-

ponents of acid precipitation. Rodhe et al. (1981) presented evidence 
that NOx tends to reduce levels of OH and H 20 close to a source area • 
thereby delaying and decreasing the transformation of SO 2  to H 2SO 4 . 

This is caused mainly because of the common dependence of SO 2  and 

NO 	on the OH radical. When dealing with a coupled 
system like the one studied by Rodhe et al. (1981) one may not -- -- 
assume a proportional dependence of concentrations on the emission 

ratio i.e. reactions are non-linear. However, the model possesses 
serious deficiencies which limit the usefulness of its predictions 
(MOI, 1982). 

The reactions of gas- and aqueous-phase are non-linear mainly 
because free radical concentrations and oxidants are not constant 
over time and space. The MOI document (1982) listed the following 

conclusions.with respect to the acidification of precipitation and 
linearity: 



LIQUID-PHASE GAS-PHASE 

Photo oxidation reactions 

oxidizing free radicals 	stable oxidants 
HO 1' HO2' R0 2 

SO2 INO 2 
H 2SO4 HNO3 

H
2 
0
2' 

03' NO 2' HNO2' 
etc 

organics 	 organics 
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H
2 
0
2' 

0
3' 
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4 organic 
acids 

organic 
acids 

OWL 11•111 	MI Si 	 ing MI MI •  ilia 	Iali S, 11111 ai 	MI Ma 

FIGURE 2.2-4 
MAJOR PATHWAYS FOR ACIDIFICATION IN THE ATMOSPHERE 

b.) 
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Reproduced from MOI, 1982 



gas-phase: 

reaction rates are non-linear with regard to SO 2  because 

free radical concentrations are not constant over time 

and space 

(ii) gas-phase rates are first order in SO2' therefore a re-

duction in SO 2 concentration will result in direct reduction 
of H2 SO4 if free radical concentrations are constant 

(iii) rates are first order in free radical concentrations; 

if there is reduction in free radical concentration (through 

oxidant precursor control) there will be a corresponding 
reduction in H 2  SO 4  formed 

aqueous-phase: 

reaction rates are non-linear in regard to SO 2 because 
atmospheric liquid water content is not constant over 
time and space 

(ii) 	rates are first order in SO2 in the aqueous phase 

The Work Group recognized that although non-linear microscale events 

apply to individual events of less than one day, it was possible 
that long term averages (monthly or greater) derived from linear models 
might give similar results to non-linear models. Two selected examples 

of non-linearity in microscale are now discussed. 

The reaction of NO 	SO 2 in aqueous aerosols, is an example of 
the type of microscale processes that may occur. Schryer et al. 
(1983) presented experimental data indicating that significantly 
greater sulphate yields are obtained when NO 2 is present along with 
a catalyst than when it is not. The catalyst in this case was carbon 
(soot). However NO 2  is practically insoluble in water. Consequently, 
the relative importance of this mechanism in overall acidification of 

precipitation may not be great. 

(1 ) 

(i) 
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Additionally, recent evidence from studies conducted in northwest 

Indiana suggests that organic nitrogen compounds such as peroxy-

acetylnitrate (PAN) are prominent in the atmosphere, are soluble 

in rainwater, and can affect rain acidity (Holdren et al. 1982). 

The average concentration of PAN was about 2.5 mg/m
3 (le ppb). These 

levels are comparable to the amount of HNO 3 found at the same location. 

Results of PAN-water interactions show that PAN is soluble in 

rainwater and gradually decays in solution to nitric acid and one or 

more organic products. The results also indicate that PAN can also 

affect rainfall acidity by serving as an oxidizing agent for gases 

such as sulphur dioxide and nitrogen dioxide. It may convert them to 

their respective strong acids, sulphuric and nitric, in cloud droplets 

thus indirectly affecting acid precipitation. 

Switcning from microscale to long-term macroscale processes, recent 

studies by Oppenheimer (1983 a,b,c) suggest that long-term averages 

of acid (sulphate) dePosition can be adequately described by a linear 

model. The combined results of his studies indicate that the re-

lationship of SO 2  emissions in the eastern U.S. to annual wet sulphur 

deposition is nearly linear in a regionally averaged sense for uniform 

emissions reductions larger than about 10 percent; furthermore, the 

formation rate of aerosol sulphate is proportional to SO 2  concentrations 

on more local scales. Since emitted SO 2 which passes through pre-

cipitation is essentially fully oxidized during wet removal, according 

to the approach of Oppenheimer, concerns that reductions in co-pol-

lutants may indirectly increase wet sulphate deposition by altering 

intermediate oxidant concentrations (i.e.  H 20 2 , 0 3 
 NO 2  etc) are '  

potentially without basis. 

All of the conversion processes of SO 2  and NO 2  to acids and aerosols 

require oxidizing agents such as hydrogen peroxide, ozone, and hy-

droxyl radicals (e.g. Penkett 1979, cf. Figure 2.2-4). 	The 



pr6duction of these chemicals i8 directly related to reactive hydro-

carbon precursors and in some cases to NOx . In microscale processes, 

the chemical conversions of airborne pollutants all occur at different 

rates depending on the amounts of S0 2 , NOx , and reactive hydrocarbons 

emitted. Thus the relationships between SO 2  and NOx  emissions and 

sulphuric and nitric acid deposition is hard to estimate for events. 

However, there is an indication that on regional scales and over 

long averaging times that sulphate deposition is proportional to SO 2 

 emissions. No such evidence has yet been given for nitrate deposition 

although the following investigations tend to indicate the 

possibility,  of linearity. 

Likens (1972) first indicated that nitric acid, resulting from the 
transformation of NOx , adds to the acidity of precipitation in the 
eastern United States. Brosset et al. (1975) in Sweden showed that 
gaseous nitric acid i_ncreases acid deposition. Although sulphuric 

acid has been fOund to be the dominant source of acidity in Canada, the 
United : States, and Europe, nitric acid aOcounts for almost one-third 

of all acid deposition and there'is évidence  that this fraction is 
rising (Galloway and Likens; 1 981). The Maximum contribution of the 
acidity of we depoSition of 'NO and Sfn can.be calculated by comparing 
their côncentrations (in  eq/1) to that of 11 4. . In 'southern Ontario the 
maximum  Possible contribution of HNO 3  and H2 SO4  to the acidity of wet 
deposition Was 39% and 87% (Schneider et al. 1979 ) . 

Galloway and Dillon (1982), using continent wide data, indicated that 
for the western half of North America, there is enough NO 3  to account 
for all the acidity Of wet deposition In a large region of eastern 
North America, NO 3 can only account for . .50% of the acidity. In 
the case of H 2 SO 4 , there is enough SO 4 

to account for all of the 
acidity of wet deposition in anada. While the absolute contribution 
of HNO3 is uncertain, its levels appear to be increasing relative 
to sulphuric acid, in proportion to increased NO

x emissions. 

a 

1. 

1 
1 
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For mobile sources, consideration must be given to the probability 
that a significant fraction of NO 	are removed by dry 
deposition in the vicinity of sources (e.g. cities and highways). 
The ratio of wet to dry deposition increases with increasing distance 
from the source and precipitation provides the major removal process 
in remote areas (Logan, 1982). 

Until recently, there was some debate over the natural versus 
anthropogenic strengths of NOx. 	Logan (1982) has provided evidence 
that anthropogenic sources supply more NO x  to the atmosphere 

in Canada and the United States than natural sources (Table 2.2-4). 
Some additional considerations of the relative strengths of émissions 

 has previously been discussed in Section 2.2.3. 

There is one final aspect regarding the relative importance of nitric 

acid. Recently, fog has been investigated as a new aspect of the 

acid deposition phenomenon (Wisniewski, 1982, Waldman et al., 1982). 

Highly acid fogs and drizzle (pH 2-3.5) have been documented in Japan 

during episodes which have occurred with a frequency of about 1 per 

year and are mainly attributed to NO emissions. The attention being 

directed to acid fog is due to its far higher acidity than has been 

reported for rainwater. In California urban areas, it was found that 

most of the studies of acid precipitation have been centred on the 

role of sulphuric acid. However, the ratio of NO 3  to SO4  in fog water 

was quite different from that in rainwater. The ratio on 'an 

equivalence basis in fog mirrored the . emissions ratio of NO x  to SOx  (2.5:1) 

while in rainwater it was less than 1. 

Rhodes and Middleton (1983) summarize aspects of the relationship 

between acid rain and mobile sources of NO : "Because increased 

reduction in mobile sources is not sufficiently recognized as part 

of the current acid rain control strategies, if mobile emissions 

continue to increase, this oversight could result in no overall 

reduction in total acid in some locations, just a shifting of 

the relative contributions by sulphuric and nitric acids. Also 

automobiles can transport acid precursors directly to sensitive 



TABLE 2.2-4 

REGIONAL  NO 	FOR NORTH AMERICA 

(UNITS: 10 12  gm N yr-1 ) 

	

U.S. 	 Canada 	N. 	America 	*Eastern N. 	Americab  
bources  

Fossil 	fuel 
combustion 	5.8 	 0.6 	 6.4 	 3.5 
Others 	 -0.8 	 -0.3 	 -1.1 	 -0.4  

	

Total 	6.6 	 0.9 	 7.5 	 3.9 

Sinks  

Wet 	deposi.tion 	1.5 	 0.9 	 2.4 	 1.5 
Dry 	deposition 	1.4-2.7 	0.35-0.7 	1.7-3.4 	 1.0-2.0  

	

Total 	2.9-4.2 	1.2-1.6 	4.1-5.8 	 2.5-3.5 

Export c 	 1.7-3.4 	 0.4-1.4 

after.Logan (1982) 
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regions, without the dilution of pollutants through long-range 

transport." It should be emphasized that the above is a statement 

of concern and cannot be validated with the current state of 

knowledge. The chemistry of nitrogen in the atmosphere is far less 

quantified than sulphur. 



3. AIR QUALITY CRITERIA AND STANDARDS 

3.1 	What are Air Quality Criteria and Standards? 

The term Air Quality criteria as used in this report, refers to observed 

effects orresponses of one or several atmospheric trace substances on a 

defined receptor or population under specified conditions. This approach 

to elaborating air quality criteria is similar to that adopted by the World 

Health Organization (WHO), the Environmental Protection Agency (EPA) in 

the United States, the United Nations 1972 Stockholm Conference on the 

Human Environment and the National Research Council of Canada. Under 

this approach, the term "adverse effects" is not used. Criteria are 

based on solely scientific data, and entail no value judgement such as 

an identification of "beneficial" or "adverse" effects. 

Standards prescribe an air pollutant value that cannot legally be ex-

ceeded during a specific time in a given political jurisdiction. These 

are arbitrary man-made laws, in contrast to criteria which are observed 

facts. There are two major types of air standards: ambient air quality 

standards which apply to concentrations of pollutants in outdoor air at 

the receptor, and emission standards which apply at the point of emission. 

These two categories of standards are interrelated. An emission standard 
in many cases is set to ensure compliance with an ambient air standard. 
In Canada, ambient air quality objectives are used rather than ambient air 
quality standards. The main distinction between objectives and standards 

is that the former are not legally enforceable. The establishment of ob-
jectives requires the same process of interpretation of scientific cri-
teria as does the setting of standards. 

In order to set an ambient air quality standard, criteria are needed re-
lating amounts of pollutant to observed effects on a sensitive receptôr. 
The ideal situation for the setting of standards is documentation en-
compassing a wide range of pollutant concentrations and effects. The 



distinction between acceptable and unacceptable effects is a value 

judgement based on social, political, technical or aesthetic factors 

and is the responsibility of a control .  agency. The concentration chosen 

to distinguish between acceptable and unacceptable becomes a standard 

when legally proclaimed. -  - 

Criteria and dose-response relationships are synonymoUs. The dose-

response relationship incorporates the quantification of effects . 
versus the dose (concentration over a period of time) of a substance 

(Figure 3.1-1). Data tend to suggest that there is a continuum of 

effects ranging from . severe and readily identifiable effects at high 

concentration levels to subtle and uncertain effects at very low con-

centrations. Literature search, critical review, and extraction of 

pertinent information results in the production of criteria documents. 
Knowledge of dose-response relationships is Continually evolving so 

that criteria need periodic revision. 

This current report is in effect a criteria document specifically 
aimed at providing dose-response relationships for the atmospheric 
pollutants produced by automobiles. The primary methodology used to 
produce this report was'the review of criteria documents (produced by 
various countries and agencies) for relevant pollutants. Secondarily, 
a literature search was conducted to incorporate recent information 
that became available subsequent to the publication of criteria. Air 
quality standards are also examined and represent the influence of 
social, economic and judicial considerations applied to scientific 
data and interpretations of what are adverse effects. These standards 
accordingly represent a wide range of prescribed levels for each pollu-
tant, although, in all cases, the primary purpose is to protect public 
health and welfare against adverse air pollution effects. 
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As an introduction to various countries' approaches in documenting criter: 
and establishing standards, a review of the approach used by the World 	- 
Health Organization in assessing effects is now presented. The results 
of investigations by this international body are often used and sometimes_ 
adopted by various countries as the basis of . standard promulgation. 

In 1972, the World Health Organization (WHO) initiated an Environmental — 
Health Criteria programme  ho  assess the health effects of pollution. The 

major objectives of the programme were: 

• to assess existing information on the relationship between exposure 
to environmental pollutants and human health, and 

• to provide guidelines for setting exposure limits consistant with the 
protection of public health. 

In 1980, this program was incorporated into a more comprehensive 
International Programme on Chemical Safety. Sponsored by the WHO, the 
United Nations Environment Programme (UNEP), and the International 
Labour Organization, this program's major objective à are those of the 
previous WHO program. 

The WHO has outlined the basic concepts of the administrative use of 
air quality criteria and guides (WHO, 1972). The first consideration 
is the definition of an adverse health effect. Death and disease 
represent the extreme end of a spectrum of response (Figure 3.1-2). 
In addition, within an exposed population, there may be groups especially 
sensitive to exposure. The ideal situation is to have a complete set 
of dose-response curves for different effects and for different types 
of populations exposed. The WHO defines four levels of effects: 

Level I Concentration and exposure time at or below which, 
according to present knowledge, neither direct or in-
direct effects (including alteration of reflexes or of 
adaptive or protective reactions) have been observed. 

Level II 	Concentrations and exposure times at and above which there 
is likely to beirritation of organs, harmful effects on 
vegetation, visibility reduction, or other adverse effects 
on the environment. 
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...... 

Level III 

Level IV 

Concentrations and exposure times at and above which there 

is likely to be impairment of vital physiological functio n ! 

or changes that may lead to chronic diseases or shortening 
of life. 

Concentrations and exposure times at and above which there 

is likely to be acute illness or death in susceptible groups 
of the population. 

Since there is much uncertainty in the dose-response relationships, 

and Levels I and II are not easily distinguished, a safety factor 

is commonly used to be prudent. The magnitude of a safety factor can 

be based on: 

(1) 	cos -L .-benefit analysis 

(ii) scieritific uncertainties 

(iii) protection from a specific effect 

(iv) risk analysis ,  

Some scientific uncertainties in defining air quality criteria (Munn, 

1978) are: 

Receptor response has inherent variability even in .  a controlled 

laboratory setting. 	 • 

(h) Receptor response is not reproducible , . due to  adaptation. 

(c) Receptor response depends on age, stage of development and health 

• .of the organism. 

(d) The response of a receptor sometimes does not occur until a few 

hours to a few years after the dose has been received. For genetic 

effects, the establishment of air. quality .criteria is almost 

impossible. 

(e) The dose sometimes reaches the receptor through multiple routes, 

e.g. through inhalation, drinking water,etc. 

(f) Laboratory results are sometimes qualitatively and frequently 

quantitatively different from outdoor results. (The responses of 

(a) 



animals are different from those of humans; the microclimate in 

greenhouses is different from that outdoors7 etc.) 	, 

(g) The outdoor environment has substantial variability not only in the 

concentrations of trace substances, but also in the associated 

factors/processes  (e. g.  temperature, humidity, sunlight). 

(h) The outdoor environment is variable in space as well as in time. 

Humans move from place to place, and spend considerable periods in-

doors. Population effects/responses therefore are not easily re-

lated to measurements of air quality made at fixed monitoring points. 

(i) Air quality criteria are usually based on atmospheric concentrations 

measured at fixed points. Yet for vegetation, effects/responses 

depend on uptake rates rather than on air concentrations. 

(j) The question of threshOlds (i.e. WHO LeVel I) in dose-response 

relationships needs careful investigation. The existence or non-

existence of a threshold has a profound effect on air pollution 

control strategies. 

One  aspect of  defining standards or objectives is stating one or more . 

pollutant concentration averaging timés. Averaging times usually range 

from ½ hour up to one year. Different averaging times may be required 

because" the time pattern of pollutant levels can'be a determining factor 

in distinguishing adverse effects.• Forexample, the total dose of. 

an air pollutant over a long period may be more important for one effect, 

while a short period.dose may be relevant for another effeCt of the same 

substance. 

Standards,or objectives may vary from  country  to country and within a 

country over the course of time as nev knowledge - is acquired. The.long- . 

 term goal is to protect against all effects relevant to human health, 

adopting .a safety factor to ensure sùch protection. Consideration 

is also given to adverse, effects on the environment such as vegeta-

tion damage and visibility degradation. The concept of a standard 

to protect receptors from significant harm is statistical, based 

on an aggregate of indiVidual cases of,significant harm. The adop-

tion of,a standard may not confer protection on every individual. 



Capada'pproache  

3.2.1 	Federal Government 

The federal Clean Air Act of 1971 provided for the formulation of 

national air quality objectives. These objectives are the goals 

toward which air pollution control programmes are oriented. Canada's 

National Air Quality Objectives (NAQO) do not have legal force unless 

they are utilized as standards by provincial governments. These 

objectives are designed to protect public health and welfare, hence 

the purpose of revising automotive standards would be to ensure objectives 

are not exceeded. Three levels of air quality objectives are specified 

based on the recognition that there are a number of threshold levels 

for each pollutant or combination of pollutants (Table 3.2-1).These 

varying thresholds are dependant not only on scientific criteria, but 	- 

also upon the socio-economic and administrative concerns of the 

Federal government. 

Two sub-committees on National Air Quality Objectives, one on acceptable.. 
and desirable levels and the other on tolerable levels work under the 
following terms of reference: 

(a) to list air contaminants for which NAQO's should be prepared 
(b) to evaluate the criteria 
(c) to recommend on the basis of best available,knowledge, the con- 

centration time values of air contaminants for establishment of 
NAQO's. 

(d) to report scientific findings to the Federal-Provincial Committee 
on Air Pollution in the form of recommendations 

, The sub-committees are comprised.of medical and other scientific experts 
from governments (federal and provincial) and universities._ 
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TABLE 3.2-1 

DEFINITION OF THE THREE LEVELS OF CANADIAN NATIONAL AIR QUALITY OBJECTIVES 

Maximum Desirable Level 
(comparable with WHO 
Level I*) 

Maximum Acceptable Level 
(comparable with WHO 
Level II) 

Maximum Tolerable Level 
(roughly comparable to 
WHO Level III, while WHO 
Level IV is somewhat 
above it) 

- ultimate goal for air quality 
- a basis for antidegradation policy 

for the unpolluted parts of the country 
and for the continuing development of 
control technology 

- provides adequate protection against 
effects on soil, water, vegetation, 
materials, visibility, personal com-
fort and well-being 

- realistic objective today for all 
parts of Canada. When this level is 
exceeded, control action by a regula-
tory agency is indicated 

- denotes concentrations of air con-
taminants that require abatement 
without delay to avoid further de-
terioration of conditions to an air 
quality that endangers the prevailing 
Canadian lifestyle or ultimately, to 
an air quality that poses a substantial 
risk to public health 

*see Section 3.1 for definition of WHO Levels 



Carbon monoxide, oxidants (ozone), and nitrogen dioxide objectives 

have been promulgated. The background information supporting the 

maximum acceptable and desirable,levels aré found in a 1976 publica-

tion entitled "Criteria for National Air Quality Objectives." The 

Sub-committee on Desirable and Acceptable Air Quality Objectives is 

currently revising documentation for carbon monoxide and nitrogen 
dioxide (R.J. Powell, H.P. Sanderson, loersonal communication, 1983). 

The Sub-committee on Tolerable Air Quality Objectives is also prepar-
ing background information for tolérable objectives for all.three • 

pollutants utilizing a revised definition of a tolerable level (D. 

Hutchinson, personal -  communication, 1983). A maximum tolerable level 

is now considered to denote time-based concentrations of air con-

taminants  beyond which,,due to A diminishing margin of safety, appro-
priate action is required to protect the health of the general: pop-
ulation (cf. Table 3.2-1). Draft documentation and possible air 
quality  objective  level revisions:were not available for review at 
the time of preparation of this report. 

In addition to the activities of the Federal-Provincial Committee on 

Air Pollution and its subcommittees,  the National Research Council of 
Canada (NRCC) has established an Associate Committee on Scientific 

Criteria for Environmental Quality in response to a mandate provided 
by the Federal Government to develop scientific guidelines for defining 
the quality of the environment. Whereas the Subcommittees on Air 

Quality Objectives provide recommendations for objective levels, the 

NRCC is concerned strictly with scientific criteria. 

3.2.2 	Provincial Government 

Air qUality objectives, criteria and regulations of the federal and 
provincial governments, provided in Table 3.2-2, vary quite signifi-

cantly. 
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TABLE 3.2-2 

AIR QUALITY OBJECTIVES, CRITERIA AND REGULATIONS IN CANADA 

Air Contaminant 

• Manitoba 	 Nova Scotia  
Objectives 	 New 	Objectives 

Federal Objectives 
a 

	

Saskat- 	Maxi- 	Maxi- 	 Bruns- 	Maxi- 	Maxi- 
Desir- 	Accept- 	Toler- 	British Alberta chewan 	mum 	mum 	 Quebec 	wick 	mum 	mum 	Newfound- 

able 	able 	able 	Columbia  Regula- Regula- 	desir- 	accept- 	Ontario 	Ftegula- 	«ilir-u a- 	desir- 	accept- 	land  

range 	range 	range 	Objectives tions 	tions 	 able 	able 	- ILeTt7—eria 	tions 	tions 	able 	able 	Criteria 

Carbon Monoxide (mg/m 3) 
1 hour average 	0-15 	15-35 	— 	5.2-35.0 	15 	15 	 15 	35 	36.2 	34 	35 	15 	35 	35 
8 hour average 	0-6 	6-15 	15-20 	5.8-15.2 	6 	6 	*. 	6 	15 	15.7 	15 	15 	6 	15 	15 

24 hour average 	 — 	— 	— 	— 	 — 	— 	— 	_ — 	— 	_ 	10 

Oxidants (ozone) (pg/rn 3) 
1 hour average 	0-100 	100-160 	160-300 	— 	160 	100 	 100 	160 	165 	 157 	— 	100 	160 	160 

24 hour average• 	0-30 	30-50 	— 	— 	50 	30 	 30 	50 	— 	— 	— 	30 	50 	50 
annual arithmetic mean — 	0-30 	— 	-- 	— - — 	 — 	30 	— 	— 	— 	— 	30 	30 

Nitrogen Dioxide (pg/m3) 
1 hour average 	 — 	0-900 	900-1000 	— 	400 	400 	 — 	400 	400 	414 	400 	 400 	400 

24 hour average 	 — 	0-200 	— 	— 	200 	200 	 — 	200 	200 	207 	200 	— 	200 	200 
uà 	 annual arithmetic mean 0-60 	60-100 	— 	— 	60 	100 	 60 	100 	— 	103 	100 	60 	100 	— 

I 

aPrince Edward Island has adopted the Federal desirable air quality objectives as guidelines. 



Prince Edward Island:  The province has adopted as a guideline the 

national desirable ambient air quality objective considering that the 

province is relatively free from air pollution problems (Lapointe, 1978).- 

Newfoundland:  Air Pollution Control Regulations were promulgated in 

1981,and,in most cases, they conform to national acceptable levels. 

Newfoundland's approach is comparable with that of Ontario and is  dis- 

cussed there. 

Nova Scotia:  The province uses the national ambient air quality 

objectives for the evaluation of air quality in general. 

New Brunswick:  The ambient air quality standards of the province were 

adopted following a review of studies on the effects of these pollutants-- 

and consultation with members of the Federal-Provincial Committee on 

Air Pollution. 

Quebec:  Quebec has adopted ambient air quality standards which are 
similar in general to national air quality objectives with the exception 
that 24-hour and 'annual arithmetic means for ozone were not retained. 
The principal concern of the province is to nsure that a defined 
ambient air quality standard is designed to protect public health for 
all segments of the population, and to include adequate safety margins - 
for such protection. Quebec also subscribes to the federal government's 
idea of protecting the welfare of people i.e. provide adequate 
protection against adverse effects to personal comfort, well being, 
animals, vegetation, soil, water, and visibility. 

Ontario:  The regulation of air emissions in Ontario is achieved by 
reference to "point of impingement" , standards which are design con-
centrations set to ensure achievement of satisfactory ambient air 
quality as defined by air quality criteria. These criteria as were 
established  on  the basis of adverse effects on human beings, animals 



maximum acceptable level 
(3-hr average) 

maximum desirable level 
(3-hr average) 

160 pg/m3  (0.24ppm) 

125 pg/m 3  (0.19ppm) 

vegetation and property, with  the  most limiting value usua1ly being 

chosen. For the pollutants related to automotive emissionS, the ra-, 

tionales used are as follows: 

Carbon monoxide: human health 

Nitrogen dioxide: human health 

Ozone: vegetation injury or damage 

Manitoba: Manitoba does not maintain ambient air standards but uses 

the approach of ambient air quality objectives and guidelines. The 
provincial maximum acceptable and desirable ambient air quality objec-

tives for carbon monoxide, oxidants, and nitrogen were adopted from the 

federal levels. Provincial ambient air guidelines in the province are 

based on internal reviews of literature and standards that exist in other 

jurisdictions. Manitoba has the following non-methane hydrocarbon guide-

lines: 

Even though there isaguideline level for hydrocarbons, it is not used 
extensively in the province. 

Saskatchewan: The province has established ambient air standards 
based on the Federal desirable objectives. As such, they are pro-
bably the most restrictive ambient air standards in effect in Canada. 
Future changes will probably be in agreement with changes to the 
National Air Quality Objectives. Saskatchewan Environment may con-
sider recommending a revision to the ozone standard but not before 
an appraisal of what constitutes natural and anthropogenic levels of 
oxidants is conducted in the province. 



Alberta:  Alberta haS established maximum level regulations entitled 

maximum permissible concentrations of air contaminants in the ambient 
air. Again, Alberta has adopted primarily the National Air Quality 
Objectives (a mixture of maximum desirable and acceptable levels) for 
NO2, CO, and oxidants. 

British Columbia: At this time, no levels have been published for 

NO2 or oxidants. Ambient air quality criteria are now being developed 

for approval'under the'riew'Environment . Management Act. 



3.3 	 Other Countries 

3.3.1 	United States 

The setting of ambient air Standards based on scientific criteria Was 

adopted by the United States in their Air Quality  Act of 1967 which 

required that  "f rom  time to time, but as soon as practicable, develop 
and issue to'the States such criteria of air qualitY as in his judgement 

may be the requisite for the. .protection of health and welfare. Slidh .  

criteria shall 	reflect the latest scientific.  knowledge useful in 

'indicating the kind and - extent of all identifiable effectS on health 
and welfare whiCh may be expected from an air pollution agent...". 

This directive has led to the publication of criteria documents dealing 

in considerable detail with ,the effects of'spécific pollütants. 

currently,  United States' air standards Must be reviewed at least every 

5 years to ensure that the standards are based on the latest scientifid 

information.  

Ambient air standards are of two types: primary and secondary. A 

primary standard for a given pollutant is to provide protection of 

public health, while a secondary standard provides for protèction 'against 

adverse effects on vegetation, materials, and visibility. For NO2, 0 3 , 

and CO, primary and secondary standards are identical. 

The major issues that are addressed in setting National Ambient Air 

Quality Standards, according to Padgett and Richmond (1983) of the U.S. 

EPA, are: 

allowing.for.an  adequate margin of safety 

(ii) dealing with scientific uncertainties 

An adequate safety margin-entails determining what effects are con-

sidered to • be adverse and what population groups are particularly sus-

ceptible to the effects associatèd with . a given pollutant.:.The concept 

of a margin of safety provides for protection against health effects 

not yet.identified or those identified-but not well understood. - 



Currently, the U.S. EPA is attempting to use risk analysis techniques 

to treat the uncertainties of scientific criteria. Basically, this 

procedure entails assessing the risks of occurrence of health effects, 

calculating expected numbers of specified adverse events, and des-

cribing the nature and severity of a particular adverse event. 

The U.S. EPA produces two major documents in the process of setting 
standards: a criteria document and a staff paper interpreting studies i 

the criteria document. A criteria document before being formalized is -- 

subjected to public and scientific peer review.. The staff paper helps 

to bridge the .gap between science in the criteria document and judge-

ments required in setting ambient standards. This paper also undergoes 

review by the scientific community and the public. 

There is a fundamental difference in approach between that.of the Unite 

States and Canada. The promulgated U.S. standards must be legally 

defensible in.-the courts,. Therefore the United States tends.to 

rely on selected methodologies out of the full spectrum of criteria. . 

This adversary system can lead to lawsuits against standards which 

are considered too restrictive or too lenient.. For example, the 
U.S. ozone standard . prior.to  1978 was 160 pg/m 3 (80 ppb). As a 

result of a lawsuit by the petroleum industry, the U.S. EPA was . 

fOrCed to review the.standard and subsequently .  a_new standard of 
'240 pg/m (120 ppb) was  promulgated.. 

3.3.2 	European Countries 

In Sweden, the National Environment Protection Board (NEPB) has major 
responsibility for air pollution. The responsible ministry is agri-

culture. The NEPB wanted to develop both air quality and source 
emission standards, but initially only developed emission standards 
partly due to the inadequate state of scientific knowledge about health 
and environmental effects. Recently, criteria documents have been 
prepared for carbon monoxide (Rylander and Vaslerlund, 1981) and 

nitrogen oxides (G. Perrson, personal communication, 1983) in prepara-
tion for establishing ambient air Étandards.for these pollutants. 

West Germany has promulgated standards for nitrogen dioxide and carbon 
monoxide. These standards were first set in 1974 and include provision - 



for long term and short term effects. The long term effect standard 
is the arithmetic mean of all half hourly averages per year, while 
the short term effect standard is the 95 percentile of all half hourly 
averages per year. 

Criteria were transmitted to air standards with consideration for the 
not well defined boundaries between harmful and non-harmful effects. 
The criteria for each substance are based on the work of the WHO, 
NATO-CCMS, EEC and the Air Pollution Control Commission of the 
Association of German Engineers (Weber, 1983). The criteria as a basis 
for air quality standards are oriented toward preventing: 

(i) dangers for health including already affected or sensitive 
population 

(ii) nuisances (e.g. Odour) 

(iii) disadvantages (e.g. plant, animal injury) 

The European Economic Community, (EEC) consiSting of Belgium, West ' 

Germany, Denmark, France, Ireland, Italy, Netherlands, and the United 
Kingdom has  set ambient air quality standards for SO2 and particulates 
in 1980, but has not developed standards for ozone, nitrogen oxides 
or carbon monoxide. Standards are applicable to member countries. - The 
EEC prepared a preliminary air quality criteria document for NO and NO2 

• in 1976 (EEC, 1976). 

3.3.3 	Other Countries 

Japan established its first ambient air quality standard (carbon 

monoxide) in 1970 (IPCA, 1981). Japan first observed photochemical 

air pollution in 1970 and introduced measures to control photochemical 

oxidants in 1973 when an air quality standard for oxidants was 

established. At the same time, a NO2 standard was also established, 

mainly because it is one of the precursors of photochemical air 

pollution (OECD, 1979). The oxidant control strategy for oxidants was 
originally directed to  NO  x  control, but hydrocarbon emissions are now 
receiving attention. The ambient air quality standards in Japan are 



goals to be achieved and are not legally enforceable. In this respect, 

Japan's "standards" are similar to Canadian "acceptable air quality 
objectives" and, to sone extent, based on the same considerations. 

Emission standards are set in order to obtain the goals specified by 

ambient standards. 

Australia is a federation of states and each state has responsibility 

for implementing air pollution control programmes. In 1981, the State 
of Victoria published their State Environment Protection Policy (The 
Air Environment) which provided air quality ,  objectives (called Class 

indicators) for air pollutants which are widespread in the urban 
air environment (Victoria Government Gazette, 1981). These concen-
trations of any Class 1 indicator may not exceed an acceptable level 
on more than 3 days in any year except for ozone which may not ex-

ceed the acceptable leva], on more than 1 day per year, and must 
remain below a detrimental level at all times. 

The detrimental level refers to a concentration of an indicator at 
or above which a substantial proportion of the exposed population may 
be adversely affected or significant changes are likely to be caused 
to some segments of the environment. The acceptable level refers to 
a concentration of an indicator at or below which all beneficial uses, 
listed below, are protected: 

(a) life, health and well-being of humans; 
(b) life health and well-being of other forMs of life, including 

animals and vegetation; 
(c) 

(d) useful life and aesthic appearance of buildings, structures, 
materials; and • 	- 

(e) aesthetic enjoyment and local amenity. 



Design ground level concentrations, similar to the Province of Ontario's 

point of impingement standards, were set to attain the air quality ob-

jectives. 

Australia has a photochemical pollution problem in its large urban 
centres; the State of Victoria'a objectives include provisions for 
protection of visibility and of vegetation. 

New Zealand uses the WHO recommended levels as guidelines (OECD, 1979). 
Some concern has been expressed that photochemical pollution may develop 
(OECD, 1981). 



3.4 	 Previous, Present, and Proposed Air Quality Standards, 
Objectives, and Guidelines  

This section explores the rationale used in establishing standards or 

guidelines by the World Health Organization, Canada, and the United 
- 

States. Standards or objectives are also presented from West Germany, 

Japan, and the State of Victoria in Australia for comparison only. The 

scientific criteria are presented in detail in Chapter 4 of this report. —  

3.4.1 	Carbon Monoxide 

In determining exposure levels  for  carbon monoxide, concern is'princi- 

pally with public health effects. Carbon monoxide is rather unique 
among the constituent pollutants of automobile emissions in that it 
has a biological indicator of potential effects. CO combines with 
haemoglobin to form carboxyhaemoglobin (COHb) which results in the 
displacement of oxygen and interference with oxygen delivery to 
tissues. Uptake of CO by blood increases with increasing CO concentra-
tions in air, increasing length of exposure, and increasing breath- 
ing rates. Carbon monoxide is also produced endogenously in man re-
sulting in a normal background level of about 0.5% COHb in blood. 

The critical concentration of CO in health effects studies refer to 
carboxyhaemoglobin (COHb) in blood. This has to be correlated with 
CO concentration in the ambient atmosphere. Thus, there are usually 
two safety margins built into CO standards, one for COHb levels and 
the second for correlation of ambient CO and COHb. 

Existing, previous, and proposed ambient air quality standards for CO 
are provided in Figure 3.4-1. All of the "acceptable" standards, ob-
jectives, and guideline CO levels lie between the Canadian maximum 
desirable levels and the United States significant harm levels. The 
scatter of levels of CO air quality standards between the above mentioned 
two extremes reflects the different interpretations, assumptions, and, 
to some extent, better recent knowledge on adverse health effects. 
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FIGURE 3.4-1 
CARBON MONOXIDE STANDARDS, OBJECTIVES, AND GUIDES 
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The following discusses Canadian, WHO, and United States rationales-

for recommending or setting the levels indicated in Figure 3.4-1. 

Canadian Air Quality Objectives: 

The CO national objectives levels recommend in 1971 were: 

3 Maximum desirable limits: 	1-hr. average 15 mg/m3  (13 ppm) 
8-hr. average 6 mg/m ( 5 ppm) 

3 
Maximum acceptable limits: 	1-hr. average 35 mg/m3  (30 ppm) 

8-hr. average 15 mg/m (13 ppm) 

Subsequently, a maximum tolerable level of 20 mg/m
3 (17 ppm) for an 8- 

hour average was éstablished. The specific rationale for establishing 

the tolerable level was never published (the general definition of this 

level is specified. in Table 3.2-1), so the subsequent discussion deals 

only with desirable and acceptable limits. The Subcommittee on Air Qualii 7 

Objectives considered the following guidelines (Sub. on Air Quality 

Objectives, 1976) .: 

(i) in order to protect all sensitive groups of the general 

population, ambient air concentrations of carbon monoxide should 

be such that COHb levels do not exceed 5% saturation in non-

smokers. 

(ii) in view of repeated suggestions of a significant effect on 

performance at COHb levels between 2.5 and 5%, it is reasonable 

to apply a safety factor or margin to the definite effect level 

of 5% COHb and aim at COHb saturation levels below 3% in non-
smokers. 

The Subcommittee then-utilized- 4..to .5% COHb levels to prescribe the 
maximum acceptable limits and . the' 2'to 3% COHb level for the maximum 
desirable limits.. At more than the 5% COHb level, they noted evidence 
existed for physiological stress on patients with heart disease; im-
pairment in performance of soMe psychomotor tests; and impairment of 

visual acuity. At.3.95%.COHb, they noted that .the oxygen debt in-

creases. -Suggestions at that time"had been made about time dis-
crimination below 3% COHb, and no:detrimental effects had been noted 

below 2% COHb. 

ï!u 
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To relate CO ambient concentrations to acceptable COHb levels, the 

committee utilized an equation developed by Laksek and Burke (1969), 

assuming that moderate to strenuous exercise was possible over a 1- 

hour period and resting to moderate activity was representative of con-

ditions during an 8-hour period. However, they did not specifically say 

what parameter values they used in determining this relationship. The 

committee is now in the process of reviewing the CO criteria and is 

utilizing the more commonly accepted Coburn model to relate CO to COHb 

levels (He P. Sanderson, personal' communication, 1983). 

World Health Organization Guides: In 1972, the report of the WHO expert 

committee agreed that individuals should be protected against continuous 

COHb levels of approximately 4% or over (WHO, 1972). In their evaluation 

of the recommended guidelines, they considered that smokers may exceed ' 

4% COHb and that since equilibration at 4% could be produced by constant 

inhalation at 29 mg/m 3 (25 ppm, 24-hour average), this concentration was 

undesirable. The shorter term levels of ambient CO were determined by 

the time required to reach 4% COHb and were set at 35 mg/m3 (30 ppm) over 

8-hour and 117 mg/m3 (100 ppm) 1 hour. At this time, they debated 

whether susceptible persons or smokers were the proper subjects for 

protection. Their basis for the 4% COHb level was that above this con-

centration, there appeared to be an increased risk for persons with 

cardiovascular disease. 

The WHO in 1979 revised their original recommended COHb level and 
arrived at a tentative recommendation by considering new evidence on 
the exposure limit for persons with cardiovasCular illness to carbon 
monoxide in conjunction with exercise (W110, 1979a)., A range of' 
carboxyhaemoglobin concentrations of 2.5-3.0% was recommended as 
agreement was not -reached on a single level. The WHO task group re-
commended ambient air CO guidelines that would prevent COHb levels 
exceeding 2.5-3% in general non-smoking populations using the results 
of Coburn's model and compariSon with other models that relate ambient 
CO exposure to blood COHb. These levels are presented in Table 3.4-1. 



TABLE 3.4-1 

Guidelines for exposure conditions to prevent carboxyhaernoglobin levels exceeding 
2.5-3% in nonsmoking populations 

(a) A ceiling or maximum permitted exposure of 115 mg/m 3 ( 100 ppm) for periods of exposure 
not exceeding 15 min (No exposure over 115 mg/al' (100 ppm) permitted ,  even for very 
short time periods). 

(b) A time-weighted average exposure of 55 mg/m3  ( 50 ppm) for periods of exposure not 
exceeding 30 min. 

(c) A time-weighted average exposure of 29 mg/m 3  1 25 ppm) for periods of exposure not 
exceeding one h. 	- 

(d) A time-weighted average exposure of 15 mg/r&  1 13 ppm) for periods of exposure of more 
than one h. 

(e) A time-weighted average exposure of 11.5 mg/m3  1 10 ppm) for periods of exposure of 
8-24h.  

»Suggested by the Secretariat. 

The mHO task group commented that further development of Coburn's model 

concepts will improve the basis on . which theoretical uptakes can be 

calculated. 

United States Standards :  

In 1971, both the primary and secondary standards were set at levels 

of 10 mg/m
3 
 (9 ppm), 8-hour average and 40 mg/m

3  (35 ppm), 1-hour 

average, neither to be exceeded more than once per year. The national 

primary standard was based on evidence that low levels of carboxy- 

haemoglobin in human blood may be associated with impairment of ability 

to discriminate time intervals. This standard incorporated protection 

of the healthof persons, including sensitive groups, to the effects of 

COI-lb  levels above 2%, which was believed to provide an adequate safety 

margin and protect against known and anticipated effects. 

In 1980, the U.S. EPA proposed to retain the existing 8-hour primary 

standard at 10 mg/m
3 
 (9 ppm) and to lower the primary 1-hour standard to 

29 mg/m 3 (25 ppm) (Federal Register, 1980). The change in the 1-hour 

standard was proposed because of EPA's recognition that more rapid•

accumulation of COI-lb  occurred in moderately exercising sensitive per-

sons, compared with individuals at rest. In the 1971 standard, the 

impact of excercise, which is greater for short duration exposure, was 

not considered in the original standard. The U.S. EPA also noted that 

a secondary standard was not appropriate because environmental effects 



II 

have only been observed at very high levels. Also proposed was changing 

to a statistical standard in place of the deterministic standard in 

place. A certain number of exceedances would be stated as an expected 

value, not as an explicit value (i.e. 1 exceedance per year in 1971 
standard). The EPA proposed that exceedances would be determined on 

the basis of number of days in which 1-hour and 8-hour concentrations 

are above standard levels. 

The factors considered in selecting a margin of safety and standard 

level were (EPA, 1979): 

(i) 	the 1978 Aronow Study which indicates that adverse effects in 

angina patients are associated with COHb levels in the range of 

2.5-3.0%. 

evidence in animal studies that the developing fetus is exposed 

to higher COHb concentrations than the mother for long-term CO 

exposures. 

(iii) a margin of safety is required to account for the uncertainties 

in the relationship between ambient CO exposure and resulting 

COHb levels. 

(iv) 	a margin of safety is required to protect against adverse effects 

of sensitive visitors to high altitude areas, who are not 'adapted 

to these high altitude sections. 

(v) 	the increased risk for anaemics and other individuals, whose uptake 
of CO is greater, should be considered in determining an adequate 

margin of safety. 

(vi) 

n

little or no evidence exists for the need of a more restrictive

ational ambient air quality standard to protect smokers from a 

possible incremental COHb burden from the air. 

(vii) the bolus effect (the uncertainty relating to adverse health 

effects from short duration, 5-10 minutes, high-level exposure) 

is of concern in selecting a margin of safety, but does not appear 
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to be an overriding consideration in the determination of 

a standard level. 

In their analysis of CO uptake uncertainty, the EPA stated that only 

a very small fraction of sensitive groups (cardiovascular and peripheral 

vascular disease) would reach a final COHb level of 3.0% for a 29 mg/m
3 

(25 ppm) standard. In the Federal Register notice, the EPA also indicatec__ 

that the COHb levels associated with 10 mg/m
3 (9 ppm) 8-hour and 29 mg/m

3 

(25 ppm) 1-hour standards do not afford a large degree of protection for 

sensitive persons and subsequently they invited discussion on whether 

an adequate margin of safety was provided by the factors they had con-

sidered. 

The significant harm levels for CO (exposure levels that constitute an 

imminent and substantial endangerment to  the health of persons) 

established in 1971 were associated with a 5 to 10% COHb concentration 

as the critical range to be avoided. These levels and averaging times 

are: 

mg/M3  ( 50 ppm) 8-hour  average 

86 mg/m3  ( 75 ppm) 4-hour average 

109 mg/m 3  (125 ppm) 1-hour average 

The 1980 EPA notice proposed no modifications to these 1971 standards 

for significant harm. 

Summary:  The review of past, existing, and proposed standards for 

carbon monoxide suggests a declining COHb level which is used to 

delineate adverse health effects. There is also more recognition 

of the rapid accumulation of COHb by exercising individuals. Canada's 

current CO maximum acceptable limit of 35 mg/m
3 

(30 ppm) for 1-hour, 

recommended in 1971, is 6 mg/m 3  (5 ppm) higher than the more recent 
WHO recommendations and the proposed United States standards. Sim-
ilarly,  the .Canadian acceptable limit for 8-hour exposure is higher 
than the existing United States standard and the 1979 WHO recommend-
ation. Only the Japanese 8-hour standard which was set in 1971 is 
higher than its Canadian counterpart. 

All of the Co standards set or recommended are directed at the protection 

of vulnerable groups such as cardiac patients and anaemics from adverse 



effects. As indicated in the United States approach, there is the 

concept of providing a margin of safety for sensitive groups in 

visiting high altitude locations (e.g. a cardiac patient visitor from 

Halifax in Calgary), the fetus, and the uncertainty in relationships 

between CO exposure and COHb blood levels. 

The Coburn model was used by the U.S. EPA in proposing their ambient 

air standard (EPA, 1979) and heavily, relied on by the WHO. Currently, 

one of the aspects being explored by the U.S. EPA and the Canadian 

Subcommittee is the sensitivity of the Coburn model predictions of COHb 

levels associated with variable CO exposures. For example, Biller and 

Richmond (1982) have extended the static Coburn analysis to a dynamic 

situation using actual monitored values of CO. Their estimates indicate 

that the assumption of constant CO concentration for an 8-hour averaging 

time can lead to underestimating the COHb response to CO concentrations 

that are actually fluctuating on a much shorter time scale. Further 

elaboration of this aspect is provided in the CO health effects section 

of Chapter 4. 

3.4.2 	Nitrogen Oxides 

In the setting .of NO 2 standards, health effects have been of primary 

consideration. Consideration of welfare 'effects are also part of the 
criteria for the Canadian air quality  objectives. The lowest standards 
shown in Figure 3.4-2 are those of Japan; permissible oxidant levels. 
are used in combination with standards for NO 2  in this country. The 
Canadian desirable and tolerable leVels are representative of levels 
with no known health effects and definite adverse health effects, re-
spectively. The following explores the basis for. establishment -of 
standards, objectives, and guidelines by Canada, World Health Organ-
ization, and United States, with a brief discussion of Japan's and Ger- 
many's standards. 

Canada:  The National Air Quality Objectives for NO2 are based in part 

on nuisance effects observed as odour perception, as well as epidemio-

logical studies such as the Chattanooga study. (Shy et al. 1970a, b). 
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of extreme controversy due to analytical errors and methodological 

criticisms. These aspects are discussed further in the NO2 health 

effects section of Chapter 4. Consideration was also given to syner-

gistic effects with photochemical oxidants and SO2, and to the 

possibility of lower than actual values being monitored. 

The maximum acceptable limits were based on the following criteria: 

a) the level is slightly below odour perception 
by the majority of young, healthy people at - 410 ilg/m 3  (0.22 ppm) 

b) provides a safety margin of 10 for protection 
against air flow resistance in the presence 
of equal concentrations of SO2 

lowest concentration shown to be harmful to 
animals is 433 pg/m1  (0.23 ppm) 

- no evidence of health effects at this level 
even with a concentration of 260 pg/m3 

 (0.10 ppm) SO2 

- based'on the interpretation of the Chattanooga' 
investigations prevalent at the time i.e. 
slightly below the levels shown to. have ad-
verse effects; these studies suggested respira-
tory effects in children 

The criteria document also notes that plant damage occursas a result:of 

synergistic effects on exposure to a mixture of 200 -.11g/m (0.10 ppe NO 2 

 and SO 2 over 47hours which presumably was . .used as a criteria for the 1- _ . - 
and 24-hour levels. The maximum.desirable limit of 60•pg/m3 (0.03 ppm) 

NO 2 annual average was recommended based on the evidence thatthere were 

no known acute human health effects; no abnormal effects observed on 

materials; and that - animals and Vegetation are generally more resiStant 
than humans. No documentation on the'rationale for  the  maximum  tolerable 

level ib available at this time: 

In a recent revieW of NO2 health effects prepared by B.G. Ferris Jr. for 

Health and Welfare Canada (EHD-, 1982)  as partof the current review of 
NO 2 ambient air,  quality objectives. , the fcilloWing levels were recommended 
for NO 2 maximum acceptable air quality-  obfectiVes 	' • 
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1-hour 	750 ug/m3  (0.4 ppm) 

	

247hour 	470 ug/m 3  (0.25 ppm) 

• Annual 	100 ug/m3  (0.05 ppm) 

These levels have been,endorsed by Health and Welfare Canada but do  rot 

 include consideration of welfare effects, such as affects on vegetation 

and ecosystem, materials, vegetation etc. 

The 1-hour 750 ug/m 3  (0.4 ppm) was selected because it appeared to provid 

a no-effect level with some safety margin based on observed effects of NO2 

on the lung function of asthmatics at 940 ug/m3  (0.5 ppm), and developmen' 

of only mild symptoms by asthmatics at 560 ug/m
3 (0.3 ppm). There were 

no effects in healthy subjects following exposure to 2800 ug/m 3  (1.5 

for one to two hours. 

A recommended 24-hour objective was based on experimental evidence for 

shorter durations of exposure: 

(i) no effects from 756 ug/m 3 (0.42 ppm) NO 2  in conjunction with other 
pollutants 

(ii) effects on healthy office workers at 1504 ug/m 3 (0.8 ppm) NO 2  

(iii) no effects from daily concentrations of 361 ug/m 3  (0.19 ppm) 
if 1 to 2-hour samples are representative of this time period 

As is the case with the U.S EPA review of their NO 2 standard, Ferris 

points out that the Chattanooga epidemiological study no longer supports 

an annual average of 100 ug/m 3  (0.05 ppm). However, based on other ep-

idemiological evidence, it was recommended that annual concentration of 

100 ug/m 3 (0.05 ppm) would carry minimal risk and be an acceptable level 
even for sensitive populations. 

The World Health Organization:  The WHO air quality criteria and guide 

report of 1972 concluded that insufficient information was available 

on the effects of nitrogen oxides on humans at that time upon which to 
base air quality guides (WHO, 1972). In 1977, the WHO committee was 

still faced with inconclusive epidemiological evidence on human 

health, but felt it was appropriate and prudent to use available controllec 
study'data on animals and humans to recommend air quality guides for 

NO2 (WHO, 1977). Based on these data, the WHO committee selected a NO2 

PPm) 
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level of 940 pg/m
3 (0.5 ppm) as an estimate of the lowest observed 

effect-level for short-term exposures. The adverse effect relates to 

increased airway resistance of lungs which could play a role in causing 

respiratory disease. They also noted that one controlled human study 
on a sensitive group, asthmatics, showed an adverse effect at a lower 

concentration of 190 vg/m 3  (0.1 ppm) NO2. Because of the uncertainty 

about the lowest adverse effect level for sensitive groups, they con-

cluded a safety margin was required; as NO2 has a high biological 

activity, the task group believed that the margin of safety should be 

considerable. Based on consideration of existing NO2 levels in large 

cities, which are in the vicinity of the known adverse effect of 940 pg/m 3 

(0.5 ppm), the Task Group proposed a minimum safety factor of 3 to 5, 

giving a recommended guide level of 190 to 320 pg/m3  (0.10 to 0.17 ppm) 
for a 1-hour exposure. Provision for one exceedance per year was 

attached to this recommended level. The Task Group found insufficient 

information upon which to recommend a long-term exposure level for NO 2 

 and no evidence that NO concentrations in the ambient air have a signi-

ficant biological effect. 

The existing United States annual standard of 100 pg/m 3 (0.053 ppm) was 

based largely on the Chattanooga community epidemiology study. The 

recent EPA review of NO 2  standards (EPA, 1982) concludes that this study 

is no longer seen as an adequate basis for retaining the existing stand-

ard and that other outdoor epidemiological studies are either flawed or 

report no effects associated with NO 2  exposure. The review recognized 

that there was evidence that short-term peaks of NO2 might cause ad-
verse health effects in children. Studies in homes with gas stoves 
suggest that multiple exposures to NO2 levels above 940 pg/m3  (0.5 'ppm) 
should be avoided and that repeated peaks in the range of 280 pg/m 3  to 
560 pg/m 3  (0.15 to 0.30 ppm) may be of concern. 

Two approaches were suggested by the U.S EPA to minimize health effects. 
The first was to retain an annual standard between 100 pg/m 3 and 150 pg/m 3 

(0.05 and 0.08 ppm) to provide protection against short-term peaks. Based 
on existing air quality data in the United States, a 150 pg/m 3 (0.08 ppm) 
standard would be expected to limit the number of days with 1-hour peak 

concentrations above 368 pg/m
3 (0.30 ppm) to about ten per year. For a 

100 pg/m 3  (0.05 ppm) standard, the hourly peak concentration exceeding 



NO2 

0.05 ppm(100pg/m 3 ) 

NO 

0.17 ppm(200pg/m 3 ) 

3 0.50 ppm(600pg/m 3 ) 0.16 ppm(3001Ig 

10 to 20 days per year would be 184 ug/m
3 (0.15 ppm). An annual standard 

in this range would also preclude a 1-hour peak concentration of 940 pg/m 

(0.5 ppm). The alternative approach, of course, was to establish a short-

term standard somewhere below 940 pg/m
3 (0.5 ppm) rather than using a an-

nual standard as a surrogate indicator. The final recommendation was to 

provide for an annual standard in the lower range of 100 to 150 pg/m
3 

(0.05 to 0.08 ppm) based on the practical advantage of not requiring 	. 

formulation and implementation of a new  regulatory program based on 1- 

hour standards. 

The EPA staff paper also concluded that there was no need to provide 
- 

a separate secondary standard if the primary standard was within their 

suggested range to protect human health. The welfare aspects considered 

in the review included personal comfort and well-being (symptomatic effect-

causing personal discomfort e.g. headaches, dizziness), vegetation 

effects, visibility impairment, and material damage. These effects - 
are either not quantifiable due to lack of information, or protection 

is afforded by the primary standard. 

Japan  first observed photochemical air pollution effects in 1970 when 

students in the outskirts of Tokyo were apparently injured (cited by 

Nakamo, 1980). In 1973, an air quality standard of 40 ug/m3 ( 0.02 ppm) 

(daily average) was established because NO 2  has adverse effects on health-- 

and is one of the precursors of photochemical air pollution. In 1978, 

the standard was revised upward to a daily average in the range of 80- 

120 pg/m3 (0.04 - 0.06 ppm). 

West  Germany released standards for NO2 and NO in 1974 on the basis of 
health effects and the role of NOx  as precursors of photochemical air 
pollution (EEC, 1976). The standards set are: 

arithmetic mean annual 
value based on 1/2-hour 
mean values 

95% value of the cumulativE 
frequency distribution 
based on 1/2-hour mean values 

The sole purpose  of. the NO  ambient standard is prevention - of the formation - 



Nb 	308 Pg/m3  

185 pg/M
3  

NO 2 	188 Pg/m
3 

94 Pg/m3  

of photochemical air pollution and NO2; no health effects are 

associated with such low levels of NO. 

The EEC proposed values of NO2 and NO for the protection of the health 

as follows (OECD, 1979): 

(0.25 ppm) in winter maximum daily mean 

(0.15 ppm) in summer maximum daily mean 

(0.10 ppm) in maximum daily value 

(0.05 ppm) annual mean 

The criteria were based on direct health effects of NO 2 and were in- 

dependent of any role  NO 	play in photochemical air pollution. 

The long-term standards for NO 2  for all countries are in the vicinity 

of 100 hg/m 3 (0.05 ppm) NO 2  based on the protection of health for sen-

sitive groups of the population. Of the countries with short-term 

standards (daily or 1-hour averages), the prime criteria has been 

health effects, but consideration has also been given to the role of 

NO 2 in formation of 
photochemical pollution 	(Japan and West Germany), 

plant damage (Canada), and sensory perception (Canada). The scientific 

criteria available for a longrterm standard based on health effects is 

very tenuous and the WHO as of 1977 found irisufficient information to 

recommend an air quality guide. The U.S. EPA review of scientific 

criteria also reached this conclusion, but since an annual standard 

was in place, it was felt that this level could be used as a surrogate 

for protection against short-term peaks of NO 2. An appreciable safety 

factor of 3 to 5 was incorporated into the 1-hour WHO health guideline 

because or the high biological activity of the NO 2' while a recent 

recommendation to Health and Welfare Canada appears to have safety factor 

of about 0.2. 

3.4.3 	Hydrocarbons 

There are no air quality objectives for hydrocarbons in Canada. In 

1983, the United States revoked its non-methane hydrocarbons standard 

of 160 pg/m 3 (0.24 ppm) 3-hour average for the period from 6 to 9 a.m. 



(Federal Register, 1983). The past standard had been unique in that the 

levels set were not based on direct health or welfare effects of hydro-

carbons, but was intended to be used as a guide in helping determine 

the emission reductions necessary for attaining the photochemical oxidantc 

standard. - The standard was revoked because no consistent quantitative 

relationship exists in the United States between ambient air zone levels 

and hydrocarbon levels. The U.S. EPA also noted that their review of 

adverse health and welfare effects indicated no basis for retaining the 

standard. 

In August 1976, the Central Council for the Control of Environmental 

Pollution in Japan set a guideline of 133 to 207 mg/m
3 (0.2 to 0.31 ppm) 

for non-methane hydrocarbon concentrations during 6-9 a.m. (OECD, 1979). 

This was set to achieve the ambient air quality standard for oxidants. 

The province of Manitoba has similar guidelines (cf. Section 3.2.2). 

3.4.4 	Photochemical Oxidants 

Standards, objectives, and guidelines for ozone from various countries 
are presented in Figure 3.4-3. In establishing these standards, the 
majority of levels set in the early 1970's refer to total oxidant 
concentrations. More than 90% of the total oxidants • are usually in the 
form of ozone (WHO, 1979). Thus, the results of ambient air monitoring 
are normally expressed as concentrations of ozone. In more recent years, 
since monitors became available for monitoring ozone, revised standards 
have been set for ozone only. 

Canada: The oxidant objectives in Canada are based on ozone, not total 
oxidants. The criteria utilized to recommend limits for air quality 
objectives included health effects, plant damage, material degradation, 
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and natural backgrotind levels.' The maximum acceptable limit of .160 pg/m
3 

(80 ppb) for a 1-hour average was recommended on the basis that this con-

centration was above the minimum level for impairment of performance of •- 

student athletes at 140 pg/m 3 (10 ppb) and at the level,of experimental 
animal evidence, indicating increased susceptibility of mice to bacterial_ 

infection at 160 pg/m 3 (80 ppb) ozone for 30-hours. No specific rationale 

was presented for the 24-hour average of.50 pg/M3 (25 ppb) or the 1-year 

average-  of 30 pg/m3 (15 ppb). . 

Desirable limit criteria included the evaluation that no known acute or 

subacute health effects occur at the recommended levels. The Subcommitte( 

on Air Quality (1976) also noted that natural rubber cracks at a 40 pg/m3. 

 (20 ppb) exposure for 1-hour; slight injury occurs to peanut plants at 

40-60 pg/m3 (20-30 ppb) for 24-hours; and synergistic effects of ozone 

in combination with SO 2 cause damage to tobacco plants at levels of 

about 60 pg/m3 (30 ppb) ozone over 2 to 4 hours. 

Natural background levels were considered to be 120 pg/m 3 (60 ppb) maximur 

and under 100 pg/m 3  /.(i50ppb) 99.5%'of'the time. Thus, the committeere- - 
cognized that difficulties might be encountered at certain times of the 
year in meeting maximum - desirable limits of 100 pg/m3  (50 ppb) '  (1 -hour 	- 
average), and 30 pg/m3  (15 ppb) (24-hour average)... 

World Health Organization:  In 1972, the WHO (WHO, 1972) recommended 

total oxidant levels associated with various effects of human beings, 

that they be considered as appropriate for use as air quality guides: 

(i) increase asthmatic attacks 	250 pg/m 3 (125 ppb as 0 3 ) 1-hr averagb 
(ii) pulmonary dysfunction 	200 pg/m 3  (100 pPb as 0 3 ) 1-hr averag 
(iii) annoyance and eye irritation 200 pg/m 3  (100 ppb as 0 3 ) 1-hr averag- 



The criteria document of 1978 (WHO, 1978) noted that evidence from one 

controlled human exposure study indicated that exposure to an ozone level 

of 200 pg/m3  (100 ppb) for 2-hours can cause some lung obstruction in 

healthy human subjects. Based on this study and others, the WHO con-

cluded that the first adverse effects can be expected to occur at ozone 

levels exceeding 200-500 pg/m 3 (100-250 ppb). They noted that animal 

studies support these results and some effects have been observed at 

levels below 200 pg/m3  (100 ppb). The WHO consequently recommended a 

1-hour exposure of 100 to 200 pg/m3  (50 to 100 ppb) with a best estimate 

of 120 pg/m3  (60 ppb) to be used as a guideline for the protection of 

public health. They indicated that a substantial safety factor could not 
be applied because of natural levels of ozone reaching 120 pg/m 3  (60 ppb), 
and the difficulty of attaining lower levels, especially in urban areas. 
The setting of the lower limit of the recommended range below natural levels 

recognizes that there may be no threshold level for ozone (OECD, 1979). 

Japan has set a total oxidant standard of 120 pg/m3  (60 ppb) within the 

recommended range of the WHO (Japan Environment Agency, 1976). 

United States:  Prior to 1979, the United States standard was 160 pg/m 3 
 (80 ppb), 1-hour average, for total oxidants. Under pressure from the 

petroleum industry (Marshal, 1978) the standard was revised in 1979. 
The definition of the standards was - narrowed only to ozone, and the 
primary and secondary standards were set at a level of 240 pg/m3 (120 :ppb), 
1-hour average. The definition  of standard  attainment was defined..as:when 
the expected number of days per calendar year . with maximum hourly 	- 
average concentrations of 240-pg/m3 - (120 ppb) are equal to or less than 

• one. 

The key areas considered by EPA in setting the ozone standard were 
(Federal Register, 1979): 

1. Threshold concept - the adverse health effect threshold concentration 
for 0 3 is unknown, necessitating a margin of safety. 

2. Ozone heàlth effects - effects data attributed pulmonary 	 • 
irritation to ozone at short-term ozone concentrations between 
300 and 500 pg/m3 (150 and 250 ppb). 



3. Effects on asthmatics - based on re-evaluation of evidence for the 
previous standard, it was considered that a peak hourly oxidant 

concentration of 500 pg/m3 (250 ppb) caused elevated asthmatic attackw. 

4. Toxicologic findings - there is increased susceptibility to bacterial 

infection in laboratory animals exposed to 200 pg/m 3 (100 ppb) ozone. -  

5. Pollutant interaction . - S0 2-0 3 synergistic findings support the need 

for a margin of safety. 

6. Welfare effects - materials and vegetation effects were noted. 

The EPA also concluded that there was no quantitative evidence to con-

sider potential ozone effects on the aging process and mortality. The 

EPA decided not to set a secondary standard for protection against damage 

to plants based on the consideration that an adverse effect must be 	- 

based on observed growth and yield reductions in field conditions. 

These data indicate that growth and yield response are related to growing 
season means of daily maximum 6 and 8-hour-average 0

3 concentrations. 
With attainment of the primary standard, it was concluded that there 
was no evidence to suggest a significant decrease in growth and yield. 	. 

Summary: The chronological - history of setting of standards and re-
commendation of guidelines indicates conflicting trends. The United 
States relaxed their standard from 160 pg/m3 (80 ppb)to 240 pg/m 3 (120 
ppb) in 1979, while the WHO in the same year reduced their guidelines 
for protection of  human health from the range of 200-250 pg/m 3 (100-125 
ppb) to 100-200 pg/m 3  (50-100 ppb). These differing interpretations are 
essentially based on the same set of scientific criteria, although the 
WHO tends to use animal data more than the United States in support of 
their recommendations. 



Overall, ozone standards have been set primarily to protect public 

health. In Canada, vegetation damage was also considered in establishing 
maximum acceptable objectives. The province of Ontario's air quality 
criteria for ozone is primarily based on avoidance of vegetation 

damage (cf. Section 3.2.2) where crop damage attributed to photochemical 
oxidants has been documented. 

3.4.5 	Diesel Exhaust Particulates 

Particulate standards set in various countries refer to total suspended 

particulates, smoke measurements, and visibility reduction. The term 

total suspended particulates usually refers to particles having a size 

range of 0.001 to 100 pm. A division of this range is usually made at 

2 pm with particles below 2 pm called fine and those above called coarse. 

Diesel exhaust particulates are found almost exclusively in the fine 

mode. Since particle mode is usually different chemically and has 

different origins and fates in the atmosphere, there is no quantitative 

relationship between fine particles and total suspended particulates. 

Canadian National Air Quality Objectives do exist for total suspended 

particulates. One of the recommendations Of the Panel on Aerosols of 

the National Research Council of Canada (NRCÇ, 1982) was that "The 

Canadian air quality objective for  suspended particulates, that is based 

on visibility impairment as a criterion, be modified to reflect the re-:- 

lationship between visibility and atmospheric fine particle concentration." 

Visibility reduction can be correlated with the atmosPheric mass lOading 

of fine particles, depending on certain conditions e.g. geographical, 

location, relative humidity and type of aerosol (ibid, 1982). The 

Australian State of Victoria has established an acceptable visibility 

level of 20 km over a 1-hour period for visibility reducing particulates 

based on aesthetic considerations (Victoria Government Gazette, 1981). 

The visibility is derived from measurements with an integrating nephelo-

meter, which measures atmospheric light scatter, at relative humidities 



less than 70 percent. (Section 4 explains, in more detail, the. concepts 

of visibility measurement). This air quality objective is primarily in-

fluenced by the atmospheric mass loadings of fine particle's. 

The OECD method of monitoring referred to as smoke measurement restricts 

samples to respirable range (approximately less than 10 to 15 pm in 

diameter) which are more closely related in size to diesel particles. 

Based on this monitoring methodology, the WI-b (1979b) recommended ex-
posure limits in the presence of SO 2  consistent with protection of public 
health: 

Concentration (pg/m 3 ) 

SO 2 	 Smoke 

24-hour mean 	 100 - 150 	 100 - 150 
Annual arithmetic mean ' 	 40 - 60 	 40 - 60 

Recently, the United States has investigated the possibility of eStablish 
ing an inhalable particulate standard (EPA, 1982). In addition, the Can-, 
adian Subcommittee On Desirable and Acceptable Air Quality Objectives is 
also in the process of considering whether existing evidence supports 	- 
the recommendation of an air qUality objective for inhalable particulates 

The major concern for diesel particulates relates to their potential 

carcinogenicity (see Section 4). These particles are known to contain 

cancer-producing agents such as benzo(a) pyrene. 



I. 

4. EFFECTS OF AUTOMOTIVE AIR POLLUTANTS 

II 	4.1  General Introduction 

The interaction of a receptor and an air pollutant may reSult in some 

kind of effect. The nature, scale, and significance to man of this 

effect is the heart of the value judgment used in setting standards. 

The purpose of this chapter is to provide air quality criteria for 

CO, NO 2 , 0 31  hydrocarbons, diesel exhaust particulates, and acid 

precipitation. Whenever possible, dose-response information is pro-

vided in the five areas of human concern: 

• health 

. terrestrial systems (e.g. crops, vegetation) 

• aquatic systems (e.g. surface water quality) 

• man-made materials 

. aesthetics (e.g. visibility) 

The order of presentation of the receptors in itself provides an. 

intuitive  riskassessment, with health being of highest importance- 
. to man. 

The value judgments used in delineating between acceptable and non-

acceptable effects for standard setting have been provided in Chapter 

3. In this portion of the report, the known or suspected-spectrum of 
effeCts are identified and quantified whenever Possible.  The  cross-
comparison of the information in the two chapters provides an in-
dication of the significance of the effect according to various re-
gulatory and scientific agencies. 

No value judgments are provided in this section. The effects are 

documented, but subsequent interpretation will be required to judge 

their significance. For completeness, any beneficial effects of auto-

motive pollutants are described but no effort has been directed to their 

quantification. 



4.2.1 Introduction 

4.2 	 Health Effects  

There is general agreement on the need to protect the public from 

adverse health effects of automotive air pollutants. However, there 

is considerable debate on such questions as what constitutes an 

"adverse" effect,,  what proportion of the population .  must be protected 

from such effects and under what circumstances, and at what exposure 

levels these effects occur. 

It is now well-known that exposure to pollutants generally results in 

a continuum Of responses in the human body. Initially, there may be 

barely detectable biochemical or morphological alterations of unknown 

consequence. These functional or structural changes may be viewed 

as indicative of impending damage or they may be merely adaptive 

phenomena. In fact what may be regarded as adaptive effects in some 

individuals may indeed herald impending harm in others, depending 

often on the presence or absence of concomitant disease or physiolo- 

gical condition. For example, exposure to low levels of carbon monoxide 

may cause the heart of a healthy individual to work harder, promoting 

merely a greater "training" effect. Exposure to this same level in 

an individual with pre-existing heart disease, however, may tip an 

already compromised cardiac reserve to the point that symptoms of 

insufficient oxygen (e.g. angina pectoris) may occur. Similarly, 

exposure to nitrogen dioxide may result in minor increases in airway 

resistance which may be of no consequence and not even perceptible 
in some individuals, but the same degree of increased airway resis-

tance may, produce breathlessness and inability to perform tasks in 

other individuals, for example those with chronic lung disease. More-

over, some people are much more sensitive to the effects of some 

pollutants compared with the general population. There is considerable 

individual variability, for example to the irritating effects of 
ozone on the respiratory track. Thus the first point is that small 
alterations may have different physiological significance in different 

individuals and the second point is that some individuals are more 
susceptible to these physiological changes than are others. 



Yet a third consideration is that the overall 'significance of a small 

impairment varies according to the activity of the exposed individual. 

While a small decrement in vigilance attributable to carbon monoxide 

exposures may be of minimal consequence to a person resting on a park 

bench, it may have enormous impact if the individual is piloting an 

airPlane. Similarly a slightly decreased maximum work capacity would 

surely go unnoticed in a population of sedentary or mildly exercising 

individuals, but may be of significance on an urban construction site 

where total Productivity is hampered. 

Fourthly, even when an effect is clearly acknowledged as adverse, there 

are uncertainties as to the exposure levels at which it occurs. For 

example, there is no disagreement that an exposure (for example, to 

particulates) which results in increased mortality in the population, 

is unacceptable. There is also general agreement that increased 

morbidity, e.g. greater incidence or aggravation of asthma, cardio-

vascular disease, chronic bronchitis, etc. is of concern. However, as 

will be illustrated in the following subsections, there is often no 

widely accepted clear-cut level at which these effects can be said 

to occur. An understanding of the nature of the available methodology 

is important to appreciate why this is so. 

Evidence regarding the adverse health effects caused by a particular 

pollutant is derived from three sources. First, there are animal 

experiments. These are useful to delineate the full range of toxicol-

ogical effects, to gain insight into potential mechanisms of toxicity 
and define structure-function relationships between physico-chemical 

properties of these agents and particular health-effects. It is 

typically acknowledged that common biochemical events are probably 
involved for both human and other mammalian species, and the more 

animal species that respond in a similar manner, the stronger is the 
basis for qualitative extrapolation of the effect from animal to 

human beings. However, while some preliminary work is underway to 



begin to formulate quantitative extrapolations, at present animal 

experiments  cari  offer only rough guides at best regarding dose-

response relationships for humans. 

The second body of evidence is derived from controlled experiments 

on human beings usually in laboratory settings. 	The lowest 

concentrations which are shown in these sorts of experiments to cause 

measurable health effects depend heavily on the particular subjects 

who are studied. Often these results are not widely generalized 

to different groups under different conditions. Most experimental 

human studies are performed on small numbers of relatively healthy 

persons who may not fully reflect the range of human sensitivity. 

Moveover, the air to which the subjects are exposed does not include 

the full mix of chemicals which are in the ambient air, other than 

the pollutant being studied. Some of these exposures may have an 

additive effect with the given pollutant in causing adverse health 

effects. Further, health effects of chronic exposures typically 

cannot be assessed in human clinical studies. 

The third body of evidence comes from epidemiological or community 	' 

health studies. Since the level of exposure is not under the control 

of the investigator, these studies can demonstrate important cause-

effect relationships, but rarely provide a strong basis for dose-

response relationships. Interpretation of exposure data in epide-

miological studies has been a major focus of controversy in standard 
setting. In addition, other factors such as temperature or frequency 
of smoking have confounded the assessment of air pollution effect, 

and distinguishing the effect of one pollutant from effects attribut- 
able to other pollutants or the combination thereof is often difficult. 

Despite these limitations, a large body of information has accumulated 
regarding the health effects of the various components of automotive 
emissions. Assessing the data from one source in conjunction with 

knowledge obtained from other types of studies has enabled the setting 
of air quality criteria. A review of the state of knowledge follows. 



4.2.2 	Carbon Monoxide 

Introduction and Mechanism of Toxicity 

Carbon monoxide (CO) is an odorless, colorless, tasteless, non-irritating 

gas which is rapidly absorbed through the lungs into the bloodstream. 

There CO binds with haemoglobin (Hb) to form carboxyhaemoglobin (COHb). 

As the affinity of Hb for CO is approximately 200-250 times its affinity 

for oxygen, exposure to even very low concentrations of CO can result in 

a significant reduction in the oxygen-carrying capacity of the blood. 

Furthermore, the presence of COHb in the blood shifts the oxvhaemoglo-

bin dissociation curve in such a way that tissue tensions must fall to 

much lower levels in order for the haemoglobin to release its oxygen. 

Therefore, exposure to CO not only decreases the oxygen-carrying capacity 

of the blood, but also impairs the release of oxygen to the tissues, 

giving rise to a greater degree of oxygen deficiency than would arise 

from either reduced ambient oxygen tension or an equivalent reduction in 
Hb resulting from anaemia. As the major effect of exposure to CO is re-

lated to this reduced ability of the blood to deliver oxygen, all organs 

and biological systems for which a continuous high oxygen supply is ne- . 

cessary to maintain function become critical. The three most important 

of these are the heart, the central nervous system and the fetus 
(Rylander and Vaslerlund, 1981). 

There is also evidence that carbon monoxide blocks the energy flow 
at the cellular level through the cytochrome system (Goldbaum et al., -- -- 
1975, 1976; Goldbaum, 1977). In any case, it is generally felt 

(EPA, June 1979; WHO, 1979a) that the hypoxemia mechanism provides 
an adequate explanation for the observed effects, at least for the 
purposes of standard-setting. 

The principal*factors determining the amount of CO present in the body 

after inhalation of a given concentration of CO for a:given duration 

of - exposure include the amouht of exercise, body size, diffusion 
capacity and other health parameters of the lung, barometric pressure . 



and endogenous CO production (i.e. formed from the metabolic 

breakdown of Hb and other haeme-containing materials). Endogenous 

production of CO may be significantly increased in persons with 

haemolytic anaemia, in women during pregnancy and in persons taking 

certain types of drugs (particularly anticonvulsants), or exposed 

to certain substances (such as methylene chloride). Population 

groups most susceptible to CO toxicity are those with high total 

COHb from endogenous and exogenous sources', as well as those most 

sensitive to oxygen deprivation. It is generally accepted that 

individuals with cardiovascular disease, pulmonary disease or 

anaemia as well as fetuses and pregnant women constitute sensitive 

populations. Concern exists that because of their increased oxygen 

requirement from higher metabolic rates, healthy children also 

consitute a particularly sensitive group (EPA, June 1979; WHO, 1979a). 

Smokers as well as people occupationally exposed to CO are, of course, 

also at increased risk. In fact, smoking dwarfs the effect of 

ambient exposure to CO; moreover it is said that smokers excrete more 

CO into the air than they inhale from the environment (EPA, June 1979). 

Therefore, there is no basis for establishing air quality criteria 

to protect smokers from a possible incremental effect (ibid). 

The mathematical model for calculating the formation of COHb at 

different ambient CO levels and exposure times will be described in 

a subsequent section. 

As discussed in Chapter 3 above, various criteria have been used in 

the different jurisdiction to arrive at air quality standards. 

For example, in Canada, the 1971 recommended limits were based on the 

levels associated with physiological stress on patients with heart 

disease, impairment of performance in some psychomotor tests, impair-

ment of visual acuity and increased metabolic cost of heavy work. 

The 1979 U.S. NAAQS for CO was based on the central nervous system 

effects identified in the study by Beard and Wertheim (1967) (EPA, 1971). 



However, on later review, the EPA (Oct, 1979) questioned these findings 
and based their recent proposed standards on the cardiovascular effect 

category (EPA, Aug., 1980). The scientific evidence for the various 
adverse health effects of carbon monoxide will be briefly reviewed 

in the following sections along with the quantitative assessments 

that have been attempted in order to provide dose-response relation-

ships. 

Deleterious Effects on the Cardiovas'cular System 

Experimental animal studies in numerous species have illustrated the 

pathological effect of CO on the cardiovascular system (Rylander and 

Vaslerlund, 1981; EPA, Oct., 1979; WHO, 1979a). Although the signifi-

cance of some of the animal findings has been the subject of debate, 

(e.g. Weir and Fabiano, 1982) cardiovascular damage and EKG aberrations 

have also been demonstrated in studies of both healthy and impaired 

human subjects (see Table 4.2-1). 

The myocardium, or heart muscle, is more sensitive than any other 

muscle to oxygen lack for a number of reasons. The myocardium 

depends almost entirely on aerobic metabolism for energy production 

and has a very low oxygen extraction reserve (James et al., 1979). 

Coronary circulation responds to low oxygen tension by increasing 

flow rate rather than increasing oxygen extraction. In a person 

with coronary vascular disease this ability to increase flow rate 

may be severely curtailed by the presence of atheromatous plaques 

and therefore the myocardium is forced to try to extract more oxygen, 

creating a further reduction in coronary oxygen tension. Thus 

the patient with coronary heart disease who is unable to respond ad-

equately to hypoxia, is particUlarly vulnerable to the effects of CO, 

which not only decreases oxygen availability to the heart tissue, 

but also forces the heart to work harder to try to compensate for 

oxygen lack to other tissues. It therefore seems appropriate that 

persons with cardiovascular disease (CVD) have been designated as 

the group at greatest risk from low-level ambient exposure to CO 

(e.g. EPA, Aug., 1980). 



1.77 

2.02 

2.28 

2.68 

Aronow, 1978 

Aronow, 1981 

Aronow, 1978 

2-h, tobacco 
smoke 

1-h, 50 ppm 
CO 
(57.5 mg/m 3 ) 

2-h, tobacco 
smoke 

Aronow and Isbell, 
1973 

2-h, 50 ppm 
CO 
(57.5 mg/m3 ) 

Anderson et al., 
1973 

5.08 Aronow et al., 
1972 	-- 

1-h, 42-63 
ppm CO, 
freeway 
(48.1-72.1 
mg/m3 ) 

1979 
Kurt et al., 0.6-0.9 estimated 

TABLE 4.2-1 

EFFECTS OF CO EXPOSURE ON THE CARDIOVASCULAR SYSTEM IN HUMANS 

Selected References COHb level% 	Exposure 
(final means) 

Effects 

A. Aggravation of 
Angina 

Duration of exercise 
until onset of 
angina decreased 22% 

Duration of exercise 
until onset of 	- 
angina decreased 10% 

Duration of exercisE_ 
until onset of 
angina decreased 38? 

Duration of exercise-
until onset of 
angina decreased 16% 

Duration of exercise-
until 'onset of 
angina decreased 33% 
15% after 2 hours.;., 
systolic blood 
pressure and heart 
rate at angina also 
significantly de- 	- 
creased 

2.9 and 	4-h, 50 ppm 	Duration of exerCise 
4.5 	and 100 ppm Co until onset of 

(57.5 and 	angina decreased 15%. _ 
114.5 mg/m 3 ) Duration of pain 

increased 31% 

B. Morbidity and Mortality 
from Myocardial Infarction 

Association between 
ambient CO levels 
and frequency of 
initial cardio-
respiratory  corn-
plaints  at an 
emergency room at a 
Denver hospital 



Cohen et al., 
1969 

estimated 1.4 Weekly mean 
of 9 ppm , 
(10.3 mg/m3 ) 

Kuller et al., 	estimated 1.6 
1975 -- 

7.7-14 ppm 
(8.8-19.5 
mg/m3 ) 

3.5 Hexler and 
Goldsmith, 
1971 

7.3-20.2 ppm 
24 h. mean 
(8.4-23.1 
mg/m3 ) 

Aronow et al., 
1974 

2-h, 50 ppm 
(57.5 mg/m3 ) 

Aggravation of 
intermittent claudi-
cation 

2.77 

3.95 

D. Effects on Work 
Performance and other 
Cardiovascular Effects  

Drinkwater et al., 
1974 

Reduced work time 
for exposed non-
smokers, no re-
duction in exposed 
smokers 

Aronow et al., 1-h, 100 ppm 
(114.5 mg/m3 ) 1977 

Aronow and 
•Cassidy, 1975 

1-h, 100 ppm 
(114.5 mg/m3 ) 

4.08 

estimated 4.08 

4-9 

Reduced exercise 
time until breath-
lessness in patients 
with chronic ob-
structive pulmonary 
disease 

Reduced exercise 
time until ex-
haustion in middle-
aged healthy non-
smokers 

TABLE 4.2-1 (CONT'D) 

Selected References COHb level% 
(final means) 

Exposure Effects 

Significant 
difference in 
fatality rates be-
tween high and low 
pollution areas 

•No relationship 
established in the 
Baltimore area be-
tween ambient CO 
levels and onset of 
sudden death or 
myocardial infarction 

A greater number of 
deaths occurred in 
L.A. when ambient 
CO concentrations 
were higher 

C. Aggravation of 
Peripheral Vascular 
Disease 



TABLE 4.2-1 (CONT'D) 

Selected References 	COHb level% 
(final means) 

Exposure 	Effects 

Ayres  
1970 -- 

kfres et al.; 
1969 -- 

Ekblom and Huot, 
1972 

5-25 	 8-15 min. 	Increased cardiac 
1000 ppm 	output and coronary 
(1145 mg/m3 ) blood flow. Signs 

suggesting myo-
cardial hypoxia in 
patients with CVD 

8.96 	 8-15 min. 	Increased coronary 
1000 ppm 	blood flow and de- 
(1145 mg/m3 ); creased extraction 
30-45 sec, 	ratios. Increased 
5000 ppm 	system's oxygen 
(5725 mg/m 3 ) extraction 

5-20 	 15 min. 	Decreased maxiffial 
exercise time and 
maximal oxygen up-
take with increased 
COfib levels in 
healthy adults 



1 
1 

1 
1 

1 
1 
1 

1 

1 

The effect of low levels of CO on angina pectoris (a symptom of CVD 
in which mild exercise or excitement produces a sense of pressure 
or pain in the chest due to insufficient oxygen supply to the myocar-
dium) has received considerable attention by scientists and regula-
tors, who have concluded that aggravation of angina pectoris definitely 
constitutes an adverse health effect (e.g. EPA, June 1979) attribu-
table to CO. Some epidemiological studies have suggested that increased 

mortality from myocardial infarction (death of heart tissue, commonly 
known as "heart attack") is associated with increased CO exposure, al-

though there is considerable debate on these findings. Patients with 

peripheral vascular disease also seem to have their condition aggravated 
by CO. The studies relating to the effects of CO on the human cardio-
vascular system are summarized in Table 4.2-1 	and discussed briefly 
below. 

Aggravation of Angina Pectoris: Two groups of investigators have 
ported effects of low level CO on angina. Anderson et al. (1973), 
Aronow and Isbell (1973) and Aronow (1981) directly exposed patients 
with angina to CO in laboratory settings. Aronow (1978) exposed 
subjects in ventilated and unventilated rooms filled with tobacco '- 
smoke, and Aronow et al. (1972)  studied the influence of riding in an 
open car on a major freeway. The results of these studies (see top 
section of Table 4.2-1) show that low level CO exposure causes a de-
crease in the amount of time these persons are able to exercise 
before the onset of angina. 

Keeney et al. (1982)  plotted the data from these experiments as shown 
in Figure 4.2-1. Using linear regression the authors calculated 
that for each percent increase in COHb level, the time until onset 
of angina increases on average of 4.63%. As there was considerable 

2 variation (correlation coefficient, R,  only 0.166) this relation- 
ship was not used in their subsequent risk assessment. What is 

clear, however, is that COHb levels as low as 2.5-3% can definitely 
aggravate angina. The possibility of effects at COHb levels of 2% 
or even lower has been suggested (Aronow, 1981) but awaits confirmation. 

1 
1 

4-11 
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FIGURE 4.2 —1 	COHb level and time until exercise-induced angina.* 
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PDEC: PERCENT DECREASE IN TIME UNTIL 
EXERCISE-INDUCED ANGINA 

* Reproduced from Keeney et al., 1982 
(The authors excluded Aronow's 1978.tobacco smoke study due to the 
presence of other pollutants. They did, however, include the free-
way study conducted by Aronow et al. in 1972, although confounding 
factors may also have been proMmatic.) 



Since sufficient data to provide numerous points on a dose-response 

curve were not available from carefully controlled human experiments, 

the EPA has developed a technique in which experts are interviewed 

as to their opinion based on information from clinical and epidemi-

ological studies as well as professional experience and judgement 

(Keeney et al. 1980). The assessment of the experts for a dose-response 

relationship depicting the reduction in time until onset of angina 

at given COHb levels is provided in Table 4.2-2 and Figure 4.2-2. 

The percent of angina patients with an "aggravated condition" is defined 

as those experiencing at least a 10% reduction in time until the onset 

of pain. The assessment of the experts regarding the percent of angina 

patients that would probably suffer additional attacks at given COHb 

levels is shown in Table 4.2-3. and Figure 4.2-3. The correlation 

coefficient for the model is 0.99, indicating a high degree' of consensus. 

The data indicated that at a COHb level of 3.5%, 56.1% of angina 

patients may be expected to suffer additional attacks (with 95% 

confidence intervals ranging from 32.1% to 77.7%). 

Increased Risk of Myocardial Infarction: Several epidemiological studies 

(Cohen et al., 1969; Goldsmith and Landaw, 1968; and Hexter and Goldsmith, 

1971) conducted in the Los Angeles area have suggested the possibility 

of increased Mortality from myocardial infarction in areas with high 

ambient levels of CO (sufficient to produce COHb levels of 8-17%) 

compared to those in less CO polluted areas. There has been considerable 

controversy regarding the interpretation of these results as hospital 

admission rates did not correlate with CO levels, and some investigators 

(eg. Cohen et al., 1969) did not measure COHb levels and failed to 

control for smoking and occupation. A similar study in Baltimore 

(Kuller et al., 1975) failed to find such a correlation albeit at 

considerately lower ambient CO levels (sufficient to produce COHb 

levels in the range of 1-10%). 
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Table 4.2 -2 DOSE-RESPONSE RELATIONSHIP BETWEEN COHb LEVELS AND PERCENTAGE OF 
ANGINA PATIENTS SUFFERING ADDITIONAL ATTACKS * 

COHb(percent) P(percent) 	 Aronow 	 Kurt 	Mustafa A 

	

1.0 	 2 	 0-5(2 median) 

	

1.5 	 10 	 5-20(10 median) 

	

2.0 	 20 	 10-40(25 median) 	20 	10-20 

	

2.5 	 35 	 40 	 30 

	

4.0 	 60 	 60 

	

5.0 	 80 

* Reproduced from Keeney et al., 1982. 
Data derived from the opinion of experts as  outlined in the report 

** Percentage of angina patients suffering additional attacks 

Figure 4 . 2-2 Dose-response data and curve for the percentage of 
additional angina attacks to angina patients.* 



Table 4.2-3 	DOSE-RESPONSE RELATIONSHIP BETWEEN COHb LEVELS AND PERCENTAGE OF 
ANGINA PATIENTS WITH AGGRAVATED CONDITION* 

COHb(percent) P(percent) AA 

	

1.0 	 5 

	

1.5 	 20 

	

2.0 	 90 

	

2.5 	 99 

	

3.0 	 100 

* Reproduced from KeeneSr'et'al., 1982 	. 
Data based on the opinions of experts as outlined in the report. 

** Percentage of angina patients mith 'aggravated condition 

Figure 4.2-3 Dose-response data and expected dose-response 
curve on relating COHb levels and the percentage 
of angina patients with aggravated condition.* 



Thus the possibility of an 'association between ambient CO levels and 
incidence and/or fatality from mà-iocardial infarctions remains a source 
of contention. However, if confirmed, it is interesting to note that 

Keeney et al. (1982) have calculated from the Hexter and Goldsmith 

(1971) data that when the CO level changes from the minimum observed 
level of 8.0 mg/m3  (7.0 ppm) daily mean to the maximum of 23.1 mg/m 3 

 (20.2 ppm) daily mean, there - would be an estimated 11 more deaths/day 
in L.A. County (based on 1962-1965 mortality  rates),.  

The dose-response relationship describing the level of COHb associated 

with percent increase in total heart attacks (fatal and non-fatal) among 

those with heart disease, derived from judgement of the experts, is 

shown in Table 4.2-4 and Figure 4.2-4. It is noted that the fit is 

excellent and that the standard deviation (i.e. variability of response) 

is greater at the higher COHb levels. If these estimations are confirmed, 

they might well set the ultimate limit to urban CO exposure. 

Aggravation of Peripheral Vascular - Disease: The one clinical study 
(Aronow et al., 1974) to examine such an effect, involved the exposure 

of 10 persons with occlusive arterial disease to 55 mg/m3  (50 ppm) CO 
for 2 hours, followed by exercise,until leg pain ("intermittent claudi-
cation"). Exposure sufficient tb produce COHb levels of 2.8% signifi-
cantly decreased the time until onset of pain and cessation of activity. 

Other Cardiovascular Effects: Ayres et al. (1969, 1970) have shown 
that blood flow indeed increases as a compensatory response to CO 

exposures. This finding has relevance with respect to coronary damage 

or other vascular effects that may result from the cardiovascular system 

being pushed beyond its capacity. 

Finally, reference is often made to the study of Kurt et al. (1979) 
in which the cardiorespiratory complaints of patients at a Denver 
emergency room were evaluated on "high CO days" (average 31 mg/m 3 ; 
27 ppm) as compared to "low CO days", (average 14 mg/m3 ; 12 ppm). The 
significance of the positive findings are questionable as: (1) the 
cardiorespiratory,complaints in the study could not serve as specific 
indicators of cardiovascular damage, (2) the authors did not report 
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Table 4.2 - 4- DOSE-RESPONSE RELATIONSHIP BETWEEN COHb LEVELS AND PERCENTAGE 
INCREASE IN HEART ATTACKS *  

P (percenè)** HA 

	

1.5 	 1 

	

2.0 	 5 

	

3.0 	 10 

	

4.0 	 15 

	

5.0 	 20 

* Reproduced from Keeney et al., 1982. 
Data based on the opinion of experts as outlined in the report. 

**P Percentage of , additional heart attack to heart disease patients. HA 

Figure 4.2 - .4 Dose-response data and curve for the percentage of 
additional heart attacks to heart disease patients* 

COHb(percent) 

2 	 3 

COHb LEVEL (%) 
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1 

1 
1 
1. 

1 

any COHb leVels and (3) the:single monitoring : site near the hospital 
could not be considered an adequate indicator' of the exposure sustained 

by the patients. 

Effects on Work Capacity and Pulmonary Function 

Several studies (including those conducted by Ekblom and Huot, 1972; 
Horvath et al. 1975 and Ayres et al., 1970) have indicated that COHb 
levels in the range of 5-33% dan  produce a linear decline in maximum 
oxygen uptake and hence work capacity of healthy individuals (see 
Figure 4.2-5). Other studies suggest that work capacity, may not be 

affected by  COI-lb  levels of 10-20% for short periods of submaximal 
exercise (see EPA,  'June, 1979). Aronow and Cassidy (1975) actually 
reported decreased exercise performance in normal persons at COHb of 
3-6.5% and Aronow et al. (1977) revealed decreased exercise performance 

in patients with chronic  obstructive  pulmonary disease (COPD) at this 

level. While persons with COPD (e.i. asthma, emphysema and chronic 	
II bronchitis) are presumably at high risk of CO toxicity due to their 

pre-existing low oxygen levels, it has been suggested that these 

persons may absorb less CO due to their disease and may have developed  
other compensatory adaptations such as increased red blood cell production. 
Aronow et al. (1977) concluded that the 33% reduction in time until 

-- II 
exercise-induced dyspnea was seen in these patients after CO exposure 

was probably a cardiovascular limitation rather than a respiratory 	
II one. 

From the EPA's interviews with the scientific authorities on these 	- II 
issues it was noted (Keeney et al., 1982) that most experts believe 
that CO does indeed aggraVate the condition of patients with respiratory - II 
disease. Aronow estimated that 5% of patients with COPD will experience 
health effects at 1,96 COHb, 20% at 1.5% COHb, 90% at 2.0% COHb and 99% 	- II 
of patients have aggravation of COPD at 3.0% COHb. Ayres eetimated that 
seriously ill pulmonary patients will experience health effects at 2.0 - 	11 
4.0% COHb. Similarly, Kurt and Collier estimated that 2.0% COHb will cause 

1 
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Figure 4.2 - 5 	Relationship between COHb and decrement in maximum 
aerobic power.* 

*Reproduced from E.P.A., Oct. 1979. 
The data was obtained from the studies by Horvath and others. It is 
noted that the linear relationship does not apply to smokers, who in 
Horvath's series, had COHb levels considerably in excess of 4-5% with 
no decrement in their respective maximum aerobic power. 
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dyspnea in these patients, limiting their activity. Mustafa estimated 

that 10-20% of emphysema patients will have a 20-50% reduction in . 

activity at 2.0% final COMb, as well as 5-10% of bronchitic patients. 

He felt that the chance .of dying during a Serious . asthma attack will 
increase by 5-10% at 2.0% COHb. Rokan agreed that severe emphysema 
patients are most vulnerable to CO but did. not feel that asthma attacks 
would be aggravated by low level,s of CO Crandall agreed,that CO 

could aggraVate COPD patients but did not feel that these effects would be - 
widespread beloW 2.5% -  COHb for short durationsi Benignus did not 

- feel that CO had an important effect on COPD patients. 

Deleterious Effects on the Nervous System (CNS) 

There has been much controversy regarding the effect of low levels 	 - 
of  COI-lb on subtle CNS functions. This is largely due to the many 
complex methodological considerations such as providing control periods 
so that task - learning effects do not mask results, providing double-
blind administration, and controlling for confounders (sensory depriva-
tion, drugs, temperature, time of day, etc.) As the CNS has a high , 
oxygen consumption it would logically be expected to be one of the 
critical organs for CO toxicity. The various CNS functions that have been - 
investigated can be divided into two broad  catégories. One consists of 
vigilance tests (ability to detect small changes in the environment 
that take place at unpredictable times). These include estimation of 
short-term intervals, reaction to visual or auditory stimuli, discri-
mination between different visual'Or auditory signals and maintaining 
attention or concentration. The second is motor tests,.which consist 
of tests of the performance of physical tasks. Results of some of these 
studies are listed in Table 4.2-5. While some investigators found 
effects at 2% COHb (Beard and Wertheim, 1967) others failed to detect 
impairment at levels above 5% to even 20%  COI-lb (cg. Stewart et al., 
1973; and Winneke, 1974). On carefully evaluating the literature 



Effect Comment 

Impaired vigilance 
task; increased 
errors in time est-
imation. 

Impaired visual 
vigilance. 

Poésibly exaggerated 
by sensory isolation. 
Effects reveried at 
higher  dose. possible 
peer pressure effect. 

•Bigger decrements in 
vigilance at 1.8% and 
5.2% COHb from at 7.59%. 

Beard and Grandstaff 	1.8 
(1972) 

Beard and Grandstaff 1.8 - 7.5 - 
(1975) 

Fodor -and Winneke 
(1972) 

Beard and Wertheim 	2.5 - 4.0 
(1967) 	 estimated 

Impaired vigilance 
task (auditdry). 

Impaired auditory 
duration discrim-
ination. 

Effect disappeared 
with continuation of 
experiment. 

Possible sensory 
isolation effect. 

2.3 - 3.1 
estimated 

Groll-Knapp et al 	3.0 - 7.6 
(1972) 	 estimated 

Impaired vigilance 
task (weaker audi-
tory tones). 

Dose-related decrements 
in vigilance. 

Beard and Grandstaff 	3.0 	 Impaired visual' 
(1970 	 intensity discrim- , ination. 

3.0 	 Impaired tracing 
task. 

Possible sensory 
isolation effect. 

Possibly statistically 
unreliable. 

,Milulka  et al. 
(1971) -- 

HaMsey, 1972 Impaired choice 
reaction time. 

Many negative results 
for simple reaction 
time. 

3.5 - 4.0 

Horvath et al . 
 (1971) 

Decreased vigilance 
(visual). 

Decrements in vigilance 
for the group with 
final COHb of 6.6% no 
effect at COHb of 2.3%. 

5.0 

Winneke 
(1974) 	, 

mcFarland 
(1973) .  

• 

5.1 - 10% 

6 -17% 

Bender .e.t  J. 
(1971) 

Stewart et al 
(1970) -- 

Stewart et al 
(1973) 	. 

Ray and Rockwell 
(1970) 

15 	20% 

15 - 20% 

10, 20% 

'TABLE 4.2-5 ' 

SUMMARY OF REPORTED CHANGES IN 

VIGILANCE AND OTHER CENTRAL NERVOUS FUNCTIONING IN SELECTED 

STUDIES OF HUMAN,EXPOSURE TO CARBON MONOXIDE* 

Reference CC:nib Level 

as above Beard and Wertheim 	2.5 - 4.0 
(1969) 	 estimated  

Impaired time per-
ception. 

No effect on 
auditory vigilance. 

Decrements in peri- 
pherial vision re- 
ported but no effebt 
on driving performance. 

7.2 	 Impaired mental per- 
formance and finger 
dexterity. 

No decrements in time 
estimation, but delayed 
headaches and decreased 
coordination. 

No decrements in time 
estimation èven with 
levels up to 20% COHb. 

Increase in reaction time 
to taillight intensities 
and relative speeds but 
decrease in accuracy of 
maintaining a fixed dis-
tance between cars. 

This table was adapted from the data contained in EPA, Oct., 1979; N.B.°, 1979a; 
Keeney et al, 1982; and Shepherd, 1983. For a more complete list of studies of 
this nature see these sources. 
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the EPA concluded that CO exposures capable of producing 4-6% COHb 
can produce adverse effects on the CNS. This conclusion was based 
largely on the work of Horvath 9.t.  el. .  (1971), Groll-Knapp et al. (1972) 
and Fodor et al. (1973) with respect to impaired vigilance. The 
findings of Bender et al. (1971) which showed a statistically significant 
diminution of visual perception, manual dexterity or ability to learn 
at COHb concentrations of 5-20% were also cited. The EPA concluded 
that visual sensitivity might be affected as a continuous dose-response 
function with no obvious threshold, but that confirmatory data was 
required. In the Swedish review of the literature with respect to 
standard setting (Rylander and Vaslerlund, 1981) it was concluded that 
no deleterious effects on the CNS have been demonstrated at COHb 
below 5%. 

The EPA (Aug., 1980) has pointed out that vigilance and visual function 
effects are of considerable importance since these functions are com-
ponents of more complex tasks, such as driving, and reduced vigilance 
could lead to increased accidents. Numerous studies (as summarized by 
EPA, Oct. 1979; WHO, 1979a; Rylander and Vaslerlund, 1981; and 
Shephard, 1983) 'indeed suggest that the performance of complex taskà 
is adversely affected by :10w-level CO. Shephard (1983) specifically 
points out that the "on-the-road" studies of Weir et al. (1973),'McFarland 
(1973), Ray and Rockwell (1970), Rockwell and Ray (1967) and Rockwell 
and Weir (1975) support the view that CO exposure can affect road safety. - 
There indeed is some suggestive (but not conclusive) evidence implicating 
CO in fatal motor vehicle accidents (eg. Yabroff et al., 1974) , as noted 
by the E.P.A. (Aug., 1980). However, other investigators failed to note 
such a correlation (Ury et al., 1972). Shephard (1983) also noted that 
in some aircraft accidents,'CO poisoning has been implicated, as a 
result of faulty oxygen equipment, cabin contamination by exhaust fumes, 
smoking and fires (Blackmore, 1974; Howlett and Shephard, 1973). 

Deleterious Effects on Fetal and Neonatal Development 

The rate of endogenous production of CO is known to be increased in 
pregnancy. Longo (1977) attributes about 15% of this increase to CO 



1 

production by the fetus and another 30-40% to the increased number of 
red blood cells in the mother. Fetal uptake of CO takes place more 
slowly than maternal uptake, but after a few hours the fetal COHb 
level significantly exceeds that of the mother. Moveover, a given 
COHb level has greater detrimental effects on the fetus. The fetal 
oxygen tension is probably close to critical values and the fetus 
is unable to mount the same compensatory mechanisms (increased cardiac 
output, coronary blood flow and tissue blood flow) as can the adult. 
The potential of CO to interfere with fetal tissue oxygenation during 
important developmental stages is therefore of concern. Table 4.2-6 
summarizes some of the experimental animal studies which link low 
level CO exposure to such outcomes as increased perinatal mortality 
rate, decreased birth weight, decreased weight gain, and lower 
behavioral activity levels. 

The hypothesis that CO exposure during pregnancy affects learning and 
social behaviour development in humans is supported by studies examin-

ing the impact of maternal smoking and altitude on the unborn child. As 
summarized in Table 4.2-7, •decreased birth weight, increased perinatal 

deaths and increased incidence of congenital heart disease have been 	• 
linked with increased COHb levels in smoking mothers. Reduced reading 
attainment in later childhood, as well as decreased general ability, 
reading and mathematics have also been reported (see Shephard, 1983 

and Rylander and Vaslerlund, 1981). The fact that cigarettes contain 
substances other than CO precludes any direct quantitative application of 
the results. Although acknowledging the extreme sensitivity of the 

rapidly growing fetal tissues to CO toxicity, the Swedish authorities, 
in their careful evaluation of this issue, felt that COHb levels in 
excess of WHO standards would likely be required for the occurrences of 

any significant effects (Rylander and Vaslerlund, 1981). The EPA 

(Aug, 1980) felt that the evidence regarding fetal effects should 

come to bear on the selection of a margin of safety. 

Quantitative Assessments 

Sensitive Populations: Some of the conditions giving rise to increased 
endogenous production of CO were alluded to above and are summarized in 
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Effects 
Investigator 
Year Animal model CO/COHb level 

(exposure duration) 

* * 
** 
* * 

pregnant rhesus 
monkeys 

pregnant rhesus 
monkeys 

pregnant rats 

pregnant rats 

pregnant sheep 

pregnant rabbits 
and mice 

Mg/M3 Conversions: ppm 	30 
mg/m3 34 

50 90 100 250 300 
57 103 115 286 344 

n.) * * 

Effects Description Investigators 
Year 

Table 4 2 Fetal effects of maternal carbon monoxide exposure: animal experiments. * 

** rabbits 90 ppm, 9-10 Vo COHb pregnant 
(30 d continuous) 

0.1-0.3 MI inspired CO 
(1-3 h) 

0.1-0.3 °AI inspired CO 
(exposed until fetuses 
obtained a -moderate- or 
-severe» hypoxia + 
1 hour) 
15 "Io COlib (entire 
pregnancy) 

30 or 90 ppm or low 
oxygen (continuous exp) 

30, 50, 100 ppm (24-48 h), 
300 ppm (2-3 h) 
250 ppm, 10-15 04 COI-Ib 
(7 or 24 h/d. 6-15 or 
6--l8 d of gestation) 

litters of exposed mothers had significantly lower birthweights; great Astrup 1972 
increase in stillborn births and number of neonates who died within first 
24 h; no differences in mortality between exposed and control groups at 
days 6 and 21; some neonates born without a leg. 
pregnant mothers sustained up to 60 °/o COHb without clinical sequalae; Ginsberg and Myers 1974 
fetuses whose arterial oxygen content fell below 2.0 m1/100 ml for at least 
45 min showed severe brain damage. 
widespread cez-ebral necrosis in fetuses whose arterial oxygen content fell Ginsberg and Myers 1976 
to 1_6-1.8 mii100 mf. 

no differences in number of offspring per litter, mortality rate at day 1 or Fechter and Annau 1377 
any gross teratologic effects; insignificant difference in birthweight between 
exposed and controls, which became significant at day 4; markedly lower 
brain protein leveIS in CO neonates; changes in CHS in connection with 
prenatal CO exposure. 
great reduction in number of successful pregnancies; fetuses exposed to Garvey and Longo 1978 
low Ov showed increased hematocrit; no differences in number of live, 
recently dead or visibly abnormal fetuses. 
fetal  COI-lb  levels rose more slowly than maternal, took longer to wash Longo and Hill 1977 
out, and were at maximum considerably higher than maternal levels. 
mean body vveight of-mice fetuses higher in 7 h/d group and lower in 24 Schwetz et af., 1979 
hid group than corttrols; 2 of 18 in 24 h/d group had malformations; 
exposed had more lumbar ribs and spurs than controls. 

Table 4.2 — 7 Fetal effects of maternal carbon monoxide exposure: studies in hirinans. *  

Astrup et al., 1972 smoking habits and  COI-lb  levels of 253 preg-
nant women recorded; birthweights and con-
ditions of neonates later recorded. 

Goujard et al., 1975 prospective investigation of 6,989 pregnant 
women. 

Meyer et al., 1976 	further analysis of data collected in Ontario 
Perinatal Modality Study. 

Fedrich et at., 1971 	further analysis of data corrected in 1958 
British Perinatal Mortality Study anci National 
Child Development Study, with reference to 
identifying possible connections between 
maternal smoking and incidence of congenital 
heart disease. 

mean birthweight of neonates of non-smoking mothers vvas 3,225 g. and of smok-
ing mothers 2.990 g 

250 qo increase observed in number of stillbirths among smoking mothers: a large 
proportion of the increase was due to abruptio placentae_ 
neonatal birthweight and length of gestation seen to be directLy related - to 
mothers' smoking habits; placental complications increased with the lever  of 
smoking, except for mothers pregnant for the first time  smoking Eess than 1 pack! 
day, particularly for placenta previa.and abruptio placentae_ 
analysis demonstrated that the occurrence of congenital heart disease in babies 
was 50 °/u greater among smoking mothers than non-smoking mothers; sample 
too small, hm.vever, to allow for firm conclusions. 

Buncher 1969 	data collected from obstetrical wards in . observed difference in length of pregnancy between non-smoking and smoking 
Naval hospitals in U.S.; effects of smoking rnothers (more than 1 pack/day) was 29 to 24 h: it was suggested that about 
during pregnancy studied. 	 10 % of the known reduction in birthweight could be attributed to this shortened 

gestation period. 

Reproduced from Rylander and Vaslerlund, 1981. See source for complete references. 

'MI lei MI war or as MI Mil MIR • OM MI an Ili UM alb • 1.1111 



• 1 

1 

TABLE 4.2-8 

CONDITIONS ASSOCIATED WITH INCREASED SENSITIVITY TO CO EXPOSURE 

Increased endogenous production  - pregnancy, newborn, haemolytic 
disease, saturation dives, drugs (e.g. phenobarbital, diphenyl 
hydantoin), toxic substances (e.g. methylene chloride) 

Hypoxic conditions  - fetus, anaemia, chronic obstructive lung disease, 
cardiovascular disease, peripheral vascular disease, cerebral 

vascular disease, high altitude residents, elderly 

Hypermetabolic conditions  - increased ventilation due to vigourous 

physical work, pregnancy, high altitude, thyrotoxicosis, 
newborn infants, hypoxic conditions 
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Table 4.2-8, along with other hypoxic conditions and hypermetabolic 

conditions that increase sensitivity to CO toxicity. The interaction 

between high altitude and CO exiDoeure may be an important public health 

consideration in the Canadian Rockies. At moderate altitudes, an 

ascent of 300 meters may be equated to a 1% increase of blood COHb 

content. Thus people living above 100 meters are particularly 

vulnerable to low levels of CO. 
' 

For tobacco smokers, the' primary  source of CO and the resulting COHb 

levels is from intake of tObaCcb eMoke (Coburn et al., 1565). As 

mentioned .earlier, it has been noted.(EPA, June 1979) that smokers 

excrete CO .into the air rather than inhale it, from the environment and 
are unable to absorb,further CD:at.normal ambient .  pressures. As 
Shephard (1983) notes, adaptation seems to occur with chronic exposure 

to high  concentrations of do; ln any-case.— Similarly, Shephard (1983) 
notes that- workers occtipationally exposed to.CO are generally also unable 

to absorb further CO from the - atmdsphere and'ambient'air. In the case 
of these workers, concentration of CO is of significance only in so 
far as it restricts elimination of occupationally absorbed CO. Thus, 
smokers and workers occupationally exposed to CO are generally not 
considered in setting air quality standards for the population as a 
whole. 

CO Exposure and Resulting COHb levels: In 1912 Haldane and his co-
workers (Douglas et al., 1912) developed an equation relating CO 
exposures and equilibrium COHb levels. The time required to reach 
equilibrium, however, is influenced by a number of factors, the most 
important for healthy individuals being the level of exercise. At rest, 
approximately 8-12 hours are needed to achieve equilibrium; for a 
moderate walk (,‘, 3 miles/hr) equilibrium can be reached in half the 
time. Coburn et al. (1965) therefore developed an equation to permit 
calculation of COHb at given ambient levels of CO as a function of time, 
considering appropriate physiological parameters. Experimental data 
obtained by Peterson and Steward (1970) largely confirm the accuracy 
of this model. Table 4.2-9 illustrates the application of the Coburn 
model. A moderate level of exercise, equivalent to a 3 mile/hr walk 
was selected by the EPA as a reasonable estimate of the maximum exercise 



TABLE 4.2-9 

PREDICTED COHb.RESPONSE TO 1-h AND 8-h 
EXPOSURE TO CONSTANT CO CONCENTRATIONS AT 

LIGHT AND MODERATE ACTIVITY, BASED ON COBURN EQUATION AND STANDARD PARAMETERS* 

Exp6Sure time (hours) 

1 	 8 

	

Intermittent 	 Intermittent 
CO 	 Rest/ 	H 	Moderate 	Rest/ 	 Moderate 

	

mg/m3 	PPm 	Light Activity 	Exercise 	Light Activity 	Exercise 

	

8.0 	7.0 	 0.7 	 0.7 	 1.2 	 1.2 

	

10.3 	9.0 	 0.7 	 0.8 	 1.4 	 1.5 

	

13.7 	12.0 	 0.8 	 1.0 	 1.8 	 1.9 

	

17.2 	15.0 	 1.0 	 1.1 	 2.2 	 2.4 

	

22.9 	20.1 	 1.1 	 1.4 	 2.9 	 3.1 

	

28.6 	25.0 	 1.3 	 1.6 	 3.6 	 3.8 

	

40.1 	35.0 	 1.6 	 2.1 	 4.9 	 5.3 

	

57.3 	50.0 	 2.2 	 2.9 	 7.0 	 7.6 

* Assumed parameters: Alveolar ventilation rates: intermittent rest/light activity= 
ventilation rate of 10 litres/min, moderate activity=ventilation rate of 20 litres/ 
min (equivalent to 3 mph walk on level ground or light industry or housework); 
Haemoglobin=15 g/100 ml .(normal .  Male); altitude=sea level; initial COHb level=0.5 
percent (normal level due to endogenous CO production). 



level achieved by most persons with cardiovascular disease (EPA, June, 

1979). At this level of activity, 1-h exposure to 40 mg/m 3  (35 ppm) would 
lead to 2.1% COHb, and 8-hours exposure to 10 mg/m 3  (9 ppm) would re- 
sult in 1.5% COHb. At rest, the 1-and 8-hr standards are reasonably 

consistent in that both result in about 1.4-1.6% COHb. As the importance 

of exercise has been increasingly recognized recently, it has been re-

commended to drop the 1-hour standard to >29 mg/M 3  (25 ppm) so as to make 

the exercising 1-and 8-hr standards consistent. 

However, uncertainties exist in using constant . CO concentrations to 

estimate expected COHb levels  as  presented in Table 4.2-9. Biller and 

Richmond (1982) point out  that  variations  in physiological parameters 
. 	. 

used in the Coburn.  model are stifficient to provide noticeable deviations 

from the COI-lb  levels in Table 4.2-9 and that predictions based on ex-
posure to constant CO concentrations inadequately represent widely 

fluctuating Concentrations in ambient air. Ott and Mage (1978) in-

dicated that the assumption of a constant concentration for an 8-hour 

averaging time can lead to underestimating the COHb response to CO con-

centrations that are actually fluctuating on a much shorter time scale. 

Biller and Richmond perforMéd a .sensitivity analysis using the Coburn 
model in a dynamic mode for  individuals With physiological parameters 

different from the baseline,values_of Table 4:2-9.- The results of 
their analysis are given in Table 4.2-10. The ranges that appear in 

the 8-hour portion of this table are the, ranges of COHb values  obtained 

from 20 different sets.,of CO- data.— Comparison-ofthe baseline numbers. 
. 	- 

for the 8-:hour - casé in Tables 4.2-'9 - ând 4.2710'ilrustrates that . the 
upper end ranges of the dynamic calculations is above the values of the 
static calculation. 

Health Effects at Various Ambient Levels of CO: The health effects 
expected to occur at various levels  of CO are summarized in Table 
4.2-11. Shephard (1983) has pointed out that the critical health effect 
of exposure to CO observed in the general population is a deterioration 
of vigilance. However, individuals most vulnerable to CO, patients with 
cardiovascular and peripheral vascular disease, experience adverse health 
effects at lower levels of COHb, possibly as low as 2%. It is, of 
course, recognized that individuals with higher endogenous productions 
will achieve a given level of COHb at lower ambient CO levels. The 
importance of setting margins of safety was discussed in chapter 3. 

4-28 



1.5 - 1.9 

1.9 - 2.4 

2.4 - 3.2 

2.9 - 3.9 

1.7 - 2.1 

2.1 - 2.6 

2.6 - 3.4 

3.1 - 4.1 

1.8 - 2.2 

2.1 - 2.6 

2.6 - 3.3 

3.0 - 3.9 

Standard 	Case 1 
Level 

. 	Baseline 
(nominal) 

physiological 
(PPm) 	parameters 

High range of physiological 
parameters for normal persons 

@ Sea level 	@ 5000 ft 

1.7 - 2.1 

2.0 - 2.5 

2.6 - 3.3 

1.7 - 2.1 

2.0 - 2.5 

2.6 - 3.3 

Case 4 

Typical 
hemolytic 
anemic 
persons 

2.5.-  2.7 

2.8 - 3.0 

3.4 - 3.7 

year. 

end and 20 

endogenous rate 
diffusivity = 

altitude. 

endogenous rate = 
diffus  ivity = 

_ • 

(PPm) 

7 	1.1 - 1.4 

9 	1.3-  1.8 

12 	1.7 - 2.3 

15 	2.1 - 2.8 

Baseline 
(nominal) 

physiological 
parameters 

MI Ili UM MO ill MI 	 MI MI MI OBI MD MI • OM 
; 

1111111 

PREDICTED 

ACTIVITY 

TABLE 4:2-10* 	• 

COHb RESPONSE TO 1-h AND B-h EXPOSURE TO CO AT VARIOUS 

LEVELS, BASED ON COBURN EQUATION BUT USING DYNAMIC CO 

CALCULATIONS AND VARIABLE PARAMETERS * 

COBURN MODEL ESTIMATES FOR CARBOXYHEMOGLOBIN LEVELS ASSOCIATED 
WITH ALTERNATIVE ONE-HOUR CARBON MONOXIDE STANDARDS LEVELSa  

COHb Levels (%) Predicted for a Range of Ventilation Rates for 
Exposure to the Specified Standard Concentration Level for 1-Hourb  

Case 2 	 Case 3 

20 	1.1-  1.3 

25 	1.2-  1.5 

35 	1.5 - 2.0 

aA daily maximum standard with one expected exceedance per 

bCoburn model parameters: 

All Cases: Ventilation rate is 10 liters/min at lower 
liters/min at upper end of range. 

Case 1: As given in - Table 4.2-9 

Case 2: Hemoglobin = 13 g/100m1; initial COHb = 0.7%; 
0.014 ml/min; blood volume = 3500 ml; CO lung 
40 ml/min/torr; Haldane constant = 246. 

Case 3: Same as for Case 2, except for difference in 

Case 4: Hemoglobin = 9 g/100m1; initial COHb = 1.9%; 
0.03 ml/min; blood volume = 4600 ml; CO lung 
25 ml/min/torr; Haldane constant = 218. 

COBURN MODEL ESTIMATES FOR CARBOXYHEMOGLOBIN LEVELS ASSOCIATED 
WITH ATTAINMENT OF ALTERNATIVE EIGHT-HOUR CARBON MONOXIDE STANDARD LEVELS a  

Maximum COHb Levels (%) Predicted on a Day when 8-Hour CO Concen-
tration Just Attains Standard Level, for a Range of Actual Air 
Quality.  patterns Adjusted to Simulate Attainment of the Specified 
Standard . c  

Standard 	Case 1 	 Case 2 	 Case 3 	 Case 4 
Level 

High range of physiological 	• 	Typical 
parameters  for normal  persons 	• hemolytic 

anemic 
@ Sea level 	@ 5000 ft 	 persons 

aA daily maximum standard with one expected exceedance per year. 

bC0Hb responses to fluctiJating CO concentrations were dynamically eval- 
uated using the Coburn model prediction of the COHb resulting from one hour's 
exposure as the initial COHb level for the next hour. Twenty sets of. 1-hour 
average CO concentrations patterns were evaluated to obtain the ranges of 
COHb shown for a given case and standard. 

cCoburn model parameters: (All cases: ventilation rate = IO liters/min) 

Case 1: As given in Table 4.2-9, except a single ventilation rate used. 

Case 2: Hemoglobin = 13 g/1001; initial COHb = 0.7%; endogenous rate = 
0.014 ml/min; blood volume = 3500 ml; CO lung diffusivity = 
40 ml/min/torr; Haldane constant = 246. 

Case 3: Same as for Case 2, except for difference in altitude. 

Case 4: Hemoglobin = 9 g/100m1; initial COHb = 1.9%; endogenous rate = 
0.03 ml/min; blood volume = 4600 ml; CO lung diffusivity = 
25 ml/min/torr; Haldane constant = 218. 

* Reproduced from Biller and Richmond (i982) 

mg/m 3  Conversions: 	PPm  mg/m3  
9 	12 	15 

10 	14 	17 
20 25 35 
23 29 40 



0 
Physiological 
Norm: 	 0.3-0.7 Coburn et al., 

1969 	-- 

Anderson et al 
1973; 
Aronow  and 

 Isbell, 1973; 
Aronow et'al.,_ 
1979 	-- -7—  

Aronow, 1981 

TABLE 4.2-11 

SUMMARY OF ESTIMATED CRITICAL HEALTH EFFECT LEVELS 

FOR CARBON MONOXIDE (CO) EXPOSURE 

Effect 	 COHb 

Approximate Ambient CO 
Levels,(mg/m 3 ) to produce 
stated COHb in resting 
Individuals  
1-hour 	 8-hour References 

Effects at 
Approximately: 	2.5-3.0 79-97 

(70-85ppm) 
17-21 
(15-18ppm) 

Aggravation of 
cardiovascular 
diseases: 

Decreased exercise 
capacity in patients 
with angina pectoris* 
or peripheral 
arteriosclorosis 

*this effect may occur at 
levers as low as 2.0% or less 

Effects at 
Approximately: 	3.0-6.5 97-239 

(85-207ppm)  
21-52 
(18-45ppm) 

Aggravatibn of 
cardioVascular 
disease: 

Changes in heart 
functioning; possible 
increase in cardiac death 
rate 

Aronow et al., 
1974;(see also 
Keeney et al., 
1983; and  
Shephard, 1983) 

- Behavioural changes: 

Impairment of vigilance 
tasks in healthy individuals** 

**this effect may possibly occur 	 e.g. Beard and 
at lower levels 	 Wertheim, 1967 
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Aronow and 
Cassidy, 1975; 
Aronow et al., 
1977 

eg. Drinkwater 
et al., 1979 

Decrease in maximum work time 
or oxygen consumption* 

913iay be highly variable 

eg. Ekblom and 
Huot, 1972; 
Horvath et al. 
1975 

Ayres et al., 
1969, 1970 

Effect 	 COHb % 

TABLE 4.2-11 (CONT'D) 

Approximate Ambient CO 
Levels (mg/m3 ) to produce 
stated COHb in resting 
individuals  
1-hour 	 8-hour References 

- Changes in work 
performance: 

Decreased exercise per- 
formance in healthy persons* 
and in patients with chronic 
lung disease 

*this effect may occur at 
lower levels 

- Impaired fetal 
development: 

Resulting in subtle effects 
such as retardation of read-
ing and mathematical ability 
in childhood* 

*if this is confirmed, 
maternal COHb of 4.1-6.7% may 
be responsible 

see Shephard, 
1983 

Effects at 
Approximately: 5.0-20.0 	176-887 

(155-175ppm) 

- Behavioural changes: 

Decrease in visual perception, 
manual dexterity, ability to 
learn, or perform complex 
sensotimotor tasks (such as driving) 

38-193 
(33-170ppm) 

eg. Bender 
et al., 1971 

- Changes in work performance: 



4.2.3 	Nitrogen Oxides 

Introduction 

The major effects of nitrogen oxides on human health relate to 

damage of respiratory tissue. 	Of these ..coMpounds, only 
nitrogen dioxide can be considered a health hazard at levels 

approximating those found in ambient air. There appears to be con-

cern regarding the effects of both short-and long-term exposures (EPA, 

August 1982), although data with respect to long-term effects is 

sorely lacking. 

The effect of NO2 on airway resistance and other parameters of' 

pulmonary function has been well documented in Controlled human clinical 

studies, but these studies are limited to examining the effects of 

single, short term exposures, and, thus, do not directly address effects 

that may be Caused by repeated exposures over long periods of time. 

Increased incidence of respiratory illness attributable to NO2 ex- • 

posure has indeed been suggested by a number .of 'epidemiological 

studies, although methodological restrictions have generally cast dàubt - 

on thé qùantitative extrapolations of these findings. The ability of 

NO2.to  damage  lung tissue and increase susceptibility t6 respiratory 
infection .hasbeen . demonstrated by numerous animal toxicological.studies. 

The nature of the deleterious effects attributable to NO2 will be . 
discussed below ç ,along with thesort and quality of the substantiating 
evidence, and the consensus within the scientifc community as to 

exposure levels at which these effécts. may, be expected to. occur. . 

Nitrogen oxides, of course, also contribute.indirectly to health, 

effects through their role in the .formation  of ozone and acid rain. 
The adverse health effects attributable to these latter substances 

will be discussed. in Section 4.2-4 and 4.2.7, respectively. 

The Nature and Mechanism of NO2 Toxicity: A Review of the Animal Data 

The highly reactive but relatively insoluble nature of NO2 results in 
chémical interaction and absorption along the entire tracheobronchial 



tree. 'The sequence of évents  that occursin the respiratory system 

of  animals following short term single exposures of 4 hours or less • 

has been well described and is portrayed'in Figure 4.2-6. 	It is 

important to note that the effects,of NO2 may not peak for several 

hours after exposure, and subjects may not fully recover for several 

days after removal from.  exposure. 

The sequence of events during long-term continuous exposure of animals 

to NO2 has been shown to be similar to the sequence for short-term 

exposures as portrayed in Figure 4.2-7. It should be noted that 

susceptibility to infection rises nearly linearly over time due to 

the increasing destruction of pulmonary defenses. Pulmonary function 

changes begin after a longer period of exposure, and emphysema-like 

alterations have been reported to occur in animals following extended 

exposure to relatively low levels of NO2 (Port et  al., 1977). 

Table 4.2-12 presents some of the effects of short-term exposure 

to NO2 observed in animal studies, as summarized by the-U.S. EPA 

(August, 1982).. It seems that multiple exposures in -  the range of 

0.38 to 0.94' mg/m 3  (0.2 ppm to. 0.5 ppm) for several hours account 

for many of the reported effects. It is partiCularly noteworthy 

that exposure of animals.to concentrations In 'the range that occurs 
in ambient air appears to be assoc.iated with decrease in resistance 
to bacterial infection. Table 4.2-13 presents the effects occurring 
in . animals exposed to NO

2 over relatively long periods, as summarized 
by the U.S. EPA (Augubt,.1982. ),'. Some of these'effects, for-example, 
emphysematoils alterations, can2 be -Considered as›seribus,. ifrèversible 
health effects. Recent reports have also appeared in the literature 
iMplicating NO2 exposure to effects not listed in these tables. 

For example,.Richters and Richtefs (1983) have concluded:from their 

animal'experiments that NO2 facilitates blood-borne cancer cell 	- 

metastasis. Attempts are underway to quantitatively extrapolate 

the results of the animal studies directly to humans. In the in-

terim, these studies serve at least to alert to potential serious 

health effects in humans. 
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*Reproduced from E.P.A., Aug. 1982. 
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Figure 4.2-7 
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Temporal sequence of injury and repair hypothesized from 
continuous exposure to NO 2  as observed in experimental animals.* 
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6600 	 3.5 	4 6 hours followed by 	Increased mortality by 31.9%. 
challenge with S. 	Concentration (ppm) x time 
Re9P.D.9.1 	 (hr) v 21 (mouse) 

For a given dose (UT) concentration has 	Gardner et el., 
1979 a greater effect  tirait  time 

Table 4.2-12 Selected Animal Studies Demonstrating Effects for Short-lerm Exposures 

to 1102 * 

NO 2 Concentration 
ppm  

(Jurai (on of 
Exposure 

Dlologleal 
Effect 

Implications of 
Effect Women 

0.20 
1760 	2,0 
36,500 	19,0 

3 hours 	 Inhibition of proStaglandin C, 
breakdown after 10-hour delaylrat) 

SivnIfIcsnt Out delay More appearance 
of  affect;  interference of 110 2  with  hormone 
metabolism 

Menzel, 1980 

3110 	0,20 to 
tu 	 50 
91,000 

- 	- 
4 hours 	 In vivo biosynthesis of nitroso- 

moreeine after pre-exposure to 
morpholine (mouse) 

In vivo biosynthesis of carcinogenic Weeds following exposure to NO 2  
lqbal et al., 
1980 

3 hours 	 Increased pentobarbital-induced 
sleep time in females; effect 
disappeared'for repeated exposures 
(mouse) 

— — 
Suggests NO, interference with xenobiotic 	Miller et al., 
(liver) metabolism. Females more sensitive 	1980 
to  6  single.80, exposure; adaptation or 
tolerance; exthapulnenary effect 

470 	0.25 

4 hours/daY. 
7 to 14 days 

Proteinuria (proteinulm urine); an 
analysis revealed presence of 
albumin and n. 0, 0 globulins 
(guinea pig) 

Repeated  short-terni  exposures to 00 2 
 induce kidney damage 

Sherwin and 
tayfield, 
1974 

750 0.40 

910 	0,50 - 	Intermittent 6 to 18 	187. Increased 'tonality (p n 0.05) 
hr/day, for 6 manths . 	over contnals due to decreased 
followed by challenge 	resistance to Infection (muse) 

. 	to K. Pneumonia's 

Repeated'exposures to NO, reduce 
resistance to bacterialinfections 

Ehrlich and 
Henry, 1968 

910 and 	0.50 and 
1880 	1,0 

4 hours and 1 hour DegranulatIon of mast cells (rat) Single NO, exposures cause release 
of substahces with various activities 
including ability to increase airway 
resistance 

Mons et al., 
1967 

Alterations in levels of variety.of 
brain enzymes (guinea pigs) 

After 1 week, mortality with continuous 
exposure greater (p (0,05) than that 
for intermittent. After 2 weeks, no 
significant difference between 
continuous and intermittent exposure 
(mou ce)  

Repeated NO, exposures may induce 
changes in brain enzyme levels; 
extrapulmenary effect 

Single exposure io NO, during 
exercise increase suseeptibility 
to infection at or above 2.0 ppm 

Even though total dose Is greater for 
continuous exposure, susceptibility 
to infection becomes equivalent for 
Continuous and Intermittent over  tinte, 
suggesting repeated peaks are more 
Important than continuous levels of 00 2  

Single exposure to NO, can increase 
susceptibility to infection 

Drodz et al., 
1975 

Gardner and 
Graham, 1976 

Ming Pt AL, 
1980 

Ehrlich et al., 
1977 

3 hours followed by 	increased mortality only for 
challenge With S. 	' 	animals exposed to 3 ppm NO, 
pyoene 	 during exercise (moue)' 

Continuous or 7 hr/day 
7 days/wk followed by 
challenge with S. 
pyogenes  

8 hours/day 
180 days 

4 hours/day, 
5 days/week. 
21 or 36 days 

Isolated swollen collagen fibers 
(rabbits) 

Repeated short-term exposures to NO, 
Induce morphological alterations; ' 
extrapulmonary effect 

Buell, 1970 

Alveolar damaye (mouse) 

Acid phosphatase levels increased 
(guinea 'plg) 

Repeated exposures to MO, Induce 
marphologIcal changes which reduce 
oxygen transfer cnpacity or lungs 

Repeated short-tenu exposures to NO2 
alter enzyme levels in the lungs 

'Blair, et al., 
1969 

Shmy In 0 
al., 1971 

940 

/50 

910 

3760 	2,0 	 3 hours followed by 
challenge with S. 
Mimes  

Increased mortality (p '0.05) 
(mouse) 

1000 	0,53 

1800 	. 1.0 
3760 
5600 	3,0 

1,5 2800 .  

411) 0.25 

0,4o 4 hnutl/day, 7 days 

Increase in serum enzyme (1.00, CPK, 
SOOT, SGPT, CHE, lysozyme) levels 
in lungs; decrease in  rd  blood 
cell glutathione peroxidase levels 
(guinea pig) 

Repeated exposures tn NO, alter 
enzyme levels  in lungs, Indicative of 
generalized damage to the lung 

Donovan et 
al., 1976 	. 
Menzel et al., 
1977 

6, 18 or 24 hr/day. 
12 months 

0.50 

0.50 8 hours/day, 7 days 

6600 	3.5 	 Continuous or 7 hours/ 
day 

7 days/week 15 days 

Gardner et al., 
1979 

Increased mortality with increased 	Concentration Is more Important than 
duration of exposure. No significant 	duration of exposure In determining 
difforence.betveen continuous and 	effects from a given dose 
intermittent  exposure. With data 
adjusted for total difference in 
CxT mortality essentially the SAM 
(mouse) 

*Reproduced from E.P.A., Aug. 1982. 

See source for complete references 
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Continuous for 7 
days 

Red blood cell 0-2,3-diphospho-
glycerate was significantly 
increased (p < 0.05) (guinea pig) 

This may be indicative of tissue 
deoxygenation 	" 

Mersch et al., 
1973 

Table 4.2-13 Selected Animal Studies Oemonstrating Effects for Long-Term Exposures 

to NO2 *  

188 	0.1 	 Continuous for 6 
months with 1.0 
ppm spikes for 
2 hr/day 

• Structural alterations in bronchioles 
and alveolar ducts (mouse) 

Combination of very low level continuous 
exposure to NO2  with daily peaks causes 
emphysema like changes in relativelY 
short time period 

Port et al., 
1977 

600 0.36 

Biological Ouration of 
Exposure Effect' 

ReferenceS. 

N0
2 
 Concentration 
 , 

ug/e 	ppm 
•Implications of 

Eflect 

750 	0.40, 	Continuous for 7 
1.0 	 days 

Increase in lung protein content 
(Vitamin C deficient guinea pig) 
In one study, buMnotper at the 
lowest concentration 

Most likely due to plasma leakage, which 
may be indicative of pulmonary edema 
and cell death; Vitamin C deficiency 
increases susceptibility 

Sherwin and 
Carlson, 1973 
Selgrade et al., 
1981 

Continuous for 17 to 
18 months 

Reduction in growth rate and body 
weight; growth improved by dietary 
Vitamin E supplement (mouse) 

NO2 impairs metabolism and growth process Csallany, 1975 
Csallany and 
Ayaz„ 1978 

910 	0.5 5 ilys/week for 
3 or 6 weeks 

Increased retention of protein in 
pulmonary air spaces  (flouse)  

Suggestive of pulmonary edeme Sherwin et al., 
1977 

0.4 
to 
1.0 

750 to ' 
1880 

940 	0.5 	 Contlnudus for 14 
days 

Protein (Albumin and globulins) in 
urine (guinea pig) 

Suggestive of kidney damage Sherwin and 
Layfield. 1974 

940 	0.5 	 Continuous for 7 
days 

nigher lysozyme, plasma 
cholinesterase, and other enzyme 
levels (guinea pig) 

Indicative of liner and heart damage Menzel et al., 
1977 
Donovan et al., 
1976 

940 	. 	0.5 	 Continuous for 4 
months 

Alterations in blood enzyme levels 
(9olde 4  P 1 9) 

Indicative of liver  damage  (hepatic lesions) Menzel et al., 
1977 ' 
Donovan et al., 
1976 

940 	0.5 	 Continuous for 90 
days or 12 months 
followed by challenge 
of %. pneumoniae 

Increased mortality (p <0.05) 
after 90 days and after 12 months 
due to respiratory infection (mouse) 

NO, increases suscePtibility to respiratory 	Ehrlich and 
infection 	 Henry, 1968 

940 	0.5 	 Continuous exposure 
for 5 days/week (21, 
28, 33 weeks) with 
daily 1-hour peaks of 

.22 ppm 

Alveolar -macrophage damage and 
morphological alterations (mouse) 

NO, reduced effectiveness of pulmonary 
defenses 

Aranyi et al., 
1976 

Various pulmonary effects indicative of 	Hattori and 
potentially serious lung damage. 
Reduction in resistance to respiratory 
infection. Evidence suggestive of changes 	Hattori, 1973 
in terminal bronchioles; decreased 
clearance of particles 

Takemura, 1974 

Continuobs for 1 
month 

Damage to tracheal mucosa and cilia 	Reduction in resistance to respiratory 
(mouse) 	 Infection; decreased clearance of particles 

Hattori et'el., 
1972 
Nakajima.et al.. 
1969 

1880 	1.0 	 Continuous for 493 
days, challenge 5 
times with monkey 
adapted Influenza . 
virus 

Reduced immunological activity; 	NO  reduces effectiveness of pulmonary 
slight emphysema thickened bronchial 	defenses and may induce morphological 
and bronchiolar epithelium (monkey) 	changes 

fencers et al., 
1966 

1880 	1.0 	 6 months continuous, 
followed by intra-
nasal challenge with 
D. pneumoniae  

Increased respiratory infection and 
mortality (guinea pig) 

NO, reduces ability to defend against 	Tosmider et al., 
pulmonary infection 	 1973 

No changes in terminal bronchi. Cilla 
lost and altered by 72 hours. Greater 
cilia loss and focal hyperplasia by 7 
days. Regeneration of cilia by 14 days. 
Substantial recovery by 21 days (rat) 

3760 	2.0 	 Continuous for 43 days 

2.0 	 Continuous for 14 
months 

Hypertrophic epithelium, particularly 
in the area of respiretory bronchiole 
(monkey) 

Advanced stage of morphological damage Furriosi et al., 
1973 

3760 

0.5 
to 
0.8 

940 
to 
1500 

. Continuous for 39 
days followed by 
challenge of A/PR/ 
8 virus • 

Significantly increased rate of 
respiratory infection (female mouse) 

NO, increases susceptibility to respiratory 	Ito, 1971 
infection 

Continuous for 12 
months 

Loss of cilla, alveolar edema, 
bronchial hyperplasia, fibrosis 
(mouse) 

Continuous for 33 
months 

Decreased respiratory rate (% 205 ). 
Gross and microscopic alterations 
(rats) • 

Evidence suggestive of microscopic changes 	Freeman et al. ,  
in terminal bronchioles 	 1966"° 

Suggestive of adaptation or tolerance to 	Stephens 
NO2 et al., 1972. 

940 
tu 

0.5 	. 
to  

1.0 

940 0.5 

0.8 • 1500 

Rcorcduccd from E.P.A., Aug. 1_382 See source for complete references 
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Health Effects Attributable to Single or Short-Term Exposures: 
Results of Experimental Studies in Humans 

Table 4.2-14 summarizes the major effects of NO2 exposure reported 

from clinical human studies (EPA, September 1982). . Similar summaries 

have been prepared by the WHO (1977), Burton et al. (1981) and 

Ferris(1982). Each of these health effects will be elaborated upon 

briefly below. 

Pulmonary Function Changes: It has been clearly shown that increased 

airway resistance and other changes indidative of impaired pulmonary 

function occur in healthy adults exposed to single 2-hour NO2 con- 

centrations ranging from 4.7 to 13.2 mg/m3 
(2.5 to 7.0 ppm) (Yokoyama 

1972, Nieding et al. 1970, 1973 and 1977; Abe 1967, Beil and Ulmer 

1976). Certain studies also indicate statistically significant pul-

monary effects in healthy subjects after shorter duration exposures 
(3-15 min.) to NO 2 concentrations below 3.8 mg/m

3 (2.0 ppm) alone or 
in combination with NaCl aerosol (Nakamura 1964; Abe 1967; Nieding 
et al. 1970, 1973; Suzuki and Ishikawa 1965). One study (Suzuki and 
Ishikawa 1965) reported altered respiratory function after exposure 
to NO 2 levels of 1.3-3.8 mg/m

3 (0.7 - 2.0 ppm) for 10 minutes, although 
it has been pointed out (EPA, September 1982) that a clear association 
between the observed effects and any particular concentration within 
this range was  nt  possible. The EPA also noted that Hackney et al. 
(1978) found only a marginal loss in Forced Vital Capacity. (FVC; the 
amount of air that can be expired from the lungs after a maximal in-
spiration) after a 2 hour exposure to 1.9 mg/m 3  (1.0 ppm) NO 2  on two 
successive days. They therefore questioned the significance of this 
finding (ibid). Similarly, Kerr et al. (1979) reported changes in 
lung compliance in 10 healthy adults exposed for 2 hours to 0.94 mg/m 3 

 (0.5 ppm), but again the authors questioned the biological significance 
of their own findings and concluded that the exposure was not as-
sociated with significant decrement in pulmonary function. The con-
clusions reached by  Bell and Ulmer (1976) and Folinsbee et al. (1978) 
that there was no physiological significant pulmonary effects at 

3 exposure levels of 1.88 and 1.13 mg/m (1.0 and 0.6 ppm) NO 2  for 2 



9,400 	5.0 	NO 2  14 hrs. 

Table 4.2 - 14 EFFECTS OF EXPOSURE 10 NITROGEN DIOXIDE ON ** 
PULMONARY FUNCTION IN CONTROLLED STUDIES OF HEALTHY HUMAN ADULTS, *  

No. of 

	

Concentration 	Poilu- 	Healthy Exposure 

	

PPm 	tant 	Subjects 	Time 	Effects ' 	 Reference 

13,000 	7.0 	NO 2  Several 	10-120 	Increased R, ' in sol subjects. Others. 	Yokoyama, 
min. 	tolerated  3O00 lig/m (16 ppm) with no 	1912 

increase in R. 

9,100 	5.0 • NO 2 . 11 11 . 	2. hrs. 	'Increase in R ' and a decrease in AaDO," 	von Nieding 
with intermitent light exercise. No 3 eh- 	et al., 
hancement of the effect whe5 200 pg/m 	1977 

• (0.1 . ppm) 0 1  and 13,000 p/m (5.0 ppm) 
SO, were coMbined with NO2  but recovery 
tiMe apparently'eXtended. 

9,400 	5.0 	NO 2  16 	15 min. 	Significant decrr-ase in Dl co" 	 von Nieding• 
et al., 1973 

9,400 	5.0 	NO 2 13 	15 min. 	Significant decrease in Pa0,e but end ex - 	von Nieding 
piratory PO 2 A  unchanged with significant 	et al., 
increase in systolic pressure in the 	1970 
pulmonary artery. 

. 	 ,. 
7,500 	4.0 	NO 2 	5 	10 min. 	40% decrease in !Ling compliance 30 min. 	Abe, 1967 
to 	to 	 after exposure and increase in expiratory 

9,400 	5.0 	. 	 and inspiratory flow resistance that 
reached maximum .10 min. after exposure. 

	

5,600 	3.0 	NO2 

	

11,300 	6.0 	NO 2  

1 	5 Min. 	Increase in R 	f:ompared to  pie-exposure 	Nakamura, 
. 	values (enhaked by NaC1 aerosol). 	1964 

1 	5 min. 	More subjects were teSted at higher 
exposures. 

8eil and 
Ulmer, 1976 

1,880 	1.0 	NO 2 	• 8 	2 hrs-. 	No increase in R
aw' 

	

4,700 	2.5 	NO 2 	. 	8 	2 -hrs. 	Increased R 	with no further impairment . 
. at higher ctecentrations. No change in 

• arterial P 02 pressure or PCO
2 

pressure. 

	

14,000 	7.5 	NO 2 	16 	2 hrs. 	Increased sensitivity to a bronchocon- 
strictor (acetylcholine) at this concen- 
tration but nol'at lower concentrations. 

Increase in R 	during first 30 min. that 
was reduced teough second hour followed by 
greater.increases measured at 6, 8 and 14 
hrs. Also increased susceptibility to a 
bronchOconstrictor (acetylcholine). 

1,300 	0.7 	NO, 	10 	10 mins. 	Increased inspiratory and expiratory flow 	Suzuki and 
4 to 	to 	 - resistance of approximately 50% and 10% of lshikawa, 

3,800 	2.0 	 control values measured 10 mins. after 	.1965 
• • exposure. 

1,880 	1.0 	NO, 	16 	• 	2 hrs. 	No statistically significant changes 	Hackney et al. 
in pulmonary ( unction tests with 	 1978 
exception of small changes in FVC. 
(See page 1 - 9 and 15 - 17).) 

1,150 	0.6 	NO 2 15 	2 hrs. 	No physiologically significant changes 
in cardiovascular, titabolic, or 
pulmonary functioni after 15, 30 
or 60 mins ,  of exercise. 

Folinsbee 
eL al., 1978 

*** Reproduced from E.P.A. Sept. 1982; See source for complete references 

(Cont'd) 
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Table 4.2-14 (Continued) 

No. of 

	

Concentration 	Polio- 	Healthy Exposure 

	

F;71 	tint 	Subjects 	Time 

	

1,000 	0.50 	0 3  

	

1,000 	0.50 	0 3  
with 

	

560 	0.29 	NO
2 

	

1,000 	0.50 	0
3  with 

	

560 	0.29 	NO2 and 

	

45,000 	30.0 	CO 

4 	4 hrs. 	With each group minimal alterations in pul- Hackney 
munary function caused by  O.  exposure. 	et al . , 
Effects were not Increased dy addition of 	1975 
NO 2 or NO 2 and CO to test atmospheres. 

Hackney 
el al., 
f9/5 

500 	,0.25 

500 	0,25 	0 3 with 
560 	0.29 	110 2 

WI 1.0 

	

560 	0,29 	110 2 and 

	

15,000 	30:0 	CO 

-2 hrs. 	Little or no change in pulmonary function 
found with 0, alone. 	Addition of NO, or.  
df NO, and Cd did not noticeably incFease 
the effect. 	Seven subjects inclUded some 
believed  to  be unusually reactive to 
respiratory irritants. 

500 	0.25 	0 3  

	

1,880 	1.0 	NO 2 

	

to 	to 

	

3,160 	2,0 

10 	2 1/2 hrs 	Alternating . exerclse and rest produced 
significant decrease for hemoglobin, 

- hematocrit, and erythrocyte acetyl- . 
cholinesterase. 

Posin et al., 
1978 

100 	0.05 	NO 2 with 
50 	0.025 

and 
300 	0.11  

11 	' 2 hrs. 	,MO effect on R, or AaDO,; exposed sub- . 
jects showed ereased sénsitivity of 

• 	 bronchial tree to a bronchoconstrictor 
(acetylcholine) ovgr controls not exposed 

' 	to pollutants. 

von Nieding 
et al., 1977 

"R 	: 	airway resistance 	 , 
aW 	 . 	 . 

, 

Aa00 2: difference betWeen alveolar and arterial brood partial pressure of oxygen 

DI. 	. 	diffusion capacity' of thé lung for carbon monoxide 

	

CO ' 	 . 

	

Pa 0
2 : 	

arterial partial pressure of oxygen 	 . 

	

P 0 2 : 	partial pressure of oxygen  

	

PCO 2  : 	partial pressure of carbon dioxide 

"By descending order of lowest concentration evoking a significant effect; 

*** Reproduced from E.P.A. Sept. 1982; See source for complete references 

(Cont'd) 



Table 4.2-14 (continued) 

*** 
EFFECTS OF EXPOSURE TO NITROGEN DIOXIDE ON SENSORY' RECEPTORS IN CONTROLLED NUM STUDIES 

NO2  Concen- 	 Time 	 No. of 
trations 	No. of 	until 	 Subjects 

pew' 	ppm Subjects 	effect 	 Effects 	 Responding Reference 

790 	0.42 	8 	Immediate . 	Perception of odor-of NO2 	 8/8 	Henschler et al., 
1960 

410 	0.22 	13 	Immediate 	Perception of odor of 1402 	 6/13 	Ibid 
• 

230 	0.12 	9 	Immediate 	Perception of odor of NO2 	 - 3/9 	Ibid. 

230 	0.12 	14 	Immediate 	Perception of odor of NO2 	 most 	Shalamberidze, 

200 	0.11 	28 	Immediate 	Perception of odor of NO2 	 .26/28 . , Feldman, 1974 

0 	0 	6 	54 minutes 	No perception of odor of NO, when 	0/6 	- Henschler et al., 
to 	to 	 concentration wa§ raised slthrly from 	 1960 

	

51,000 27 	 0 to 51,000 pg/m , 

2,260 1.2 	6 	Immediate 	Perception of odor improved - when 	6/6 	Ibid. 
relative humidity was increased from 
55% to 78% 

140 	0.07 	4 	5 and 25 	Impairment of dark adaptation 	4/4 	Shalamberidze, 
minutes 

150 	0.08 	5 	Initial 	Increased time for dark adaptation 	Not 	Bondareva, 1963 
to 	to 	 at 500 pg/m (0.26 ppm) 	 Reported 

500 	0.26 

Repeated 	Initial effect reversed 
over 3 
months 

*** Reproduced from EPA September 1982; See source for complete references 



hours have also been noted by the U.S. regulatory authorities (EPA, 

August 1982) as were the conclusions reached by Hackney et al. (1975a, 

b and c) and Von Nieding et al. (1977) that there were not physiological 

significant effects at NO 2  levels below 0.56 mg/m 3 (0.3 ppm) in the 

presence of various other air pollutants. 

-. 	. 
Burton et al. (1981) displayed the 'effect' and 'no effect' studies 

graphically to .-aicLthe Canadian authorities in their Teview of the air 
---,- 

quality criteria - for UO 2 , -  as , shown in Figure-4-.2-8 and Table 4.2-15, 

and Figure 4.2.9and Table '4:2-16, respeCtivelY .. These figures il-

lustrate that there is considerable divergence among the studies and 

that  there are some investigators who , have reported effects at levels 

at or.below.the current tolerablelevels, and some who failed to find 

effects at concentrations evenabove.these levels. This endeavour 

also indicates which studies most.merit careful evaluation, 

The EPA noted that exceptionreported - by Niéding et al. (1977) that 

increased sensitivity to bronchoconStriction occurred at 0.094mg/m 3 

(0.05 ppM)'NO 2  in thepresencéj. of 0.05 Mg/m3  (0.025 ppm)ozone and  . 
0.29mg/m,3 (0.11Appm) SO . However, the EPA felt that in view of 1) 

the controversy Over the heàlth significànce of altered sensitivity 

to bronchoconstriction, 2) uncertainty due to 'methodological differ-

ences between his techniques and those used by other investigators, 

and 3) - lâck of àbiiInTratir6ri -df'Ëbesïilts by other researchers, 
this  finding cannot be regarded as conclusive evidence for respiratory 

effects occurring at NO 2  concentrations substantially below 1.88 mg/m 3 

(1.0 ppm) for healthy adult subjects. In their conclusions, the EPA 

took'intà - accoùnt the health -  signifidance  Of the alterations noted by 
pointing out that concentrations above 9..4 mg/m3  (5.0 ppm) for as 
little as 15 minutes would increase airways resistance in healthy human 

adults, as well as impair normal gas transport, however, concentrations 
of 4.7 mg/m3 (2.5 ppm) for 2 hours would increase airways resistance 
but would not impair gas transport, as would single exposures for 15 
minutes to NO 2 at concentrations of 3.0 mg/m 3 

(1.6 ppm). They felt 
that single . exposures for times ranging from 15 minutes to 2 hours 
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Figure 4,2-8 	Relevant Studies Demonstrating Effects of Nitrogen Dioxide on 
Humans Shown According to Concentration and Duration of Exposure* 
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CODES: 

TO = Canada's existing tolerable level of NO2 ' 
AC = Canada's existing acceptable level of NO2 
DE = Canada's existing desirable level of NO2 
AH = Animal: Human; AL = effect 
* Reproduced from Burton et al., 1981. 	See source for complete references. 

Tàble 4.2-15 Data List for Nitrogen Dioxide Effects on Humans* 

POLLUTANT : NITROGEN DIOXIDE 

CONCENTRATION 	TIME 	EXPOSURE 	REFERENCE 	 CATEG. 
NG'MY3 	PPM 	HOURS 	TYPE 	11 

6(1.49 	0.26 	1.00 	C 	1 BONDAREVA 1963 	 AHil 
• 0.19 	0.10 	0.50 	C 	2 VOISIN ET AL 1977 	 RHO 
• 0.21 	0.11 	1.00 	C 	3 OREHEK ET AL 1976 	 AH0 
60.23 	0.12 	0.50 	C 	4 HENSCHLER ET AL 1960 	 AHO 
• 0.56 	0.30 	3.80 	C 	5 CASE ET AL 1975 	 Alli 
0.75 	0.40 8760.00 	1 	6 KOSMIDEP t MISIEWICZ 1973A 	AH0 
0.75 	0.40 8760.08 	1 	7 KOSMIDER 1 MISIEWICZ,19738 	AH0 

• 0.21 	0.11 	0.03 	C 	8 FELDMAN 1974 	 AHO 
• 0.94 	0.50 	2.00 	C 	9 KERR ET AL 1978 	 AHO 
• 1.32 	0.70 	0.17 	C 	10 SUZUKI & ISHIKAWA 1965 	 AHO 

1 .88 	1.00 	7.50 	I 	11 BUCKLEY ET AL 1977 	 AHO 
• 1.88 	1.00 	0.03 	C 	12 SMIDT 1 VON NIEDING 1974 	HHe 

	

1.88 	1.00 	1.00 	C 	13 VON NIEDING t WAGNER 1975 	AHe 

	

1.88 	1.00 	5.00 	I 	14 POSIN ET AL 1978 	 AHO 
2.82 	1.50 	0.25 	C 	15 VON NIEDING ET AL 1973 	 RHC 

• 3.01 	1.60 	0.03 	C 	16 VON NIEDING ET AL 1971 	 AHe 
4.70 	2.50 	2.00 	C 	17  OEIL  t ULMER 1976 	 Ame 
5.64 	3.00 	0.08 	C 	18 NAKAMURA 1964 	 AHO 
7.52 	4.00 	0.25 	C 	19 VON NIEDING ET AL 1971 	 AHO 
7.52 	4.00 	0.17 	C 	20 ABE 1967 	 AHC. 
9.40 	5.00 	2.00 	C 	21 VON NIEDING & WAGNER 1977 	AHO 
9.40 	5.00 	0.07 	C 	22 STRESEMANN t VON NIEDING 1970 AH0 
9.40 	5.00 	0.25 	C 	23 VON NIEDING ET AL 1973 	 RHEI 
9.40 	5.00 	1.00 	C 	24 YOKOYAMA 19678 	- 	 RHO 
9.40 	5.00 	0.05 	C 	25 VON NIEDIHG  I.  KREKELER 1971 	RHO 
11.28 	6.00 	0.08 	C 	26 NAKAMURA 1964 	 AND 
26.32 	14.00 	1.00 	C 	27 YOKOYAMA 19678 	 AFI: 
28.20 	15.00 	0.25 	C 	28 VON NIEDING & WAGNER 1975 	AND 
28.20 	15.00 	0.17 	C 	29 YOKOVAMA 1970 	 AN1: 

632.81 	336,50 	2.00 	C 	30 CASSAN ET AL 1976 	 AK 

CODES: 

Papers considered critical to the revision of the existing subjectives 
Exposure Type: C = constant; I - intermittent 
# = refer to Figure 4.2-8 
Category: A = Animal, H = Human; 0 = effect 

*Reproduced from Burton et al., 1981. 	See source for complete references. 
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Figure 4.2-9 Relevant Studies Demonstrating No Effects of Nitrogen Dioxide on 
Humans Shown According to Concentration and Duration of Exposure* 

NITROGEN DIOXIDE 

7 

0.01 
0.01 

g 	ii 	 Y •1 	
*Hit; 	g  

10 	- 	-100 - 	•I000 , 	10000 

HOURS CODES: 

TO = Canada's existing tolerable level of NO2 
AC = Canada's existingacceptable leVel Of - NO2  
DE = Canada's existing desirable level of NO2 

AH = Animal: Human; AL = effect 

* Reproduced from Burton et al., 1981. See sourc e.  for complete references. 
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- 	Table 4.2-16 Data List for No Effects of Nitrogen Dioxide on Humans* . 	. 	• 	• 	 . 
• 

	

:'OLLUTANT : NITROGEN - DIUXIDE . 	. • 
• 

CONCENTRATION: — 0 11 Mg H'EXPOSURE 	REFERENCE 

	

MG 113 	PPM - 	HOURS , 	. TYPE • # 

• 0 	0 ..16 • 	1.60 	C 	1 BONDAREVA 1963 ' 
• 0.94 	0.50 	• r,3.00 . . . . 	C 	2 HACKNEY ET AL 1973 
• 1.17 	0.62 , 	2.00 • ' 	C 	3  FOLINSBEE  ET  AL 1978 

	

. • 1.88 	, 1.00, 	 C 	4 HACKNEY ET HL 1 978 
• 1:.2.16 	7.00 	• 0 ..17- ."' 	 5 	YOK:OYAMPI 1967A 
• 78.0 	15.00 	0.05'' 	C 	6 DE VRIES 1976 
• 50.76 	27.00 0 -.90 , 	C 	( HENSCHLER ET AL 1960 

CODES:  

Papers considered critical to the revision of the existing subjectives 

Exposure Type: C = constant; I = intermittent 

= refer to Figure 4.2-8 

Category: A = Animal; H = Human; 0 = effect 

Reproduced from Burton et al., 1981. 	See source for complete references. 
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to NO 2 at concentrations of 2.8 mg/m3  (1.5 ppm) or below have not 

been shown to affect respiratory function in healthy individuals 

(or for that matter, in bronchitics). 

Symptomatic Effects: The EPA (August 1982) dissected out the 

studies reporting symptomatic effects in individuals experimentally 
exposed to NO 2  in an attempt to better appraise the health signi-
ficance of the observed pulmonary function changes. Hackney et al., 

(1978) observed an increase in symptomatic effects (cough, chest 

tightness, laryngitis and nasal discharge) in 5 of 16 healthy 

adults exposed to 1.88 mg/m 3  (1.0 ppm) NO2 for 2 hours. The EPA 
(ibid) noted, however, that the difference failed to reach statis-

tical significance and that the health significance of the symptom 

increases was questionable. In the study by Kerr et al., (1979), 

only 1 of 10 healthy subjects reported mild symptomatic effects 

associated with exposure to 0.94 mg/m 3  (0.5 ppm) NO 2  for two hours, 

however, 7 of 13 asthmatics reported various symptoms during or after 
exposure to 0.94 mg/m3  (0.5 ppm) NO 2  for 2 hours, with 15 minutes of 

light or moderate exercise during the exposure. The particular rele-

vance to NO2  exposure on individuals with chronic lung disease will 

be summarized below. 

Non-Pulmonary Effects: Detection of NO2  as a noxious odour has been 
shown to occur at concentrations as low as 0.21 mg/m3  (0.11 ppm) 
(Feldman 1974). Effects on sensory perception functions, such as 
dark adaptation, occur in human subjects at NO 2  exposures as low as 
0.13 to 0.15 mg/m3  (0.07 to 0.08 ppm) (Shalamberidze 1967; Bondareva 
1963). 

Health Effects of Long Term Continuous Exposure and/or Repeated 
Short Term Peaks: Results of Epidemiological Studies. 

It is generally believed that the most serious health effects of NO 2 
 are probably attributable to repeated exposures to peak concentrations 

rather than single exposures at continuous low level concentrations 



I. 

t. 

I.  

(EPA, August 1982; WHO 1977). These effects cannot be examined in 
controlled human experiments for obvious ethical reasons, and re-
liance on epidemiological studies therefore becomes necessary. Un-
fortunately, as explained in Section 4.2.1, interpretation of epi-
demiological studies, or the effects of individual pollutants, is 
unavoidably complicated by the complex mixture of pollutants in 
ambient air. Moreover, community studies on the effects of NO2 ex-
posure conducted prior to 1973 are of particularly questionable 
validity due to the use of the Jacobs-Hocheiser method of measuring 
atmospheric concentrations of NO2 . 

Community Studies: Among these studies were those conducted by Shy 
et al. (1970a and b) and Pearlman et al. (1971) in Chattanooga'which 
housed a TNT plant, providing a large source of  ambient NO2. These 
investigations reported small, but statistically significant decreases 

in Forced Expiratory Volume (FEV: the amount of air that can be .  
exhaled in a given time period, after maximal inspiration) in 7 to 
8 year old children living in areas with higher NO2 concentrations, 
compared to those living in lower NO2 areas. They also reported  an 
increased incidence of acute respiratory disease in high . NO2areas. 
The EPA (August 1982), the WHO (1977) and others (eg. Roth et .  al. 
1982; Ferris, 1982) have questioned the physiological and statistical 
significance of these findings, as well as the NO2 exposure estimates 
to which the reported effects have been attributed. 

The results of these and other community epidemiology studies are 
summarized in Table 4.2-17 (see Burton et al. 1981 for a more cm- _ 
prehensive list and detailed description of each study). Most of the 
studies indicated that no significant pulmonary function effects 
were observed in populations exposed to peak levels of NO2, alone 
or in combination with other pollutants (all less than 1.88 mg/m 3  NO2 
(1.0 ppm) (Cohen et al., 1972; Speizer and Ferris 1972a and b; 
Burgess et al., 1973; Linn et al., 1976). The one exception was a 
study (Kagawa and Toyama 1975) which reported correlations between 
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Sulphates: 10-13 
502: <26 

Particulates: 63-96 

0.08-0.15 

0.055 502: 91 

0.14-0.30 

0.06-8.09 

1 h conc: 
40-360 During warmer part of 

year, NO2, 502 and TSP 
significantly correlated 
with Vmax  at 25% and 50% 
FVC specific airway con-
ductance. Significant 
correlation between each 
of four pollutants (NO2, 
NO, SO2 and TSP) and Vmax 
at 25% and 50% FVC; but no 
clear delineation of specific 
pollutant concentrations 
at which effects occur 

'Kagawa and 
Toyama, 1975 

TABLE 4.2-17 

EFFECTS OF EXPOSURE TO NO 2 ON PULMONARY FUNCT/ON IN COMMUNITY EPIDEMIOLOGY STUDIES 

NO2 Exposure Concentrations 

Ug/M 3 	 EEa 
Daily Mean Cohé.  

150-282 

Daily Mean Conc. 	0.08-0.15 	Sulphates: 10-13 
150-282 	 502: <26 

Particulates: 63-96 

Median hourly conc.  
66-132 	 0.035-0,07 	SO2: 157 

Particulates: 
Oxidant: 137 .  

Mean annual 24 h 
Conc. 

 100 

1 h mean  
High exposures: 

260-560 
Low exposures: 

110-170 

High exposure group: 
Estimated 1 h max.  

480-960 	 0.26-0.51 

Annual mean 24 h cone:  
96 	 0.051 

Low exposure group: 
Estimated 1 h max.  

205-430 

Annual mean 24 h conc: 
43 	 0.01 

0.02-0.19 

Study.  Population 

School children in 
5 areas of Chattanooga 
(795 2nd graders and 
their families) 

1st and 2nd grade 
children . (1906) and 
all Caucasian infants 
born during 1966-1968 
(1311) 

128 traffic policeman 
in urban Boston and 
140 patrol officers 
in nearby suburbs 

Non-smokers in L.A. 
(adult) 

20 school age children 
11 years of age 

Reported Effects 	 References 

Significant difference 	Shy et al„ 
between results of high 	1970a,b 
NO2 areas and two companion 
areas, but no dose-response 
gradient. Increased 
frequency of respiratory 
illness in families in high 
NO 2  areas, but also no 
gradient demonstrated 

Increase in frequency of 	Pearlman et al., 
bronchitics (but not 	1971 
pneumonia or croup) in 
school children living in 
high NO2 areas 1 or 2 
years or more. No such 
association for infants 

No differences in most 	Linn et al., 
tests. Smokers in both 	1976 	, 
cities showed greater 
changes in pulmonary 
function than non-smokers 

No difference in various 

No difference found in 	Cohen et al., 
several ventilatory 	 1972 
measurements inc/uding 
spirometry and flow 
volume curves 

.Cther Pollutants 

1.12/-Ln. 

0.12-0.23 

205 office workers 
135 	in L.A. 439 office 

workers in San Francisco 

Speizer and 
Ferris, 1973 
Burgess et al. 
1973 
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decrements in maximum expiratory  flow rates or specific airway con-

ductance and concentration of NO2 and other pollutants in 20 Japanese 

school children. The 1-hour concentration during testing ranged from 

0.04 to 0.36 mg/m3  (0.02 to 0.19 ppm), but the data were felt (EPA, 

September 1982) to be such that no specific NO2 levels within this 

range could be associated with the decrements noted. • 

In their overall assessment of the data, the EPA (August 1982) wrote 

"At best we can conclude that the findings of Shy et al. (1970a,b, 

1973), Pearlman et al. (1971) and Kagawa and Toyama (1975) are not 

inconsistent with the hypothesis that NO2, in a complex mix with 

other pollutants in the ambient air, adversely affectsrespiratory 

function and illness in children". They specifically noted that the 

community epidemiology studies did not take into account exposure to 

NO2 generated by the use of gas stoves, which they felt had considerable 

relevance. 

Studies Involving Homes with Gas Stoves: Table-,4.2-18 summarizes the 
principal studies investigating effects of exposure to NO2 in gas 
stove homes. Both British and U.S. studies on indoor pollution effects 
showed that children are at special risk for NO2 induced acute 
respiratory disease (Mitchell et al. 1974; Keller et al. 1979a and b; 
ÉPA 1976). Several studies (Melia et al. 1979; Goldstein et al. 
1979; and Florey et al. 1979) found a weak association between gas 
cooking (shown to be associated with increased NO2 levels) and 
respiratory illness in some groups of children. The EPA (September 
1982) noted, however, that although findings in this area were conflict-
ing, initial results from a continuing prospective epidemiological 
study revealed that even after correcting for potential confounding 
factors, a clear association existed between increased respiratory 
illness below age 2, and the presence of gas cooking devices; small 



Tablé 4.2- 18 	COMPILATIOK OF REPORTED EFFECTS ASSOCIATED WITH EXPOSURE TO  1102  IN THE HOME Di CCeMUNETT STUDIES INVOleeING GAS STOVES &  

C encentration 	 b 
1- 	

802 

laq/m 3  Conversions 	(PM) 	
• 	 . 

Study Population 	
. 
RePorted Effects 

	
References  

95th percentile of 24 hr leg tn- 	8.120 children. ages 6-10, 6 	Significant association between history of serious 	Speizer et al., 1980 
activity room 	 different cities ,  data also 	respiratory illness before age 2 and use of gas 

	

37.6- 112.8 	 0.02 - 0.06 (gas) 	 co llected on hlstory of i llness 	stoves (p ( .01). 	Also, small but statistically 

	

18.8- 94.0 	 0.01 - 0.05 (elec.) 	 before age 2 	 significant decreases in pulmonary function (FEVi 
requent peaks in 1 home of 	 and FVC) In children from gas stove homes. 

	

75.2-112.8 	 .4-0.6 (gas). 
1880 	 eximum peak 1.0 (gas). 

. 
2  concentrations not measured 	2.554 children from homes using 	Proportion of children with one or more respiratory 	'Cello et al.. 1977 1  t tint of study. 	 gas to cook compared to 3,204 	symptcms or disease.(brenchitts.. day or night 

children fruit homes using 	cough ,  morning cougn, cold going te cheit„ wheeze, 
..eiectrlcity. ages 6-11 	 asthma) Increased in homes with ges stoves vs: 

electric.stove homes (for girls p % 0.10;  boys  
not sig.) after controlling for cefounding factcrs. 

lee 'cencteetretions  rot  measured in 	4827 children, ages 5-10 	Higher incidence of respiratory symptoes and disease 	Melt& et al.. 1979 
oSe homes studied for health ef- 	 aretecleted tith  go:  store; (for boys p 1.,  0.02: Girls 
ects. 	 - 	 - 	 p % 0,15) for residences in urbad but not rural ,- 

	 _____arreee. efeer egnerolling for confaeadle factors. 	 --  

Kitchens (weetlY lee.)t 

	

9.4-595.0 	 0.005-0.317.  (gas) 

	

11.3- 353.4 	 0.006  -0.188  (elec.) 	 , , 	 ' 
Bedrooms (weekly avg.): 	 ' 	806 children. ages 6-7 	 Higher  incidence of respiratory illness in gas-stove 	Florey et al., 1979 and 

	

7.5-317.7 	 0.004-0.169 (gas) 	 homes (p % 0.10). 	Prevalence not related ta kitchen 	Goldstein et al.. 1979 	- 

	

56-  69'.6 	 0.003-0.037  (clac.) 	 NO2 levtli, but increased with 1102  levels in bed- 	(both are ccepanion 
roasts of children in gas-stove homes. 	Lung functIcn 	.papers to  Melle 
not related to NO2 layals in kitchen or bedroom , 	et al., 	1979) 

ample of household5 	 , 	128 cheedren, ages 0-5 	 No significant differteee In reported resplratory 	Mitchell et al., 1974 
24 hr. avge 	 346 chlIdren, ages 6-10 	 Illness between homes with gas and electric stoves 	Ste also.Keller et al.. 

	

9.4-206.8 	 0 . 0e5 -0.11. (gai) 	 421 chfldren. ages 11-15 	in children  (rom birth to 12 years • 	 1979 

	

0-112.8 	 0-0.06 (elec.) 

	

28_2- 94.0 	 0.015-0.05 (outdoori) 

Sample of househoid  se 	 174 children under 12 	 No evidence that cooking mode ti associated with the 	Keller et al.,  1979 
as reperted above 	 incidence of acute respiratory illness . 

et above for monitoring. 	 Housewives cooking with gas 	no evidence that cooking with gas associated with 	Keller  et al.. 1979 
- 	 staves. compared to those 	in increase in respiratory disease. 

cocking with eiectrIc etoves. 
146 households. 

See above for monitoring. 	 Mers  of 441 households 	Na  significant difference In reported respiratory 	Mitcnell et al., 1974 
illness among adults in gas vs electric cooking  homes 	See also Keller et aI.„ 

1979*  

?reliminary measurements 	 - 	Heusewlves cooking with gas 	No Increased respiratory Illness associated with 	U.S. EPA. 	1976 
470-940 	 eeak hourly .25-0.50, stoves, compared to those 	gas stove usage. 

1880 	 max. 1.0 	
. 	

cooking with electric stoves 	 I 
! 

&Exposures in gas stove hames'were ta NO2  plus other gas combustion products. 

bEffec•s reported in published references art summarized here. 
However, the Criteria Document warns that considerable caUtion 
should le used in drawtng fire ooncluslons from these studies. 

*Reproduced from E.P.A.. Au.;. 
see source for complete referérces 

am au ion Ule 	 a* MIR 	an 1M le out Ids mi arm um ,013 



decrements in pulmonary function were also noted in school aged 

children (Speizer et al. 1980). Based on the cumulative findings from 

animal and human clinical studies, the EPA (August 1982) felt that 

NO2 seemed indeed to be the principal agent responsible for the 

effects demonstrated in the gas stove studies. The fact that animal 

evidence has demonstrated that NO2 impairs. respiratory defense 
mechanisms,provides a plausiblè basis for inferring that NO2 may be 

associated with the reported increased incidence of acute respiratory 
illness in children living in homes with gas stoveS. 	. 

Animal infectivity model studies (e.g. Gardner et al., 1977, 1979; 
Coffin et al., 1977) have suggested that brief exposures to high con-
centrations of NO2 resulted in more severe infections and greater 
mortality than did prolonged exposures to lower concentrations. These 
findings not only further supported the hypothesis that NO2 was indeed 
the causative agent, but suggested that peak exposures may be more im-
portant than long term low level exposures in causing the effects 
observed in the gas stove homés. Speizer et al. (1980) also felt" 
that peak values were most important, based largely on the fact that 
long term (24 hours or longer) concentrations of NO2 do not differ 
much in gas stove homes compared to electric stove homes. The EPA 

therefore hypothesized that the effects observed in the gas stove 

studies were likely attributable to repeated short term peak NO 2 

 exposures ranging up to 0.94-1.88 mg/m3  (0.5-1.0 ppm) rather than 

the annual average levels of NO2  0.02-0.11 mg/m 3  (0.01-0.06 ppm) 

which were observed (Spengler et al., 1979; Speizer et al., 1980). 

Adverse Health Effects and Particularly Sensitive Populations 

A judgement that must be made with regard to the above evidence relates 
to the degree of change in pulmonary function that should be considered 
an adverse health effect. As there is a large reserve capacity in the 
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human respiratory system, even fairly  large  changes in pulmonary 

function may sometimes not be perceived by healthy adults. However, 
individuals with respiratory disease may already be functioning at or 
near the limit of their lung capacity, especially when engaged in light 
or moderato activity. A . relatively small impairment of lung function 
in these people may affect their ability to perform certain tasks or 
may aggravate pre-existing respiratory disease. 

Orehek et al. (1976) obtained dose-response curves for changes in 

bronchial reactivity to a bronchoconstricting agent after a 1-hour 

exposure to 0.19 mg/m 3  (0.1 ppm) NO2. Three of 20 asthmatics showed 

marked increase in reactivity with 10 others showing smaller increases 

for an overall statistically significant effect attributed to this 

low exposure to NO2. There  ha  $ been considerable controversy over 

the interpretation of these findings, and a similar study recently 

conducted at the U.S. EPA facilities in North Carolina failed to 

replicate these results (Heuter,  persona].  communication). Moreover, 

the health significance of increased bronchial reactivity is open to 

question. Nonetheless, the study does provide evidence that as-

thmatics may respond to NO2 at lower levels than the population at 

large. 

There is considerable uncertainty as to the level at which NO2 
exposure causes symptoms even in healthy adults. The Kerr et al. 
(1979) study mentioned above suggested that some individuals 
(particularly asthmatics) may experience symptoms which cause them 
discomfort, restrict their normal activity or limit their performance, 
at exposures of 0.94 mg/m3  (0.5 ppm) NO2. The symptoms reported in 
this study have been considered by the EPA (August 1982) to re-
present adverse health effects. 

The EPA (ibid) concluded that chronic bronchitics, asthmatics, and 
individuals with emphysema constitute groups at risk, even though 



human evidence directly relating to the latter group is scarce. The 

EPA (ibid) also concluded that children are particularly sensitive 

to NO2, based on the gas stove studies which indicated their increased 

• risk of respiratory symptoms and infection. Their increased risk may.  

, be either due to thé higher activity level of children which results 

in greater relative dose of NO2, and/or to their inherently greater 

biological sensitivity. In addition, persons with cirrhosis of the 

liver or other liver, hormonal and blood disorders, or who are taking 

various drugs, may be sensitive to NO2 due to their increased 

systematic, haematolo,7ical and hormonal alterations after exposure 

to NO2. The evidence for thèse conclusions has been summarized in 

Table 4.2-19. It has also been surmised that the elderly and people 

with cardiovascular disease may also be presumed to be more sensitive 

to the population at large (EPA, September 1982). 

Interaction with Other Pollutants and Other Considerations 

In view of the uncertainty concerning the lowest adverse effect level 
and the high biological activity of. NO2, the WHO had recommended in 
1977 that a safety factor of 	be applied and that the maximum 1- 
hour exposure to NO2 be set at 0.19-0.32 mg/m 3  (0.10-0.17 ppm). They 

cautioned that this level may still be high in view of the fact that 

some individuals may be particularly sensitive to this substance, 
and in view of the biological evidence of the interaction of NO2 with 
other air pollutants. Some of the studies relating to the pulmonary 

function effects of exposure to NO2, combined with other pollutants, 
are summarized in Table 4.2-20. It is noteworthy that elevated 
concentrations of NO2 may increase the retention of inhaled'particulate 

matter, although the levels at which this occurs has not been 
determined. The EPA (August 1982) felt that the results reported by 
von Nieding et al. (1977) are difficult to interpret due to questions — -- 
regarding the health significance of increased bronchoreactivity, 

some methodological uncertainties and the lack of confirmation by 
other investigations. In general, it seems that the effects of NO2 
in the presence of other pollutants are additive rather than syner-
gistic (ie. or greater than additive). 



I 

Table 4.2L19 Summary of Potentially Sensitive Groups** 

References for 	U.S. 
Sensitive 	 Supporting 	 Supporting 	Population 

	

Group 	 Evidence 	 Evidence 	Estimates 

Children 	 Children under age 2 exhibit 	 Speimer et al, 	age 0-5 
increased prevalence of respiratory 	1980 	 17.2 million* 
infection when 	living 	in homes with 	Melia et al, 	age 5-13 
gas 	stoves. 	Children up 	to age 	11 	1979 	 36.6 million* 
exhibited increased prevalence of 
respiratory infections when living 
in gas stove homes. 

 	, 
Asthmatics 	Asthmatics 	reacted 	to 	lower levels 	Kerr et al, 	6.0 million* 

of NO, 	than normal 	subjects 	in 	 1979 
contrblled human exposure studies. 	Orehek et al, 

1976 

Chronic 	 Chronic bronchitics 	reacted 	to 	 Kerr et al, 	6.5 million* 
Bronchitics 	low levels of NO, in controlled 	 1979 

human exposure studies. 	 Von Nieding et 
. 	 . 	 al, 	1971 

Von Nieding et 
al, 	1970 

Emphysematics 	Emphysematics have significantly 	Von Nieding et 	1.3 million* 
impaired respiratory systems. 	 al, 	1971 

	

• 	 Because studies 	have shown that 	Bell 	and Ulmer, 
NO 	impairs respiration by 	 1976 	' 
intreasing airway resistance, 	it 	Orehek et al, 
is 	reasonable to assume that 	 1976 
emphysematics may be sensitive 
to NO2' 

Persons with 	Studies have shown that NO, increases 	Von Nieding et 	unknown 
Tuberculosis, 	airway resistance. 	Persont who have 	al, 	1971 
Pneumnnia, 	 or have had these conditions may be 	Bell 	and Ulmer, 
Pleurisy, Hay 	sufficiently impaired to be 	 1976 
Fever or Other 	sensitive to low levels of NO 2 ' 	 Orehek et al, 
Allergies 	 1976 

Persons with 	NO, induces changes in liver drug 	Menzel, 	1980 	unknown 
Liver, Blood 	metabolism, 	lung hormone metabolism, 	Miller et al, 
or Hormonal 	and blood biochemistry. 	 1980 
Disorders 	 Posin et al., 

1979 

*1970 U.S. Bureau of Census and 1970 U.S. National Health Survey 

**Reproduced frorci 	 ,1982. . All subgroups listed 
are not necessarilysensitive . to NO2  exbosure. 

Sée source for comPlete references'. 
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Reported 
Effects 

Increased sensitivity 
to bronchoçonstrictor 
•as Shown by increases 
in R aw . No effect on 
MO, or it al withOut 
peonboconstridtor. 

Concentration  
(pom)  References 

von Nieding et 
al.,. 1977  

0.25 03; 0.25 03 + 	2-Hours 
0.29 NO2; 0.25 03 + 
0.29 NO2  + 30 CO 

(mg/m3 : 0.5 03; 0.5 0 3  
+ 0.55  NO2;0.5  03 + 
0.55 NO2 + 34.4 CO) 

7 male 	Minimal change 
subjects, some pulmonary function 
believed to be caused by 0,alone. 

i unusually 	Effects not - ncreased 
reactive to 	by NO2  or CO. respiratory 
Irritants 

Hackney et al., 
1975 

0.5 03; 0.5 0 3  + 
0.5 NO2 
UNDER FOLLOWING 
CONDTONS: 
1) 25,C, 45% rh 
2) 3e„C, 85% rh 
3) je,C, 40% rh 
4) 40'C, 50% rh 

(mg/m3 : 1.0.  03 
 + 0.94 NO2) 

Rest-60 min. 
Exercise-30 min. 
Rest-30 min. 

; 1.0 0 3  

Response found only 
for 03; no greater 
than additive effect 	. 
or interaction between 
0 3 

and NO2 - was observed. 

Worvatn and 
Folinsbee, 1979 

8 young 
adults 

J. 

HackneY, et al., 
1975 

4 healthy 
male 
subjects 

3 subjects 

Study 
Population 

Exposure 
Duration 

0.05 NO + .11 SO + 	2-Hours 
0.025 0

2 	 2 
3 

(mg/m3 : 0.09 NO2 + 
0.29 SO2 + 0.05 03) 

11 healthy 
subjects 

Minimal change in 
pulmonary function 
caused by 0, alone. 
Effects notecaused 
by NO2  or CO.  

0.50 03; 0.50 03 + 	4-Hours 
0.29 NO2'  . 0.50  0

3 
 + 

.29 NO2 + 30 CO 
(mg/m3 : 1.0 03; 1.0 0 3  + 
0.55 NO2; 1.0 03 + 0.55 NO 2  + 34.4 CO) 

Increase in dust 	Schlipkater 
retention from 50% 	and Brockhaus; 
to 76% after NO2 	1963 	- 
was added to air 

• containing SO2  and  CO. 

50 CO + 5 S02; 
4.3 NO2 + 50 CO  • 5 SO2 

(mg/m3 : 57.3 CO + 13.0 SO2; 
9.0 NO2 + 57.3 CO + 13.0 502) 

Table 4.2-20 	EFFECTS ON PULMONARY FUNCTION IN SUBJECTS EXPOSED TO NO 2 AND OTHER POLLUTANTS*  

*Reproduced from E.P.A:, Aug. 1982; 
see source for complete references 



Quantitative Assessments 

The effects of NO 2 exposure are summarized in Table 4.2-21, along 

with the estimates of levels at which these effects may be expected 

to occur. As is the case for other pollutants, considerable un-

certainty still exists with respect to dose-response relationships. 

The time-frame of the air quality Standard, as discussed in Chapter 
3, has,been a controversial issue. As mentioned above, the decision 

in the U.S. to establiSh only an annual standard with no separate _ 	. 	. 	. 	. 
short terra standard was baSed not on the failure to recognize the 
preponderance of evidence for effects attributable to short term 
peaks, but on their  contention  that  an  annual standard in the range 
of 94 pg/m3  (0.05 ppm) would provide>adequate protection against 
short term:peak .  exposures and would be easier to imPlement. This 
approach, therefore, need' not be followed in other jurisdictions, 
and, in fact, indeed is hot. ,A reeent report'Prepared'for and endorsed 
by Health and Welfare Canada (Ferrià, 1982) recommended a 1-hour air 
quality  objective of 752 mg/m 3  (0.4 pPm), noting the negative findings 
of Hackney et aI. (1975) and Nieding et al. (1979), as well ab the 

 positive findings  of  Kerr:et:al. (1975b) and Orehek et al. (1976). 
A 24-hour limit of 47011g/m3  (0.25-  ppm) was -reCommended based on the 
negative findingsof Hackney et al:. (1975b), Linn et al. (1976), as 
well as Speizer and Ferris (1973a and b) and Burgess et al.. (1973). 
Finally, the annual conbentration of 94 pg/m 3  (0.05 ppm) was felt 
to carry minimal risk even for sensitive  populations,  based on the 
work of Linn et al. (1976), Cohen et al. (1972), and Bouhuys et al. 	' 
(1978). 



NO .2  Concentration 

1;g/m 3  

0.02-0.06 	0.04-0.11 

0.03-0.05 	0.06-0.09 

0.03-0.07 	0.07-0.13 

0.03-0.28 	0.06-0.53 

0.045 	 0.08 

0.05;5 	 0.09,9.4 

Means of 25 hour 
averageè 

Median of maximal 
hourly averages 

1 hour average 

Average winter 1971 
levels 

2 hours 

0.1 

0.1 

0.19 

0.19 

Shy et al., 
1970a,b, 

Pearlman et al., 
1971 

Orehek, 1976 

Feldman, 1974 

0.5 0.9 

0.7-2.0 1.3-3.8 

1,2 

1.6,2 3.0,3.8 

1-5 1.9-9.4 

Controlled ex-
periment 

Controlled ex- 
periment 

Controlled ex-
periment 

Controlled ex-
periment 

TABLE 4.2-21 

COMPILATION OF HEALTH EFFECTS REPORTED IN SELECTED STUDIES OF HUMANS 

EXPOSED TO LOW LEVELS OF NO2  

Duration of Exposure 	Study Design  

Hourly arithmetic mean 	Epidemiological 
(non-smokers) 

Epidemiological 
(community) 

Epidemiological 
(Office  workers) 

Epidemiological 
(children) 

Epidemiological 
(policemen) 

Controlled ex-
periment 

Reference  

No effect on pulmonary 
function  or  prevalence 
of chronic respiratory 
disease 

No effect on pulmonary 	Bouhuys et al., 
function or symptoms of 	1978 
respiratory disease 

Respiratory symptoms 	Linn et al., 
associated with episodes 1976 
of smog ( 502, 15P and 
oxidants also present) 

Decrease in selected 	Kagawa et al., 
pulmonary function tests; 1976 • 
significant effect in most 
sensitive subject at 
0.08 mem' (0.04 ppm) 

No effect on the pre- 	Speizer and 
valence of respiratory 	Ferris, 1973a,b 
symptoms or chronic 
respiratory disease 

Increased sensitivity 	von Nieding et al. 
to bronchoconstrictors 	1979 
in the presence of other 
pollutants; no effect 
on gas exchange or airway 
resistance 

Effect 

Cohen et al., 
1972 -- 

0.04-2.01 

0.04-0.08 

0.08-1.07 	5-25 min. 

Mean integrated 
24 h values 

1h 

2 min 

Controlled ex-
periment 

Epidemiological 
(children) 

Controlled 
experiment 

Controlled ex-
periment 

Possible impairment of 	Shalamberidze, 
dark adaptation 	 1967 

Possible decrease in 
pulmonary function and 
increase in morbidity 

Increased sensitivity 
to bronchoconstrictors 
in asthmatics 

' Perception of odour 

0.08-0.16 

2h Controlled ex-
periment 

0.5-1.0 

• 2 h/d for 2,days 

10 min (I day) 

2.5,5.0 	 4.7,9.4 

30 breaths 

15-60 min 

2 h, 14 h 

Mild symptoms and 	 Kerr et'al. 
changes in pulmonary 	1979 
function in healthy 
adults, bronchitics 
and asthmatics' 

Possible increase in 
respiratory illness and 
decrease in pulmonary 
function in young 
children 

Possible increased air- 	Suzuki and 
way rèsistance in 	 Ishikawa; 1965 
healthy adults 

Small changes in pul- ' 	Hackney, 1978 
monary function tests 
and possible increase 	 • 
in respiratory symptoms 

Increase in airway re- 	von Nieding 
sistance in chronic 	et al., 1971 
bronchitics 

DeCrease in blood gas 	von Nieding 
parameters for both 	et al., 1973 
healthy adults and 
bronchitics 

Controlled ex- 	Increase in airway 	Beil and Ulmer, 
periment 	 resistance 	 1973 

0.9-1.9 	 24 h integrated averages Epidemiological 
(gas stove homes) 

Speizer et al., 
1980 



- 

- i  

s 
-I  

4.2.4 

Introduction 

Ozone 

The air quality standards for ozone and other oxidants have been the 
focus of considerable controversy. Many states in the U.S. had great 
difficulty in trying to attain the ambient air quality standard of 
160 pg/m 3  (0.08 ppm), and, as a result of a law suit launched by the 
American petroleum industry, the U.S. EPA was forced to review the 
basis for the levels set. The evidence for the effects of oxidants 
on asthmatics on which the U.S. standard had been based came from a 
study by Schoettlin and Landau (1961) which has since been re-interpreted 
as showing effects at 500 pg/m 3  (0.25 ppm) instead of at 200 pg/m 3 

 (0.1 ppm) which had originally been thought (EPA, Feb. 1979). More-

over, while most of the clinical experiments were done utilizing ex-

posure to  ozone,. the U.S. (and other) standards were applicable to 
total oxidants. Accordingly, the U.S. , EPA (ibid) has changed to an 
ozone .standard as described in Chapter 3. Furthermere, the role of 
exercise in setting standards' bas been the_focus'of debate. While, 
there is,increaSing.emphasis on promoting exercise in the populatidn ' 

at large, there has been some contention regarding  the extent to 
which  "the jogging asthmatic" should also be protected from deleterious 
effects resulting from ozone exposure. Recent'studies such as that 
conducted by McDonnell et al.: (1983) have shed 'further light on this 
sUbject. 

The issue of "adaptation" has also complicated the formulation of an 

ozone standard. A difference between dose-response relationships for 

Los Angeles subjects as compared to Montreal subjects had been demon-

strated (Hackney et al., 1977), with the latter failing to show a 
no-adverse-effect level. This study has been said to indicate that 

L.A. subjects exhibited adaptation. Linn and Hackney (1981), however, 

have shown that adaptation may be a temporary phenomenon and that 

there is a large variability among individuals regarding their 
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"adaptability" to ozone. Since there are substantial numbers in the 

general population who are not protected by adaptation, and since 

adaptation seems to be lost quickly in the absence of very frequent 
exposures, these authors felt that this phenomenon should not be an 
important consideration in setting air quality standards. 

Although there has been some animal evidence suggestive of adverse 
effects attributable to chronic low level exposure (Heuter, personal 
communication 1983; EPA, Feb. 1979), it is generally felt that 
evidence to qualify this effect is lacking (EPA, Feb. 1979; WHO, 
1979; Melton, 1982). Folinsbee et al. (1980) did demonstrate that 
there is some short-term cumulative effect of exposure to ozone 

above the threshold for producing acute respiratory effects. They 
hypothesized that this was due to ozone's ability to increase the 
sensitivity ,  of the irritant receptors in the airways, which, in turn, 

potentiates the effect of subsequent ozone exposure. The Advisory 

Panel of the EPA (EPA, Jan. 1978) arrived at the consensus that the 
risk of effect can be related to the total dose of ozone delivered 
to the respiratory tract within a day, (but not over longer periods), 
and that this risk increased with the frequency of exposures, with 
the concentration of a single dose, and with the intensity of exercise 
of exposed subjects. The EPA position is currently under review. 

The current state of knowledge will be briefly elaborated. 

Nature and Mechanisms of Ozone Toxicity - A Look at the Animal Data: 

Biochemical and Morphological Abnormalities: Ozone causes damage - 

to biological tissue due primarily to its strong oxidant effect. This 

provides it with the capability of attacking the double bond in un- 

saturated hydrocarbons, of significance since human cellular structures, 

especially plasma membranes, contain unsaturated fatty acids. The 

reactions of ozone with sulfhydryl groups of amino acids are also well 
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known and important because of the possibility that proteins can be 

destroyed or immunologically altered by ozone. Nucleic acids or 

nucleoproteins may also be altered by ozone (Prat et al. 1968). 

Ozone's ability to damage membranes and to denature protein explains 

its powerful effect on human health. The dysfunction it causes is 

most marked in those,cells lining' the reSpiratory tract, since these 

are the cells,in contact with ozone. Irritation of the mucous membranes - 

and lung tissue is thus the chief effect of ozone exposure. 

Ozone-induced effects on organ systems away from the lung have also 

been reported. Numerous,studies (as summarized by WHO, 1979); EPA, 

April 1978, and NAS, 1977) have illustrated an impressive variety 

of biochemical alterations associated with ()Zone exposures over the 

range of 200 to 2000 ii.g/m 3 (0.1 to 1.0 ppm) (See Table 4.2-22). The EPA 

(January 1978) judged that effects induced by 200 to 400 pg/m3 (0.1'to 

0.2 ppm) exposures could-possibly be prevented or reversed with increased 

vitamin E levels in the lung or increased antioxidants at other tissue 

sites, but, nevertheless, represent the-organism's response to stress 

and may pose a health risk for,particularly susceptible individuals. 

They concluded-that-levels of 1000 mg/m3  (0.5 ppm) and greater have 

definite toxic-potential, but pointed-out that there-is no sharp dividing 

line ,  between adaptive - responses and potential for pathological con-
sequences. A range of morphological effects has been noted in 
association with experimental ozone exposures of 400 to 2000 pg/m3  (0.2 

to 1.0 ppm). These effects varied from seemingly innocuous alterations 

of alveolar cells to emphysematous changes and terminal bronchiole and 
alveolar damage. Occurrence of these effects after long term exposure 
to low concentrations raises the level of suspicion that repeated or 
chronic exposures may have the potential for inducing similar effects 
in humans (EPA, January , 1978). 

Increased Susceptibility to Infection: Increased susceptibility of 
animals to bacterial infection has been described by several investi-
gations (Coffin et al. 1968; Ehrlich, 1980; Gardner et al., 1974; 

-- Miller et al. 1978) following exposure to 200 pg/m3  (0.1 ppm) ozone. ThesE 

reports are consistent with the evidence that establishes indices of 
infection and/or mortality from bacterial infection as sensitive 

measures of ozone-induced effects (including Coffin and Gardner 
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Effects h/day number 
of days 

Number 
Response« Species oanf  imalsa Reference * 

Ozone concentration 	Length of exposure 

9/m 	(ppm) 

rabbit 

cat 

rat 

6 (6) 

14 (3) 

n.a. 

n.a. 

- mouse 	16 (12) 

Freeman et al. 
(1974) 

Evans et al. 
(1971) 

rat 

rat 

- guineapig 10 (10) 

- guineapig 10 (10) 

10 (4) cat 

rat 44 (44) 

Murphy et al. 
(1964a) 

Yokoyama 
(1972a) 

Watanabe et al. 
(1973b) 

Bartlett et al. 
(1975) 

1 

1 

1 

1500 	(0.75) 

1400- 
1600 
1400 

(0.7 
-0.8) 
(0.7) 

1000 	(0.5) 

800- (0.4 	 1 
1400 	-0.7) 	• 
500 	(0.25) 	1 

400 	(0.2) 7 

1 

7 

15/40 mouse , 40 (40) 
(6/40) 

Table 4.2 -22. Experimental animal studies 	ozone* 
I. Local effects on the respiratory system 

1. Morphological changes 

1800 	(0.88) 

1600 	(0.8) 

1200 	(0.6) 

1100 	(0.54) 

1000 	(0.5) 

800 	(0.4) 

520- (0.26 
2000 	-1.0) 

400 	(0.2)  

	

180 	 24 	 Epithelial injury seen as early as 4h 
after the beginning of exposure; after 
3 weeks half of animals died and 
emphysema-like lesions observed. 

7 24 Walls and interalveolar septa of terminal 
airways thickened and infiltrated by 
mononuclear cells. 

	

1 	 7 	 Swelling of epithelial alveolar lining 
cells Er endothelium cells with 
occasional breaks in basement 
membrane. 

	

180 	 ' 24 	 Progressive changes in the airway 
epithelium after 6 days. 

	

1 	 6 	 Immediately after the exposure the 
number of alveolar cells significantly 
decreased. 

	

5 per 	week x 10 	6 	 Emphysematous & vascular-type 
months 	 lesions. 

	

1 	 4.7-6.6 	Dose-related loss of ciliated epithelium. 

Degenerative changes in type I cells. 

n.a.‘ 	rat 	n.a. 	Freeman et al. 
(1974) 

8 (8) 	Castleman et al. 
(1973a) 

- mouse 	32 (13) 	Bils (1970) 

P'an et al. (1972) 

Boatman et al. 
(1974) 

Stephens et al. 
(1974) 

2 

2. Functional changes 

1400 	(0.68) 

1000 	(0.5) 

520- (0.26 
1000 	-0.5) 
400 	(0.2) 

2 	 No significant increase in flow 
resistance. 

2 	 Increase in airways resistance and 
breathing frequency with decrease in 
tidal volume. 

4.6 	 Increased flow resistance. 

30 	 24 	 Reduction in lung elasticity: increase in 
lung volume and in alveolar 
dimensions. 

3. 'Biochemical changes 

3 	 Reduction in activity of benzopyrene 
hydroxylase (1.14.14.2). 

24 	 Increased acid phosphatase activity. 

24. 	 Indication of lipid peroxidation: 
increase in lysosomal hydrolase 
activity. 

6 	 Increased albumen recovery  from  
alveolar spaces. 

4 	 Evidence of formation of lipid peroxides 
in the lung. 

3 	 Reduced activity of several lysosomal 
hydrolases. 

24 	 Increaseln pulmonary mitochondrial 
oxygen consumption. 

hamster Et 25 (95) 	Palmer et al. 
rabbit 	8 (15) 	(1971, 1972) 

rat 	14 (12) 	Castleman et al. 
(1973b) 

rat 	33 (20) Chow & TapPel 
(1972): Dillard 
et al. (1972) 

10 (18) 	Alpert et al. 
(1971a) 

n.a. 	Goldstein et al. 

6 (6) 

5-8 (5-8) Mustafa et al. 
(1973) 

- rat 

n.a.' 	MOUSe 

- rabbit 

- rat 

(1969) 
Hurst et al. (1970) 

4. Effects on the host defence sys(ein 

1200-  10.62 	 1 	 17 	 Inhibitipn of pulmonary bactericidal 
1600 	-0.80) 	 activity. 
1000 • (0.5) 	' 	210 . 	' 	16 	 No effect on physical clearance of 

inhaled particles or on the number of 
' 	 macrophages. 

1000 	(IDS) 	 60 	 16 	 Decrease in the clearance of viable 
Escherichia coll. 	 . 

800 • 	(0.4) 	 1 	 4 	 Inhibition of bactericidal activity: no 
additive role of the induced silicosis. 

600 	(0.3) 	, 	1 . 	 '. 3 	 Impairment of phagocytic properties of 
pulmonary alveolar macrophages. 

500 	(0.25) 	 1 	 3 	 Diminished enzyme activities of alveolar 
macrophages. 

160 . (0.08) 	. 	1 	 3 	 Increased susceptibility to 
Streptococcus.  

— mouse 	20 (29) 	Goldstein et al. 
(1971b) 

- rabbit 	8 (8) 	Friberg et al. 
(1972) 

- guineapig 18 (18) 	Friberg et al. 
(1972) 

- mouse 	38 (37) 	Goldstein et al. 
(1972) 

- rabbit 	n.a." 	Coffin et al. 
(1968b) 

- rabbit 	6 (6) 

Coffin et al. ,  
(1968a) 

Hurst et al. (1970) 

Number of animals showing effects/total number of animals: riumbers in brackets refer to control groups. 
" Not available. 



Effects h/day 

Number 
Response' Species of  hale 	Reference 

Ozone concentration 	Length of exposure 

ltg/m 3 	(ppm) 	number 
of days 

1 	 2 	 Doubling in number of binucleated 
lymphocytes. 

93 	 24 	 Decrease in blood choline esterase 
activity. 

400 	(0.2) 

110 	(0.06) 

1700 	(0.86) 	1 	 4 

1600 	(0.8) 	 8  

800 	(0.4) 	5 per week 	6 
x 10 months 

600 	(0.3) 

400 	(0.2) 

1 

1 

24 	 Increase of lysozyme activity in plasma 
and soluble fraction of lung. 

Increase in serum trypsin protein 
esterase, 

1 	 Inhibition of acetylcholine esterase 
(3.1.1.7) activity. 

1-2 	 Increased sphering of red blood cells. 

Formation' of Heinz bodies in red cells, 	ma." 

(1964) 

la. 	Veninga (1970, 
unpublished) 

15 (15) 	Eglite (1968) 

mouse 	n.a. 

n 'a,  MOUSE) 	n.a. 

1 

60 

1 

intermittently 
(variable 
intervals) 

6 

1500 	(0.75) 	, 1-2 

400 	(0.2) 	' 21 

400 	(0.2) 	 1 

4-8,2 

5 

5 

Table '4..2-22 Cont'd) 	- 
Experimental animal studies—contInued 

Systemic reactions and other effects 
1. Haematological effects 

mouse 

rat  

rabbit 

ox (in 
vitro) 

MOUSO, Brinkman et al. 
rabbit, 
rat (in 
vitro) 

MOUSe 

rat 

2; Effects on reproduction 

n.a. 	Menzel et al, 
(1975) 

8 (8) 	Chow et al. 
(1974) 

6 (6) 	Pan  Et Jegier 
(1972); Jegier 
Et  Pan  (1973) 

Pan  Et Jegier 
(1970) 

400 	(0.2) 	5 per week 	7 
x gestation 
period + 1st 3 
weeks of life 

200- (0.1 	5 per week 	7 
400 -0.2) 	 x 3 weeks 

Increase in neonatal mortality. 

Increase in neonatal mortality. 

Veninga (1967) 

Brinkman et al. 
(1964) 

.3. Behavioural changes 

1000- (0.5 
2000 	-1.0) 
1000 	(0.5) 

1000 	(0.5) 

600- (0.3 
1000 	-0.5) 

400 	(0.2)  

1 	 Decrease in the amplitude of evoked 
response to flash, 

0.5 	 Increase In simple and choice reaction 
• 	 time. 
0.75 	Significantly reduced motor activity. 

Increase in time to learn specific tasks. 

Reduction in spontaneous running 
activity: 	. 

rat 	3 (3) 

rhesus 	4 (4) 
monkey 

rat 	12 (12) 

fat 	 6 .(6) 

Xintaras et al. 
(1966) 

Reynolds Et 
Chaffee (1970) 

Konigsberg Et 
Bachman 
(1970) 

Litt et al. (1968) 

mouse 	9 (9) 	Murphy et al. 
(1964a) 

4. Miscellaneous extrapulmonary changes 

Histological changes in parathyroid 
gland. 

Structural changes in myocardial 
muscle fibres. 

Increase in chromosomal breaks in 
circulating lymphocytes. 

rabbit 	16 (16) 	Atwal Er Wilson 
(1974); Atwal 
et al. (1975) 

rabbit Et 	na. 	Brinkman et al. 
mouse 	 (1964) 

hamster 	8 (4) 	Zelac et al. 
(1971a, b) 

Number of animals showing effects/total number of animals; numberain brackets refer to control groups. • 
Not available. 

*Reproduced from W.H.O., 1979. See source for complete reference 



1972 and Goldstein et al. 1971a and b, 1972 and 1974). There is also 
considerable evidence that additional stress such as heat, exercise 
or a combination with other pollutants may enhance the effect of ozone 
on susceptibility to infection, and maY thereby lower the ozone dose at 
which the subject will be adversely affected. The EPA (1978) noted 
the capacity of ozone to induce irritation of the ma;or bronchi in 
man at ozone concentrations in the range of 500  Pg/m 

They also alluded to the fact that biochemical and cellular altera-

tions described in rodents as ozone-induced effects have also been 

demonstrated in humans when viral infection precedes the onset of 

bacterial pneumonia. The EPA (1978) therefore concluded that it is 

reasonable to expect that ozone can predispose human beings to in-

fection, although the exposure levels associated with such effects 

may be different. 

Genetic and Teratogenic Potential; Zelac (1971 a&b) reported: 

chromosomal abnormalities in peripheral leukocytes in hamsters after 

5 hours of exposure -to 400 Pg/m3 (0.2 ppm). Gooch et al. (1976) 

however, failed to confirm these findings. Merz et al. (1975) did 

report similar abnormalities in humans exposed to 1000 pg/m
3 
 (0.5 ppm) 

ozone, but again there has been no replication of these findings. 

Moreover, the health significance of chromosomal aberrations is open 

to debate. The EPA (ibid) cited the observation of Veninga (1967) 

of increased neonatal deaths and congenital abnormalities in newborn 

mice, as grounds for raising the index of concern over the potential 

teratogenic effects of ozone. 

Health Effects of Ozone Exposure: Clinical and Epidemiological Data 

Tables 4.2-23 and 4.2-24 summarize the human studies examining 
ozone or oxidant exposure. It can be seen that ozone or other 
oxidants impair pulmonary function, cause respiratory and other 

(0.25 ppm). 



A. Ozone 

Ozone Concentration 

221 	Pero
3  

0.008-0.02 	15-40 

Reference  

Eglito, 1968 

Richardson and Middleton, 
1957, 1958 

von Nieding et al., 
1977 

von Nieding,  
1979 

McDonnell et al., 198 3 

Delucia and Adams, 1977 

Linn et al., 1978 

sazucha et al., 1973 

Hackney et al., 1975 

Nadel et al., 1979 	• 

Folinebee et al., 1978 

Delucia and Adams, 1977 

Hazucha et al., 1973 

Folinsbee et al., 1975 

Hackney et al., 1975 

Kerr et al., 1975 

2h 

1 h 

2h 

2h 

6h  

	

0.025 	 50 

	

0.05 	NO2 100 

	

0.1 	 SO2 260 

	

0.37 	. 	730 

	

0.37 	S021000 

2 h 	 Increased sensitivity bronchoconstriction 

2 h 	. 	 Lung function changes , greater than 
additive • • 

Von Nieding et al., 1977 

Hazucha and Bates', 1975 

I. 

TABLE 4.2-23 

RESULTS REPORTED IN SELECTED 'CONTROLLED HUMAN STUDIES 
OF OZONE EXPOSURE 

Duration of 
__Exposure 

Immediate 

Working hours 
for 123 d 

2h 

	

>0.1 	 >200 

	

0.1 	 200 

	

0.1 	 200 

	

0.12 -0.40 	240-800 

	

0.15 -0.30 	300-600 

	

0.2 -0.25 	400-500 

	

0.25 	 500 

	

0.25 	 500 

	

0.2 -0.4 	400400 .  

	

0.30 	 GOO 

	

0.37 	 740 

	

0.37 	 740 

	

0.5 	 1000 

B. Ozone and Other Pollutants  

Effects 

Threshold of odour perception 

Increased eye irritation 

increased airway reoistance in healthy 
subjects under light intermittent 
exercise 

2 h 	 • 	Decreased 02 in arterialized blood and 
increased airway reoistance (using 
nonstandard measurement techniques) 

2.5 h 	 Increased pulmonary function under 
intermittent vigorous exercise, symptoms 
at all expooures 

1 h 	 Symptoms of discomfort reported and 
discernible (but not atatiatically 

. . significant) changen in respiratory 
patterns under vigoroua exercise 

2 h 	 No statistically significant changes in 
pulmonary function, but alight increase 
in symptoms and biochemical changes in 
asthmatic patients 

2 h 	 Small changes in lung function under 
light intermittent emirate' 

2 h 	 No important lung changes in "reactivefl 
subjecte under light intermittent 
exercise 

Increased bronchial reactivity 

Decreaeed pulmonary function 

Symptoms of discomfort and statisti-
cally significant changea in pul-
monary function under vigorous 
exercise 

Symptoms of discomfort and significant 
changes in lung function under light 
intermittent exercise 

significant increase in total airway 
resistance under light intermittent 
exercise 

Significant Change in airway resistance 
and increased symptoms (dry cough and 
chest discomfort) 
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TABLE 4.2-24 

COMPILATION OF RESULTS FROM SELECTED STUDIES OF THE EFFECTS OF COMMUNITY EXPOSURE TO OZONE 

Concentration 
PPm 	 pg/m3 	 Measurement 	 Effects 	 Reference  

• 0.06 	 125 	 Mean daily maximum 	Increase  in  hospital admissions for 	 Bates and Sizto, 1983 
. respiratorY disease 

0.01-0.03 	20-60 	Mean hourly maximum 	Lung function parameters  were  significantly 	Kagawa et al., 1976 
correlated with hourly 03 concentrations 
,in the 2 hours prior to teàting. Other 

• pollutants also correlated. No threshold - 
• 

• determined 

>0.03 	 >60 	 Mean hourly maximum 	High correlation with increased risk of 	Whittemore and Korn, _ 	 — 
asthma attack. Otherpollutants also 	 1980 
correlated'. No threshold determined - 

.0.08 	. 	160 	Mean hourly maximum 	Significant correlation with cough and 	Zagraniski et al., 1979 _ 
.> 	 eye irritation in sensitive people 
1 

cs, 	0.03-0.30 	60-590 	Hourly average 	 Significant correlation with deéreased 	Wayne et 	 , al. 1967  .> 
' athletic performance, at least for 

. 	. 	 3  values above 0.2-0.3 mg/m 	 .' . 	 . 
>0.15 	>300 	

. Daily maximum ' 	 Increased frequency of respiratory 	 Makino and Mizoguchi,_ — . 	 symptoirs and headache 	 1975 

>0.25 	>500 	Daily maximum 	 Increased frequency of asthma attacks 	 Schoettlin and Landau, _ 
1961 

	

. 	 . 
=0.50 	=1000 	Hourly maximum 	 Increased symptoms began at 100 pg/m3 	 Hammer et 	 r al. 1974  

(headaches); 300 pg/m3  (eye irritation); 
• . 	 530 pg/m3  (cough); 580 pg/m3  (chest 

discomfort). Threshold  détermination 	 . . 	 - 	 questionable. 

Ozone Concentration 



symptoms, decrease performance, increase susceptibility to infection, 

and cause exacerbation .  of asthma or aggravation of other chronic 

respiratory conditions. Each of these effects will be addressed below, 

with the issue of susceptible populations discussed in a later section. 

Impairment of Lung Function: Based on the findings of Hazucha and 
Bates (1975), Hazucha et al: (1973) and Folinsbee et al. (1977), the 

EPA (1978) concluded that there is very convincing evidence that 

740 pg/m3  (0.37 ppm) ozone has a deleterious effect on lung function 
of lightly exercising,subjects. The EPA (ibid) ,  felt that the study 

of Delucia and Adams (1977) raises the possibility that an ozone 

concentration of 600 pg/m 3  (0.30 ppm) exerts an effect on lung function 

of healthy subjects exercising strenuously and that some healthy in-

dividuals  may even . be affected at concentrations as low as 300 pg/m3 

 (0.15 ppm). However, the EPA.felt tliat the 'finding of deleterious 

effects on lung function at levels of 200 pg/m3  (0.1 ppm) reported 
by Nadel and Goldsmith. (1969) and von Nieding et al. (1977) were  un-
reliable for methodological reasons. ,The stùdies of Kagawa and Toyama 
(1975), Delucia and Adams (1977) and Hackney et al. (1975) illustrate 
the increased . bignificance,9f . cizone-induced lung function impairment 

of patients with respiratory .  disease. These and other studies re-
lating to the oxidant effects in asthmatics (such aà Schoettlin and 
Landau, 1961; Whittemore and Korn, 1980; Bates and Sizto, 1983; 
Zagraniski et al. 1979) will be discussed below. Of considerable  im- 
portance  is the recent clinical study .  by McDonnell et al. (1983) in .  • 
which small, but statistically significant changes in pulmonarY function 
(FVC - forced vital capacity, FEV - forced expiratory volume,  and 

FEF 25%-75%  - forced expiratory flow between 25% and 75% of the forced 
expiratory vital capacity), were observed in exercising healthy yoùng 
males  (je.  non-asthmatics) at levels as low as 240 pg/m3  (0.12 ppm). 

The study also showed a large difference in individual response, in-
dicating that even "non-asthmatics" have a variable degree of airway 

reactivity to ozone. The resulte'of this study will, no doubt, have 
far-reaéhing consequences in regulatory decisions. 
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Clinical Symptoms of Ozone Exposure: It has been noted (EPA, 1978) 

that in nearly all experimental studies in which ozone exposure has 
been sufficient to produce lung function changes, most subjects re-

ported respiratory symptoms. Hammer et al. (1974), attempting to ob-

tain threshold estimates for the various symptoms, reported chest dis-
comfort at 500-580 pg/m 3 (0.25-0.29 ppm), cough at 600-780 pg/m 3 

 (0.30-0.39 ppm) and headache at 300-380 pg/m 3  (0.15-0.19 ppm). Several 
Japanese studies (Kagawa and Toyama, 1975, 1976) indicated increased 
rates of sore throat, dyspnea and headache on days when oxidant con-
centrations exceeded 200 pg/m3 (0.10 ppm). Early studies had reported 

steadily increasing rates of eye irritation at 200 to 900 pg/m3  (0.10 
to 0.45 ppm) oxidant concentration, although Hammer et al. (1974) re-
ported this effect at 300-380 pg/m 3  (0.15-0.19 ppm). Another recent 
study (Zagraniski et al., 1979) demonstrated significantly increased 
occurrence of cough and eye irritation at even lower levels. The EPA 
(Jan.1978) felt that the attempts (e.g. by Hammer et al., 1974) to 

determine thresholds for ozone-induced symptoms were inappropriate and 

violated biological evidence for nonlinear dose-response relationships. 
The recent experimental findings of McDonnell et al. (1983) that even 
healthy young males have a definite increase in cough at 240 pg/m' 

(0.12 ppm) corroborate the wisdom of this approach. 

Decreased Resistance to Infection: The animal evidence that ozone 
exposure predisposes to infection is reinforced by the Durham study 
(1974) in which increased illness was reported in college students 
following periods of elevated pollution (with peak oxidant being the 
pollution variable most strongly associated with illness). 

Asthma Attacks:, Despite some confusion in the early interpretations 

of the Schoettlin and Landau (1961) asthma study, it seems that 

significantly more asthma episodes occurred on days when peak oxidant 
concentrations exceeded 500 pg/m3  (0.25 ppm), associated with average 

maximum hourly oxidant concentrations of about 400 pg/m3  (0.20 ppm). 

The EPA (June 1978) felt that the evidence supported the.statement that 

a proportion of asthmatics will be affected by maximum hourly oxidant 
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concentrations of 400 pg/m 3  (0.20 ppm), and that the effect is likely 
to occur at concentrations in the range of 300-500 pg/m 3  (0.15-0.25 ppm) 
in some asthmatics or other persons with sensitive airways. The re-
sults obtained in a recent study by Whittemore and Korn (1980), as 
illustrated by Figure 4.2-10, also show that the risk of having an 
asthma attack indeed increases as the levels of oxidant increases (with 

all other variables held constant). Even more recently, Bates and 
• Sizto (1983) released their findings on the relationship between air 
pollutant levels and hospital admissions in southern Ontario. They 
found high statistically significant associations between excessive 
respiratory disease admissions for the summer months and SO2, temperature 
and ozone. The average ozone level during this period was only 
62.8 ppb (126 pg/m3 ). 

Impaired Athletic Performance: Wayne et al. (1967) demonstrated a 
high correlation between hourly oxidant concentration and the pro-
portion of runners that fail to improve running time. The oxidant 
concentrations ranged from 60-600 pg/m 3  (0.03-0.30 ppm), although 
as the EPA has pointed out (EPA, June 1978), the data do not suggest 
a plateau in the dose-response •unction. They further noted that 
Folinsbee et al. (1977) documented'a decline in maximal oxygen up-__ 
take in healthy young subjects exercising under controlled experi-
mental exposure to 1500 pg/m3  (0.75 ppm) ozone, thus suggesting a 
mechanism for the effect on athletic performance. 

Particularly Susceptible Populations 

Clinical and epidemiological studies have shown that people with 
chronic obstructive airways disease, particularly asthmatics, appear 
most sensitive to changes in ozone concentration. This sensitivity 
results from the fact that their airways are hyper-reactive to 
irritants such as ozone. Recent studies (McDonnellet al., 1983) have 
shown that even non-asthmatics may have hyper-reactivity to ozone. 

Concern has been expressed (EPA, Jan. 1978) that ozone exposure in 
young children may compromise lung development in view of the findings 
of Bartlett et al. (1974) which demonstrated a reduction in lung elas-__ 
ticity and overdistension of lungs of young rats exposed to 400 pg/m 3 

 (0.2 ppm) ozone for 30 days. The epidemiological evidence for the effect 
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I .  

of oxidants in the range of 200-500 pg/m3  (0.1-0.25 ppm) to the lung 
function in children was also cited by the WHO (1979) as cause for 
concern. 

Studies have indeed established that exercise increases the ozone 
dose that reaches the target tissues in the respiratory tract. There-
fore, people engaging in physical activity are particularly vulnerable 
to the effects of ozone. 

Quantitative Assessments and Other Issues Relevant for Standard-Setting 

Bates end Hazucha (1973) have shown that sulfur dioxide, at concentrations 
of 962 1ig/m 3  (0.37 ppm), enhances the effects of ozone. There have been -. 
differences of opinion as to whether this should argue in favour of 
providing a margin of safety (EPA criteria document; U.S. EPA, June 
1978, for example). Moreover, for ozone even mores° than for substances 
in general, the no-adverse-effect level depends on the particular sub- 
jects who have been studied and the circumstances under investigation. 	

-- II Adverse health effect thresholds for sensitive persons are difficult to 
detect experimentally and studies performed on small numbers of healthy .  — II 
subjects are not likely to predict the response of Sensitive groups. 
Further, it is noted that the margin of difference between ozone con-
centrations that produce serious toxicological effects in animais as 
well as  symptomatic.  and  lung function changes in humans, and ambient 
levels of ozone, is much smaller than for any other atmospheric pollutant. 

— II 
As noted by the EPA Advisory Panel (EPA, June 1978), exposures above 
maximum background levels of 100-120 pg/m3  (0.05-0.06 ppm) may well be 	

-- II associated with some increased health risk. 

With these notes of caution, Table 4.2-25 summarizes the probable 
effect levels estimated by the EPA's health panel as well as those 
derived from estimates determined from interviews with health experts 
(EPA, Feb. 1979). Wright (1982) illustrates that subjective 

1 
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* Reproduced from Wright, 1982 

Table 4.2-2 •PROBABLE EFTscr LEVEL ESTIMATES—Estimates for sensitive population segments *  
(parte per million) ozone 

Aggravation of asthma .  Reduced resistan ce  In bacteria 	Reduction in pulmonar)'  
emphysema ,  and chronic 	infection (animal studies) 	 function 

bronchitis 

Cheat discomfort and irritation 
•of the respiratory tract 

Health panel Judgment of effcet level. 	 0.15-0.25 
Probable (median) effect level as esti• 

mated from interviews with health 
experts 	 0.17 

(0.14-0.25) 

• 0.15-0.25 	 • 	0.15-0.25 

	

0.18 	 015 	 0.15 

	

(0.07-0.38) 	 (0.07-0.18) 	 (0.11-0.18) 

(' ) 

'Not available. 

e REPRODUCED FROM 
E P A , 1979 



encoding technique for "category 3" effects (i.e. impaired pulmonary 

function) as shown in Figure 4.2-11. He points out that while the . 

curves of Experts B ànd C, indicate a .90% probability of adverse effects 

only aboVe 520 pg/m 3  (026>ppm) .f  :Expert A's curves does so below 

280 pg/m 3  (0.14 Ippm). -Among his ManY criticisms of this process, he 

felt that this discrepancy .was•primarily due'to the failure to define 

the precise activity level Of the hypothetical subject being exposed. 

The recent results of Bates and Sizto (1983) are, however, particularly --- II 
disconcerting in view of 'the low levels of exposure found to be capable 

of increasing the rate of admissions for respiratory disease. The 

fact that on the basis of the Los Angeles data, this strong association 

would not have been expected,'led the authors to postulate three 

factors which might influence morbidity in Ontario by comparison with 

Los Angeles. First, the adaptation issue was again identified, in-

dicating that the Ontario population is more sensitive to ozone than 

the Los Angeles population. Secondly, they felt that the lower ambient 

temperatures in Ontario, compared to Los Angeles, may mean that more 

individuals are engaging in out-of-doors exercise, which, as indicated, 

may potentiate ozone-induced egfects. Thirdly, they felt that the 

higher levels of particulate pollution may be important. 

Bates and Sizto (1983) noted that some of the elevations  in  respiratory 

admissions involved increases of about 70% on given days, or 28 

additional respiratory admissions compared to a normal average of 40.• 
Firstly, they pointed out that this equated to about 0.01% of the 5% • 

most "reactive" individuals and that it may safely be assumed that for 

each of these hospital admissions, there are several patients who 
attended a hospital outpatient department and several more who con-
sulted their  on  physicians 7 resultingin a considerable economic 
burden of pollution-related disease. Iehile dose-response curves for 

the various health effects-of ozone are subject to•methodological 
weaknesses, findings such .as .those•of Whittemore and .1<orn (1980) and 
Bates and Sizto,(1983), are worthy of considerable attention.. 
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4.2.5 	Diesel Exhaust Particulates .  

Introduction 

As mentioned in previous chapters, as increasing attention has been 

directed to fuel-refficiency over the last few years, greater use is 

being made of diesel engines. The EPA has estimated that by the end 

of the century, as much as 25% of the cars on the road may be diesel 
(EST, 1980). In addition to emitting gas phase compounds that 
have both direct and secondary effects in the atmosphere (as discussed 

in the other sections of this chapter), diesel engines emit a con-

siderable amount of particulates of both solid (soot) and liquid 

(aerosol) type. 

The high particulate emissions of the diesel .have been the focus of 
concern regarding the health effects of this engine. Studies in 

1977 proved that diesel passenger cars produce particulate;50 to 80 

times their gasoline-fueled counterparts (Springer 1981). The 

particles, as mentioned, are of respirable size (0.1 to 2 et diameter; 
. see Chapter-2),capable of penetrating deep into the lungs. Thus, 
one of the health concerns regarding diesel emissions relates to its 

possible contribution to morbidity and mortality from chronic lung 

disease (EHL 1980). The soot particle also provides a surface for 

the aerosol to condense or adsorb. Some well known carcinogens, such 

as benzo(a)pyrene are among the materials present in diesel 

particulates. Consequently, the major cause for concern regarding 

these emissions relates to their possible role in causing cancer. 

Uncertainty regarding actual risk rests on the fact that the hydro-

carbon substance attached to the particle can change from moment to 

moment, depending upon the engine design, horsepower, type of fuel, 

operating load, speed, engine maintenance, engine lubrication and 

other factors (Weisenberger 1981). At one time,the objection was 

raised that the hydrocarbons may have become attached to the 

particulates as they were filtered out to study them; however, it 

is now acknowledged (ibid) that they are truly attached as a result 

of the combustion process. Present controversy revolves around the 
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fact that the mutagenic activity of the extract depends in part upon 
the choice of solvent (ibid), and the question of the relevance of 
these bacterial findings to lyamans. 

Clearly, quantification of risk attributable specifically to diesel 
particulates is not possible at present. Nonetheless, it is useful 

to briefly review the evidenee regarding the deleterious effect of 
diesel partidulates on pulMonary function, as well as its role in 
mutagenesiS and carcinegenesis so that the nature of the hazard could 
le taken intà consideration in pressing regulatory decisions that'can-
not await.definitive results. 

Effects on Pulmonary Function 

Studies of the Effects of Diesel Particulates: An important factor 
in assessing the potential health effects of diesel emissions relates 
to the extent to which inhaled particles deposit in the respiratory 
syStem and how long they remain before being cleared. Various animal 
studies have shown that during chronic exposure, the amount of diesel 
particulate indeed builds up in the lungs over time (Soderholm 1981),, 
With pulmonary deposition relatively high and retention times re- 
latively long (Wolff et al. 1981). The carbonaceous particles deposited 
in the respiratory àirways are phagocytized (engulfed) by the 
pulmonary alveolar macrophage (immunological cells) and are eventually 
swept up the respiratory tract via the mucociliary escalator (hair-
like cells that line the airways), or cleàred through lymphatic 
channels. Lung clearance via lymphatics results in an accumulation 
of particles in the regional lymph nodes, and data suggest that the 
presence of hydrocarbons or carbonaceous diesel particles in high 
dosés might affect immune function (D'ziedzic 1981). , The patho-
logical description of pulmonary responses to diesel exhaust, ,as 
summarized by Moorman et al. (1981), include the observations of 
(1) marked accumulation of black pigment laden macrophages in the 
tissue around blOod vessels and respiratory bronchioles; (2) hyper-
plaSia Of the 'alveolar lining cells (thickening of the lining of the 
air sacs) with focal tiiickening of the surrounding lung tissue; (3) 



interstitial pneumonitis(inflammation) and (4) traces of, or no 

emphysema or peribronchiolitis (Wiester et al. 1980; Karagiones et 

al., 1981). These pathological findings were felt by Moorman et al. 
(1981) to be consistent with their physiologic findings of restrictive 

lung disease in cats exposed for two years to diesel exhaust. 

The few studies that have been conducted relating diesel exhaust 
exposure and pulmonary function in humans (Jorgenson and Svensson 

1970; Battigelli 1965; Battigelli et al. 1964) have failed to document 

an adverse effect. Pattle et al. (1957) concluded that the animal 

deaths related to diesel emissions were caused by high levels of 

NO2, CO and acrolein-type irritants present in the emissions. Gaseous 

contaminants (CO, NO x , CO2,  SOS)  and light hydrocarbons, however, 
were present in a more recent study by Wiester et al. (1980) in 

concentrations beneath those associated with definable adverse effects. 

They found that at ambient chamber temperatures, approximately one-

half of the hydrocarbons were adsorbed to particulates. In addition, 

small quantities of NO x  and SO x  were also adsorbed. Wiéster et al. 

(1980) therefore suggested that these "respirable pockets" of highly 

concentrated irritable substances condensed onto particles may be.the. . 

source of the irritation effects noted. This logical hypothesis helps 

explain the difficulty in attempting to evaluate the pulmonary effect 

of diesel particles per  se. 

Health Effects of Particulate Matter (TSP): The morbidity and mortality 
associated with acute exposure to suspended particulates generally, 

usually in combination with sulfur dioxide, have been summarized by EPA 

(1980) as shown in Table 4.2-26. From these studies, the minimum air 

level of total suspended particulates (TSP), as well as SO2 , at which 

acute mortality increases, was projected by the EPA (April, 1980) to 

be 300-500 pg/m 3 . The EPA noted that worsening of symptoms in 

bronchitis patients and increased hospital admissions in Britain was 

reported to occur at TSP (and SO2) levels of 300 mg/m3  or more, 

although a U.S. study found exacerbation of symptoms among bronchitics 

at 200 pg/m3  TSP (and 100 mg/m3  S02) and increased asthma attacks at 

150 pg/m 3  TSP (and 200 tg/m3  SO2). Health effects of chronic exposure 

to SO2 and particulate matter are summarized in Table 4.2-27. It 

should be noted that respirable suspended particulates (RSP),  le. 
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Type of Study 

Mortality (episodic) 

British 

Reference 

Table 14-1 

Effects observed 

Excess deaths 

247hOur average pollutant levels 
at which effects appqr 

TSP (big/mu ) 	SO 2  pgm 

546' 994 

Dutch Table 1472 Excess deaths 300-500 500 

Japanese Table 14-2 	 Excess deaths 285 1800 

USA Table 14-2 	 Excess deaths 570 (5 CoH) 	400-532 
(1 hr max: 2288) 

Morbidity 	 Martin Increases in hospital admissions 	500* 
for cardiac or respiratory illness 

400 

Stebbings, and 
Hayes 

Increased symptoms in chronic 
bronchitis (CB) patients 

200 (60 RSP) 
(12SS) 8 SN) 

100 

200 Cohen et al. 

372 McCarroll et al. 

452 Cassell et al. 

150 (20SS) 

160* (1.2  CON) 

205* (2  CON) 

Increased AS attacks 

Increased ARI daily 
inc/prev 

Increased ARI average 
daily inc/prev 

' Stabbings and 
Fogleman et al,. 

Decreased FEV0•75  (children) 700 300 

Table 4.2-26 	SUMMARY TABLE - ACUTE EXPOSURE'EFFECTS 
OF TOTAL SUSPENDED PARTICULATES (TSP) AND 
SULPHUR DIOXIDE (S02)*** 

(Non-episodic) 	Martin and Bradley 	Increases in daily mortality 	 500* 

Martin' 	 Increases in daily mortality 	 500* 	 400 
above the 15 moving average 

300 

Glasser and 
Greenburg 

Increases in daily mortality 350-450** 	 524 

• 300-500 Lawther et al. Worsening of health status among 	344* (250 BS) 
195 bronchitics 

1 

Greenberg et al.. 

Lawther et al. 

Increased cardio-respiratory 
'ER visits 

Increased clinical condition 
In CB patients 

357** (260 BS) 

	

529" (400 BS). 	450 

	

344* (250-350 BS) 	300 

715 

* Converted from BS (British Smoke). 

** Converted from CoH (Coefficient of Haze) 

RSP: Respirable Suspended Particulates 

SN: 	Suspended Nitrates 	' 

SS: 	Suspended Sulphates 

ER; 	Emergency Room 

CB: 	Chronic Bronchitis 

- AS: 	Asthma. 

ARI; Acute respiratory infections 

inc/prev: incidence/prevalence. 

91.‹* 	ReprOduced froM E.P,A., April 1980. 'See source for complete references. 
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Type of Study Reference * * 	 Effects observed 

Annual average pollutant levels 
at which effect occurred  

1SP (pg/e) 	 SO2 (ligimJ ) 

Mortality (geog.) 	Winkelstein 	 Increased mortality 125-140 	 not significant 

Zeidberg and 
col leagues  

Increased mortality 55-60 	 30 

Cross-sectional 	 Sawicki (1972) 
(2 areas) 

More chronic bronchitis, 	 250* 	 125 
asthmatic disease in smokers; 
reduced FEV% 

Cross - sectional 
study of school-
children in 4 areas 

Increased frequency of res- 	 260* 	 190 
piratory symptoms; decreased 
lung function in 5-year olds 

Lunn et al. 

Ferris 
et al. 

Morbidity 

Longitudinal and 
cross-sectional 

Higher rate of respiratory 	 180 	 55 
symptoms; and decreased lung 
function 

* Converted from BS (British Smoke) 	**Reproduced from E.P.A., 1980; 
see source for complete references geog. - geographical 

CRD 	- Chronic respiratory disease 
LRD 	Lower respiratory disease 
RSP 	- Respirable suspended particulates 
BS 	- British smoke 
SS 	- Suspended sulphates 

Table 4.2-27 . SUMMARY TABLE - CHRONIC EXPOSURE EFFECTS 
OF TOTAL SUSPENDED PARTICULATES (TSP) AND 
SULPHUR DIOXIDE (SO2) **  

Follow-up of school- 	Douglas and Waller 	Increased lower respiratory 	197*  (130 65) 	 130 
children in 4 areas 	 tract infection 

Cross-sectional study 	Hammer et al. 	 Increased incidence of lower 	 85-110 	 175-250 
of children in 4 areas 	 respiratory disease> 

Cross-sectional study 	Mostardi and 	 Lower FVC, FEV0 . 7s  and maximal 	77-109 	 96-100 
of high school 	 colleagues 	 oxygen consumption 
children in 2 areas . 

Cross-sectional 	 Lambert and Reid 	Increased respiratory symptoms 	160* (100 BS) 	 100-150 
(multiple areas) 

Cross-sectional 	 Goldberg et al. 	Increased CRD 	 78-82 	 69-160 
(3 areas) 

Cross-sectional 	 House et al. 	 Increased CRD 	 70 (15SS) 	 100-150 
(4 areas) 

Cross-sectional 	 Sawicki and 	 Increased Prey CO and AS 	 169+ 	 114-130 
' and Long (2 areas) 	Lawrence (1977) 	Increased  persistance,  Males 

31-50; Increased incidence,  
Females, some ages 

Cross-sectional 	 Rudnick 	 Increased respiratory symptoms 	221-316* 	 108-148 
(3 areas) 	 in boys. Increased Rh in girls 	(150-227 8S) 

Cross-sectional and 	Nelson et al. 	 Increased LRD 	 70 	 107 
retro-long in 4 areas 
(children) 

' 	 
Cross-sectional 	 Hammer 	• 	 Increased LRO 	 133 	 <25 
2 areas

. 	
(SS.14) 

.  

Cross-sectional 	 Shy et al. 	 Decreased adjusted FEV. 75  in 	 78-82 	 69-160 
• 3 areas (children) 	 children > 8 years 

Cross-sectional 	 Shy et al. 	 Decreased adjusted FEV .75 	 96-114 (45 RSP) 	(= and low) 
2 areas (children) 	Chapman et al. 
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particles of less than 10 im  have been measured in only a few American 
epidemiology studies, eg. those by Hammer (1977), Stebbings and Hayes 
(1976), Shy  et  al. (1973) and Chapman et al. (1973). As noted by the 
EPA (1980), the latter study demonstrated pulmenary impairment in 
children in an area with high pollution with RSP of 45 ilg/m 3  (96 to 
114 pg/m 3  TSP) and very' loW SO2, suggesting that RSP of 45 pg/m 3  may 
be important. 

Numerous methOdological difficulties. (especially the need to control 
for a Multitude of possible confounding or covarying factors) have 

hindered the elucidation of dose-response relationships from studies 

such as these.  Figure .4.2-12  depicts the divergence of opinion 

between various reviews (Holland et al. 1979; WHO 1979; EPA 1980 and 

various others) in their evaluation of the literature. Suffice it 

to conclude that there ‘ is strong evidence that•exposure to particulates 

has an adverse effect on health and that diesel emissions containing 

a large amount of respirable Particles would certainly be expected to 

contribUte -tn the adverse effects noted. 

Cancer Risk 

The major health concern about diesel emissions per se is 
stituents may be cancer-causing. The polycyclic aromatic 

(PAH) found in diesel emissions were listed in Chapter 2. 

cinogenic potential of many of these PAH's has been amply 

in many species of. laboratory animals 

tracheal administration (ARC 1973). 

(1978) demonstrated that 

following 
In recent 

that its 'con-
hydrocarbons 

The car-

demonstrated 

oral, skin and intra-

years, Huisingh et al. 

diesel particulates had mutagenic activity 

in the Aines  microbial assay (a standardized short term test which 

estimates the mutagenic and carcinogenic potential of some chemicals). 

The mechanisms by which diesel particulates induce mutations have 

since been further elucidated (King et al. 1981; Lewtas 1981; Pereira 

1981, and others). The carcinogenic importance of the class of 

chemicals called nitroarenes foundin diesel effluent has recently 

been reviewed by Rosenkrantz (1982). Although there is still con-
siderable uncertainty, it has been observed .(EST 1980) that (1) 

lung cancer appears to be more prevalent in diesel-exposed hamsters 

• than in controls, (2) cultured mouse cells, salmonella and yeast cells 
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in the NRC/NAS documents ' and the present chapter. Aside 
from the British studies noted for London and Sheffield and the 
1960-64 New Youk City mortality study, Holland et al. Jul either 
ignored the other studies shown or evaluated them as being in-
valid based on methodological flaws or reinterpretation of their 
findings. "OTHER STUDIES" not specifically identifigl in the 
above key inclyge those reported by: Gervois et al.. 117n2gg

ance  
(1973); Martin 	0  Lonyy 	958-60); Mostardi et al. 	V 
Chicago (1972); Hammer 	' 	V Southeat USA (1969-71); 
Suzuki and Hitosugi V Tokyo (1970). The dashed lines depict 
WHO (1979) 3.I.L conclusions regarding 50 9  and particulate levels 
associated with acute (24-hr) mortalitP, acute morbidity, and 
chronic (annual) morbidity. 

ACUTE MORTALITY 

o  MARTIN, ET AL. 0960-641 - LONDON 
0 GLASSER & GREENBURG (1971) • NYC 
C APLING, ET AL, WALLER (197748 ) LONDON 

• OTHER STUDIES 

*
Reproduced from E.P.A., 1980. 
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all show mutations or DNA damage when exposed to dichloromethane 

extracts, and (3) perhaps most far-reaching, diesel particulates 

were f. ind to be 10 times more active in mutagenicity tests than 

extrac .,d of gasoline engine particulates. The significance of these 

findings is,  of course, a matter of contention. 

Epidemiological studies have also demonstrated increases in respiratory 

tract or skin cancers in workers exposed to many of the PAHs found 

in diesel emissions. The carcinogenic potential of soot, coal gas 

and tar, coke combustion products and mineral oils have been 

thoroughly reviewed (e.g. NAS 1972; IARC 1973; Cole and Goldman 1975). 

The epidemiological data on carcinogenic effects of diesel exhaust 

per se are, however, quite limited and inconsistent. Schenker (1980) 

reviewed the evidence, as summarized in Table 4.2-28. He pointed out 

that because of the difficulty in distinguishing gasoline from diesel 

exhaust exposure in community studies, the data obtained in occupational 

studies are of particular importance. In noting the inconsistency 

of the earlier studies of bus and train workers, he stressed that these 

were all undertaken before diesels had been in use long enough for 

an adequate duration of occupational exposure. He commented that the . 	. 
two more recent studies of train workers and of teamsters  have  been 

suggestive of excess cancers in workers exposed to diesel exhaust,' 

but require further confirmation. 

To better appraise the potential lung cancer risk of exposure to 

diesel emissions, Cuddihy et al. (1980) attempted to compare the risks 

known to be associated with other carcinogenic exposures to that of 

diesel exposure. They assumed that the concentration of particles 

and of benzo(a)pyrene in urban air, in air near coke ovens, and in 

cigarette smoke can be used as indices of the total lung cancer risks 

in exposed populations. Utilizing the conclusion reached by the NAS 

(1980) that diesel particulates are not more carcinogenic or mutagenic 

than cigarette smoke or coke oven emissions on a unit particle mass 

basis, they applied the risk factor for respiratory cancer from these 

exposures to diesel emissions. Assuming that the average particle 

concentration inhaled by 160 million people living in urban settings 

was 100 pg/m 3  and that the 50 million people living in rural settings 



96 cases lung cancer. No 	inadequate duration of exposure 
excess lung cancer attributed and latency period at time of 
to diesel exhaust exposure 	study. Diesel exhaust exposure 

estimated. 

Findings Comments 

Wegman  and  Massachusetts tumor 
Peters (1978) 	registry, 1965-1972 

Luepker and 
Smith (1978) 

Central state teamsters 
May-July 1976 

SMRa - Standardized Mortality Ratio 

MIMI UM 1111 11111 I Ill' l"g IMF MI dill 11111 IIMM III! Mg III!
. 

 Ile OM 

TABLE 4.2-28 

EPIDEMIOLOGIC STUDIES OF CANCER IN OCCUPATIONS EXPOSED TO DIESEL EXHAUST.* 

Author 

Raffle 
(1957) 

Kaplan 
(1959) 

Hueper 
(1955) 

Heino et al 
(1978) 

Population Studied 

Males London Transportation 
workers 45-65 years old, 
1950-1955 

Baltimore and Ohio 
Railroad workers, 
195371958 

Finish railroad workers 
30-52 years old, 1959-1973 

154 lung cancer deaths. 
SMRaslightly lower than 
national rates. No dif-
ferences in rates for 
exposed and non-exposed 
workers 

47 tumors in engineers 
Significantly greater 
number than in trainmen 
or'railroad clerks 

91 cases oat cell cancer 
excess in transportation 
equipment operatives 

34 respiratory tract cancer 
deaths, increased SMR all 
age groups, significant for 
age 50-59 

inadequate duration of diesel 
exhaust exposure and latency 
period at.time fo study. No . 
consideration of transefer re-
tirement or duration of exposure 

inadequate duration of diesel 
exposure at time of study. Rates 
not included. 

small numbers of cases not 
analyzed by tumor-type 

no specific for diesel exhaust 
, exposure 

sMall number of cases, short 
period of observation 

Two large railroad companies 133 cases lung cancer, 
1939-1950 	 about 3:1 ratio observed 

expected in operating work-
ers compared to non-operat-
ing workers 

* Reprinted from Schenker, 1980. See source for complete references 



were exposed to 3011g/m 3  of particulates, and assuming that 8000 1-0/yr 
of air was breathed by each person with 25% of the inhaled compounds 
deposited deeply in the lungs, they estimated that less than 30 lung 
cancers/yr would be expected to occur in the U.S. population after 
1995 due to diesel partieulatesi for an individual risk of less than 1 
cancer case per million/year. Some ofthese assumPtions have been re-
jected'by other authorities (EH4 1980) who  point to the limitation of 
comparisons of coke,oven and diesel emissions. It is notewàrthy in 
this regard that recent studies have found that benzO(a)pyrene accounted 
for only up to 2% of the mutagenic activity .found in air pollution 
samples taken in the daytime, and up to 	of the night samples 

•(Moller et al. 1982). From their overall data, these investigators 
concluded that most of the mUtagenicity measured in airborne particles 
in daytiMe samples collecteà at street level in an area with dense 

traffic, indeed originated from motor vehicles (ibid). 

Conclusion 

At present, all that can be concluded is that although mutagenic 

activity has been identified»in.diesel . exhaust, the cancer risk to bumap. 

health has hot yet beén'determined. At the'present tiMe, there is no 
strong human 'el/Mende tà link exposure to diesel emissions to an increase 
in cancer, nor for that matter is there any strong human data to 
assess the adverse effect of diesel particillates on pulmonary function. 
Thé many variables determining the exact chemical  nature Of diesel 
•particulates make any quantitative statements regarding health risk of 
diesel particulates as a whole véry tenuouS. 
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4.2.6 	Vapour-Phase Hydrocarbons 

It is generally agreed that hydrocarbons as a class do not present 

a direct health hazard, althoughlthey must be controlled on the basis of 
their contribution to photochemical smog. As discussed in Chapter 

3, the U.S. nonmethane hydrocarbon air quality standard of 160 pg/m3 

 (0.24 ppm) maximum 3-year average concentration, not to be exceeded 

more than once annually, had been set by the EPA in 1970 to control the 

ambient levels of specific smog components as stipulated by the oxidant 

standard at that time. Ambient air quality standards for hydrocarbons 

as a whole have nt  been set in other jurisdictions, and have since 

been abandoned in the U.S. 

In October 1981 the EPA reviewed their air quality criteria for 

vapour phase hydrocarbons. The document discussed the character-

istics of the various groups of hydrocarbons, reviewed the criteria 

developed in 1970 for the standard-setting process, and examined 

the data on hydrocarbons that had accumulated over the subsequent 

decade. Both the 1970 as well as 1981 documents covered only those 

organic compounds composed solely of carbon and hydrogen and that . 	. 
occur in the atmosphere in the gaseous phase. It specifically ex-

cluded substituted organics, such as the halogenated hydrocarbons, 
as well as organic compounds that occur as aerosols or particulates. 

Separate studies of polycyclic organic matter have also been conducted 

(EPA,Feb. 1979). These compounds are associated with suspended particulates, 

principally respirable particles, and as discussed in Section 4.2.5, 
the major health concern is their carcinogenicity. 

Aliphatic and Alicyclic Hydrocarbons: In the case of the aliphatic 
hydrocarbons as a group, the EPA (1981) noted that their tolerable 

concentration in air is limited only by the percent of available 
oxygen (18%). It was pointed out, however, that pentane, hexane, 

heptane and octane must be controlled more tightly based on their 
potential -bp cause chronic neurological disorders. The concentra- 

tion of 350 pg/m3  (120,100,85 and 75 ppm respectively) was designated 

as their Threshold Limit Valve (NIOSH, 1977) for occupational ex-

posures. It was also noted that the aliphatics emitted as gases in 

the atmosphere have not been implicated  as  carcinogenic. 



With respect to the alicyclics (naphthenes),the'EPA concluded that 

they act as central nervous system depressants with a relatively low 

order of acute toxicity. Further, it was noted that cumulative 

toxicity from repeated exposure to low concentrations is unlikely, 

as the alicyclics do not tend to accumulate in body tissues. . 

Aromatic Hydrocarbons: It is known that the aromatic hydrocarbons 

are more irritating to the mucous membranes than equivalent concentra-

tions of the aliphatics or alicyclics, but that systemic injury is 

still unlikely at anything near ambient levels. The EPA did, however, 
single out benzene as present in ambient air at levels representing 

a risk for leukemia, pancytopenia and chromosomal aberrations (NRC, 

1976; Snyder and Kocsis, 1975; and EPA, Sept. 1978). It was noted that 

haematological abnormalities have developed in humans as a result of 

repeated exposure to benzene concentrations ranging down to 336 and 192 

mg/m3  (105 and 60 ppm) (Hardy and Ellans, 1948; Wilson, 1942), and 

that Pagnatto et al 0  have suggested that haematological changes have 
occurred in rubber-coating plants at benzene concentrations as low as 

64 to 80 mg/m 3  (20 to 25 ppm). The studies showing the chromosomal 

aberrations can result from chronic exposure to benzene at conCentra-

tions ranging from 80-480 mg/m3  (25-150 ppm) were noted, as was one 
study in which significant effects were noted at 2-3 ppm time-weighted 

average (Blaney, 1950). The fact that the National Institute on 

Occupational Safety and Health had recommended the stringent standard 

of 0.3 mg/m 3  (1 ppm) benzene in air as an 8-hour average with a ceil-

ing level of l6 mg/m3  (5 ppm) for any 15-minute period during this•

8-hour day was also alluded to. Other reports were referred to (EPA, 

Sept. 1978; EPA, 1978) in which it was estimated from studies by 

Infante et al. (1977), Otto et al. (1977) and Askoy et al. (1974, 1976, 

1977) that 90 cases of leukemia per year could be attributed to the 

current low ambient level of benzene (about 1 ppb or 0.3 pg/m 3 ) to 

which the population at large is generally exposed. (This represents 

0.23-1.62% of total leukemia deaths in the U.S. based upon 1973 
statistics). with respect to exposure to toluene, xylene and tri-

methyl benzenes which are generally less toxic and volatile than 

benzene, it was noted that thorough reviews (e.g. NIOSH, 1973; Cohn, 



1979)  have  Concluded that 100 ppm is an adequate threshold for occupational 

exposure. This concentration of toluene was set -to prevent CNS7de-
pressant effects, although it-was noted that exercise might modify 
the situation, necessitating a lower ,  standard. The 100 ppm (435 mg/m 3 ) 
standard for xylene was designed to prevent irritating and narcotizing - 
.effects from occurring. Data regarding chronic effects have been in-
consistent. 

Hydrocarbon Mixtures: The EPA noted that adute exposure to high con-
centrations of hydrocarbon mixtures in gasoline vapours can sensitize 
the myocardium (heart muscule) Such that sudden death from ventricular 
fibrillation may occurlAinsworth, 1961; Wang and Irons, 1961; Aàidin, 
1958; NelmS et al.,1970; Poklis, 1976; Chenoweth, 1946). Acute èx-
posure to lower concentrations has been noted to cause eye , irritation 
and nOnspecific anesthetic or narcotic effects. Slight dizzineàs and 
irritation of eyes, nose and throat had been reportecl to ocdur at 1-h 
exposure to  480-810 mg/m 3  (-160 270 ppm) (Drinker  et al., 1943). :  
later study noted rilD symptoMs at exposures of up to 3000 mg/m3  (1000 . 

 ppm) (Davis et al., 1960). Chrbnic- eXposure to gasoline is thought-  - 
also to produce non-specific symptoms such as fatigué„-muscle' weak-
nesS, nausea, vomiting,  abdominal pain and weight loss, as well as 
central and peripheral neurological effects (Sinyard, 1970). Assuming 

an additive effect of benzene-induced damage With that attributable to 
other hydrocarbons (ACGIH, 1976), the TLV'for gasoline was set at-a 

900 mg/m3  (300'ppm):TiMe-Weighted Average (TWA)' over an 8-hr period' 
with a 15 minute ceiling of 3000 . mg/m3  (1000 ppm) (IN.IcDermott and Kil 

liny, 1976). Utilizing the TLV for benzène of 0.3 mg/m 3, (1 ppm) (which 
was overturned by the Supreme  Court): theTLV -for gaàoline would have 
been 450 mg/m3  (150 ppm). The lowest standard fora  miscellaneous 
hydrocarbon'mixture was stiggested to be 90 ppm based - upon a series 

of 17 inhalation 'studies With animals in lethal atmosphere or Studies 

of the sensory response of human subiects (Carpenter et al., 1975-1977). 

The EPA concluded that this constituted additional evidence  for' the , 

low level of toxicity of hydrocarbons, with the exception of benzene. 



Aldehydes, etc: The irritating effect of aldeydes and peroxyacyl-

nitrates on mucous membranes of the eyes, nose and throat has been 

well-documented. The EPA(1981) has noted that these compounds are 
responsible for the only health effects reported 7 

 from exposure to 
smog products derived directly from hydrocarbons (as opposed to 
indirectly derived products such as ozone), at levels approximating 
those found in the ambient air, Acrolein and formaldehyde were 
identified by the EPA (1981) as the most effective irritants of the 

aldehydes, while acetyl and benzoyl derivatives were designated the 
most potent from the peroxyacylnitrates. 

The EPA recommended that exposure to aldehydes be reconsidered when 
the National Academy of Sciences had. completed its report. Meanwhile 
no ambient air quality standard has been set for formaldehyde or any 
of the other aldehydes or peroxyacylnitrates, although.there seems 
to be growing concern especially with respect to the sensitization 
potential of formaldehyde. It has not been possible, in fact,' to 
determine an exposure level at which some hypersensitive individuals 
will, not respond. Allergic contact dematitis has been documented 
in sOme individuals exposed . to  formaldehyde vapour, but of course, ' 
the asthmatic response has been the focus of  the  concern. With re-
spect to the effects of chronic exposure ,to lowdoses of formaldehyde. 
some data regarding the effect on the respiratory system has.been 
reported. It has not been established whether or not suffiCient 
formaldehyde is absorbed to produce systemic effects, and ongoing 
research is examining its'pOtential mutagenic and carcinogenic . 
potential. 

Conclusion: It seems that there is little cause for concern about 
health effects attributable directly to hydrocarbons as a class, at 
levels in the range currently fOund in the, ambient .air. There is 
evidence that low levels of exposure to benzene areC associated with 
increased risk of leukemia, aplasticanaeMia and other blood system 
disorders. There is also some basis for concern regarding ambient 
exposure to aldehydes, however, reasonable quantitative evaluations 
cannot be made at this time. 



4.2.7 	Acid Precipitation 

As explained in Chapter 2, several of the pollutants associated with 

automobile exhaust have been implicated as precursors to acid de-

position. Data related to health effects of acidic deposition have 
been thoroughly reviewed by the Impact Assessment Work Group for the 
Memorandum of Intent on Transboundary Air Pollution (MI, 1983). The Work-

group concluded that while there was little cause for concern over di-

rect health effects from acidic deposition, the potential for indirect 

health effects associated with acid precipitation merits consideration. 

These effects include: (1) contamination of the food chain by 

metallic substances, especially mercury; (2) leaching of watersheds 

and corrosion of storage and distribution systems, leading to elevated 

levels of toxic substances; and (3) health implications of recreational 
activities in acidified water. The nature of each of these concerns 
will be described briefly. 

Contamination of Edible Fish: Several studies providing evidence that 

acidic deposition may alter the biogeochemical cycle of metals were 

alluded to by the workgroup. It was clearly pointed out that à correl-

ation existed between low pH in lakes and higher mercury concentrations 

in some species of fish. Various theories as to the mechanisms of 

this phenoMenon were put forward. It was concluded that although the 

extent to which acid deposition may have contributed to mobilization 

and retention of mercury in fish is speculative, fish harvested from 

these lakes present a potential health hazard to humans. Epidemiolog-

ical studies conducted in Canada which investigate the health of pop-

ulations, especially natives, that were exposed to high concentrations 

of mercury in food were referred to. For example, the study by Rudy 

(1980) which documented neurological abnormalities in Cree males in 

association with mercury exposure was cited. Although there is no 

definitive data at present regarding the role of acid precipitation 

careful consideration to the potential health risk of long-term ex-

posure to elevated levels of metals, particularly ,  mercury in food, 

was advocated. 



Contamination of Drinking Water: It WRO noted by the Work Group (401,1983). 
that acidic deposition can increase the concentration of toxic metals 

in drinking water byr (1) increasing the deposition of metal in Soluble 

forme  (e.g. mercury); (2) leaching  of  metals from the watershed and 

from sedimentsr and (3) acid  corrosion • of materials used in reservoirs, 

drinking water distribution systems and cisterns. While no clear 

evidence of health effects arising.from the consumption of drinking 
water contaminated with metals due to acidic deposition are reported 
in the literature, some potential probleMs are identified. In New 
York State, for example, yater from the Hinkley reservoir had become • . 
acidified to such an extent that lead concentrations in drinking water 
at  the  tap exceeded the maximum levels for human use (50 mg/L) recom-

mended by  the  New  York  State Department of Health (Turk and Peters, 
1978). Moreover, lead levels in tap . water from cisterns were found 
tobe much higher than those found in the source water (Sharpe et al. 
1980), thought to be due . te acid corrosion of the lead soldered joints 
in the cistern and plumbing. Thus the Work Group concluded that 
cistern water users are ,at special risk in areas of high acidic de- 
postion,.although  no • adverse:health effectè resulting from consumption , _ 
of such-Water have . been reported. 

Recreational Activities in Acidified Water: Some concern has been 
expressed that recreational activities in affected waters (e.g. 
swimming) may prove to be detrimental,to human health. It is felt 
that the eye would be the most likely to be affected, however, to date, 
no compelling evidence exists-to suggest that pcular clinical effects 
are indeed produced by exposure to acidic waters. Research in this 
area is continuing, 

Summary: While there is conSiderable evidence that the precursors 
to acidic deposition may have sérieus adverse effects on health, 
there is no evidence of any deleterious health effects from acid 
deposition itself. Some preliminary evidence suggests that acid 
precipitation may indirectly affect hUman health.' Particularly 



sensitive areas include those with poorly buffered lakes and streams 

(with viable fish populations), watersheds with unusual accumulations 

of metals and areas which lack drinking water treatment facilities 

or which have substantial lead plumbing. Populations at greatest 

risk include those dependent on fish from acidified waters as a major 
dietary staple, those with elevated mercury or lead blood levels 

from other exposures, those dependent on cisterns as a primary source 
of drinking water, and women of childbearing age as well as children 

(m01, 1983). 



4.2.8 	Summary 

The possible health effects of the variouà càmponents of automotive 
emissions are suMmarï2ed in'Table 4.2-29 along With an approximation 

of the exposure levels . at Which'these effects have been demonstrated 

or may be expected to oCCUr: - 

It can be seen from this table that carbon monoxide (CO) has a deleteri-
ous effect on cardiac function which is of greatest relevance to indivi-
duals with cardiovascular disease. Carbon monoxide also has an adverse 

effect on work performance and on central nervous system functions. 

Impairment of vigilance or performance of complex tasks can occur at 

low levels of CO exposure which may be of significance to the general 

population, especially with respect to its possible effect on driving 

skills. No such effect has, however, been clearly documented. Pregnant 

women, their fetuses and newborn babies, are at increased risk of 

carbon monoxide toxicity, but precise quantification of risk in this 

group is not yet possible. 

. 	. Exposure to nitrogen dioxidé (NO2) affects sensory perception 'and 

causes irritation to the mucous membranes of the resPiratory tract. 
The adverse effect of NO2 on lung function may be of particular re- 
levance to asthmatics. It also appears that NO2 increases susceptibility 
to infection, possibly accounting for an increased incidence of res-

piratory disease, most notably in children. 

Exposure to ozone may induce abnormalities in various organs through-

out the body. Again, the respiratory system is the site of greatest 
damage. Ozone impairs lung function, with the magnitude of the effect 
dependent on a variety of factors, including individual susceptibility 
and level of exercise. Decreased performance, exacerbation of asthma 
and increased susceptibility to infection have also been linked to 

ozone exposure. 

Diesel exhaust is known to contain a high concentration of particulates, 

with the latter having been linked to increased mortality among elderly 
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Effect Substance Exposure* 

For further infor-
mation regarding 
Dose-Response see: 

Susceptible 
Population 

• Aggravation of 
angina or peripheral 
vascular disease 

Tables 4.2-2, 
COHb of 2.5-3% 4.2-3 

Figures 4.2-2, 
4.2-3_ 

COHb of 2-3% 

COHb of >4% 

Tables 4.2-4, 
Figure 4.2-4 

Figure 4.2-5 

• Increased risk 
of cardiac death 

Decreased work 
capacity 

àeneral  population 

Decreased vigilance 

Deleterious effect 
on fetal development 

Nitrogen Dioxide Adverse effect on 
lung function 

1.0 
Healthy young adults 

Pregnant women and 
newborns 

Healthy adults 

Asthmatics*** 

• Increased sensitivity 
to bronchoconstrictors 

• Increased incidence 
of respiratory 
symptoms 

Young children 

TABLE 4.2-29 

. SUMMARY OF POSSIBLE MAJOR EFFECTS OF :AUTOMOTIVE EMISSIONS ON HEALTH 

Carbon Monoxide Deleterious effect 
on cardiac function 

People with cardio-
vascular disease COHb of 2%** Table 4.2-1 

COHb of 3-4% 

Fetal COHb of 
3%, maternal 
COHb of >4% • 

4700 Pg/m3 
 (2.5 ppm) 

940 ug/m3 
 (0 . 5  PPm) 

Table 4-.2-5 

Tables 4.2-6, 
4.2-7 

Tables 4.2-14, 
4.2-15 
Figure 4.2-8 

Tables 4.2-15, 
4.2-19, 
Figure 4.2-8 

o 

94-188 pg/m3 	Tables 4.2-14, 
(0.05-0.1 ppm) 4.2-21 

752-1880 pg/m3  Tables 4.2-17, 
(0.4-1 ppm) 	4.2-18, 	4.2-21 



Effeàt Substance 

Adverse effect on 
lung function 

. With light exercise 

• With vigorous 
exercise 

Ozone 

Table 4.2-23 

Table 4.2-23 

Tables 4.2-23, 
4.2-25, 
Figure 4.2-10 

General population Chest discomfort and 
irritation of eyes 
and respiratory tract 

300-500 pg/m3  Tables 4.2_23, 
(0.15-0.25 ppm) 4.2-25 

Aggravation of 
respiratory:diSease 

People with asthma, 
chronic bronchitis, 
or emphysema 

.300 pg/m3 
 (0.15 ppM) 

Tables 4.2-24, 
4.2-25 
Figure 4.2-10 . 

Asthmatic children 

1 

TABLE 4.2-29 (CONT'D) 

Susceptible 
Population Exp6suré* 

For further infor-
mation regarding 
Dose-Response see: 

Healthy adults 

740 pg/m3 
 (0 .37 PPm) 

300 Pg/m3 
(0.15 ppm) 

Sensitive population*** 300 pg/m3  
(0.15 ppm) 

Diesel 
Particulates 

. Reduced resistance 
to bacterial infection 

•Decreased performance 

•Increased mortality 
(cardio-respiratory) 

Increased morbidity  

Sensitive population*** 

Healthy adults 

Elderly individuals 
and people with 
respiratory disease 

As above 

360 lig/m3 	Table 4.2-25 
(0.18 ppm) 
200-300 pg/m3  Table 4.2-24 
(0.10-045 ppm) 
500 pg/m-5  TSP 	Tables 4.2-26 

4.2-27 
Figure 4.2-26 

250 pg/m3  TSP Tables 4.2-26 
4.2-27 
Figure 4.2-26 

150 pg/m3  TSP 
100 pg/m3  
Chronic ex-
posure 

Tables 4.2-26 
4.2-27 
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Effect Substance 

Increased risk of 
cancer 

General population Table 4. 2 -28 

Increased risk of 
Precipitation 	mercury poisoning 

Population dependent 
on fish 

Acid 
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TABLE 4.2-29 (CONT'D) 

Susceptible 
Population Exposure* 

For further infor-
mation regarding 
Dose-Response see: 

Vapour-Phase 
Hydrocarbons 

Benzene Increased risk of 
leukemia and other 
blood disorders 

300 pg/m3 
 (1 ppm) 

General population 

tNJ 

Increased risk of 
lead poisoning and 
poisoning by other 
heavy metals 

Possible eye irritation 

Popuration with poor 
drinking water treat-
ment facilities or 
with lead plumbing 

Recreational swimmers, 
etc. 

* * 

* * * 

These exposure levels represent the minimum concentration reported to be associated with the 
listed effect. The duration of exposure to this concentration necessary to produce the effect 
noted is indicated in the tables listed in the final column. 

The level of carboxyhaemoglobin (COHb) associated with deleterious effect on cardiac function 
was reported to be even lower than 2% by one expert. The concentrations and duration of 
exposure to carbon monoxide which produce this level of COHb are described in Tables 4.2-9 and 
4.2-10. 

People with hypersensitive airways are at ificreased risk from certain exposures. Additional 
data regarding susceptible populations are provided in the appropriate subsections. 



individuals and patients with respiratory disease (chronic bronchitis, 
emphysema, etc). Exposure to particulates is also known to cause 
exacerbation of disease in such patients, and studies have linked the 
frequency of asthma attacks and incidence of acute respiratory 
disease in children with exposure to particulates. The major health 
concern regarding diesel emissions is, however, its potential to be 
cancer-causing. At present, no convincing human evidence exists to 
substantiate, let alone quantify, this risk. 

Hydrocarbons as a class provide little direct health effect at ambient 
levels. Some hydrocarbons, however, can 
approximating those found in the ambient 
known to be capable of producing serious 

be hazardous at levels 
air. Benzene, for example, 
blood disorders, including 

leukemia, may be of concern in some specific settings. Aldehydes, 
such as formaldehyde, which may be formed from hydrocarbons emitted 
in automobile exhaust, may be irritating to the mucous membranes or 
cause asthmatic attacks in sensitive individuals. Quantification of 

this effect is not possible at this time. 

Acid precipitation may also indirectly affect health by increasing. 
the risk of mercury poisoning, lead poisoning or intoxication from 
other elements in some  ares 'and  populations. 

This chapter has illustrated the many controversies that exist re- 
garding the 
health. As 
"in no case 

lowest level of exposure which may be harmful to human' 
concluded by  the NationalAcademànof Sciences in 1974, 
is there evidence  that  threshold levels have clear physio- 

logical meaning, in the sense that there are genuine adverse health 
effects at above some level of pollution, but no effects at all below 
that level. On the contrary, evidence indicates that the amount of 
health damage varies with the upward and downward variations in the 
concentration of the pollutant, with no sharp lower limit". (EPA, 
June 1978). Therefore, as discussed in Chapter 3, a cautious approach 
must be advocated in the process of standard setting. 



4.3 	 Terrestrial Environment 

4.3.1 	Introduction 

This section describes the effects of nitrogen oxides, photochemical 

oxidants, and acid precipitation upon the terrestrial environment. 

For the purposes of this evaluation, we have restricted the discussion 

to effects upon vegetation communities, including natural ecosystems, 

agricultural crops, forests, and ornamental plants. No attempt has 

been made at this time to assess indirect effects upon animal 

communities due to emission effects on vegetation. 

In any study of this nature, it is important to determine what is an 

"effect" on vegetation, and when is it to be considered adverse. This 
is by no means an easy task. All identifiable plant responses, such 
as reductions in photosynthetic rates, leaf necrosis, yield reductions, 
etc., may not necessarily be considered adverse under all circumstances 
(OAQPS, 1982). 

The vegetation éffects or responses which will be considered in thi's 

section géherally fall into three areas; foliar injury, growth and 
yield reduction, and physiological or biochemical changes. Dose/ 

response studies have generally examined such responses and the data 

reported in terms of effects in these categories. 

The experimental evaluation of pollutant exposure responses has proven 

very challenging, due to difficulties in extrapolating from green-
house or laboratory situations to the varying conditions found in 

urban and rural environments. Exposure systems used in air pollution 

research on vegetation have been reviewed and evaluated by Heagle and 

Philbeck (1979) and the U.S. Environmental Protection Agency (1982a). 

These include: 

a) laboratory systems  varying in complexity from simple bubblers to 

environmental chambers to continuous stirred tank reactors to 

study pollutant uptake (Rogers et al., 1977). 



b) greenhouse exposure  systems  designed to provide uniform 
pollutant concentrations with minimal environmental alteration 

(Heck et al., 1968). 

c) field exposure systems  attempt to minimize deviations from the 

ambient environment and replicate as closely as possible the 
conditions characteristic of agriculture or natural ecosystems. 

These range from extrapolations of greenhouse and laboratory 

designs to the use of chemical protectants. Many innovative 

designs have evolved. These include: 

- field chamber systems such as the open-top chamber systems 

described by Heagle et al., (1973) and Mandl (1976) which are 

the most popular field exposure designs. Other designs are 

fully enclosed by film (Thompson and Taylor, 1966; Oshima, 1978). 

These chamber systems combine controlled exposure capabilities 

with placement in the ambient environment with respect to other 
variables. 

field exposure systems. without chambers combine the advantage . 
of exposure of plants to pollutants under ambient-like conditions, 
balanced against the loss of some control over fumigant level 

and nature of the exposure, and sensitivity to wind conditions. 
Examples include the zonal air pollution system (ZAPS) (Lee 
et al., 1978), and the linear gradient system (Reich et al., 

1980; Laurence et al., 1982). Modifications of ZAPS have been 

described as possibly the best systems for exposure of 

perennial or tree crops (U.S. EPA, 1982a). 

d) gas exchange systems for field use  have been described by Bingham 
•  and Coyne (1977) and Legge et al., (1979) which are capable of 

controlling temperature and humidity while measuring leaf gas-

exchange parameters, although not being exposure systems in the 

truest sense. 

Exposure to pollutants in the natural environment is influenced by 

source strength, meteorological factors and topography, so that periods 



of significant pollution, termed episodes, are periodic, vary in 

duration, and often occur several times during the growth of plants. 

It is not yet entirely clear which components of an exposure are most 
important in producing vegetative responses (U.S. EPA, 1982a) so 

that experimental characterization of exposures .is attempting to 

simulate realistic but controlled conditions so as to better under-

stand the mechanisms and extent of plant sensitivity. 

Work to date, however, suggests that there is no stable relationship 

between the concentration of pollutant in the air and the plant's 

internal flux ao that - it is not now possible to relate internal flux, 

which directly affects plant metabolism, to an exposure statistic that , 

can be aggregated to represent seasonal exposures. As well, the 
results of short-term exposure experiments cannot effectively be extra-

polated to evaluate its significance in relation to long-term ambient 

exposures (U.S. EPA, 1982a). Dose (concentration x time) statistics 

cannot therefore be aggregated to represent long-term exposures. 

4.3.2 	Nitrogen Oxides 

Effects on Vegetation 

The effects of nitrogen oxides (N0 x ) on terrestrial ecosystems have 

recently been reviewed in detail by the United States Environmental 

Protection Agency for the preparation of air quality, criteria and 

standards (U.S. EPA, 1982b; OAQPS, 1982). As well, Mansfield and Freer-

Smith (1981) have recently emphasized European findings in a review 

of the effects of NOx  and other pollutants on urban plant growth. 

These authors note that much of the earlier literature is of only 

limited value since it tended to be dominated by experiments that 

employed levels of NO x  higher than those encountered in even the most 

polluted urban environments. 

Natural Ecosystems: At the present time, there are insufficient data 

to accurately determine the impact of NOx  on terrestrial plant, 

animal, or microbial communities. Evidence of visible injury to plant 

communities has seldom been demonstrated and may in fact represent 



only a fraction of the actual harm done to terrestrial communities 

(U.S. EPA, 1982b). Work by Hepting (1964) has suggested that the 

vigour and survival rates of plants have been affected by air pollution, 	11 

but because of complicating factors in the wild, only severe injury 

could likely be ascribed to a particular episode. 	 II 

Existing studies of the effects of air pollution on ecosystems and 

plant communities by Parmeter and Cobb (1972), Wenger et al. (1971) 

and others have concluded only that further research on the influence 

Of NOx  on plant communities is required. The U.S. EPA (1982b) has 

concluded that the available information is too small to warrant 

meaningful generalizations at this time, but has assembled data de-

tailing experimental findings on NOx  effects on individual plant 

species, including some forest trees. These are presented in Table 

4.3-1 in terms of relative sensitivity to nitrogen dioxide. 

The three relative sensitivity categories in Table 4.3-1 are des-
cribed by the compilers (EPA 1982b) as approximate, because they 
are based upon subjective criteria obtained from several sources. 
Thus, no generalizations about concentrations or durations of 
exposure are applicable. 

Of the coniferous tree species cited, larches are described as 
susceptible, while knee pine, Austrian pine and English yew were 
considered tolerant. Intermediate in sensitivity were white fir, 
Japanese fir, silver fir, white spruce, and Colorado blue spruce. 
Susceptible deciduous species were white birch and brittlewood, and 
sensitive "weeds" included mustard and common sunflower. 

Little attention has been given to the effects of NO x  on animal popu-
lations and natural communities and conclusions cannot be developed 
based on the very sparse data. Similarly, no data regarding ambient 
NOx  concentration effects on microbial processes or populations are 
available. The National Academy of Sciences (1977) and U.S. EPA 
(1982b) concluded that ambient NOx  concentrations probably do not 
significantly affect biologic processes in natural ecosystems, but 
were unable to support this view with experimental data. 

4-97 
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Plant Type Susceptible Intermediate loierent 

Plaid  Crops  &  G 

Fruit  trees 

Garden Crops 

Ornmeental Shrubs 
and flowers 

!reef i'Shrobt 

Woods  

Çilrut,t2. (Orange , grapefruit
tangelo) 

Citrus sinentis 	OtbeCk 

Aplumgreveolmeeopjem 
(Zeleri) - 

Cichorium Endlvia.  L. ( ( ndive) 
Aare-7 

Fragerla chiloens11 
grandilTiii-IFlila strawberry) 

LyropiTaesculentum.  Mill 
Ziometo) 

cv. Roma 
Phaseolus vulgarls humills  

bean) 
Solanum toberosum  L. (Petite) 

Dahlia varlabills Wind. 
—Zi5ihITiy----  
fuchsia hybrid. Voss (fuchsia) 
eariWea-lai;liiuldes Ellis 

Gardenia radicans llumnb. 
iardenTT 

!Nora coccinea L. (loora) 
ElgLitriU713adum A i t. 

Petunia.  a hytmide hort. 
Vai.-Audr. (Um.on 
Garden Petunia) 

Pillosporum tobire Alt. 
--13epeueie ilitotporon) 
Rhodude2dree calawhlegse Micha. 

rgiti.Whdron) 

Acer platanoldes  L. (Norway 
mep)e) 

Acer 2elmalum Thunb. 
Depanese maple) 

Tillegrandiflora (Sommer) 
cordete Mal. (Small-

--Tiavia-F(ropean linden) 

Melva pârviflora L. 
--arleesewi;i1 -  
Slellarie media (1.1 EyrIll 

1 	um officinale Weber 
«Tandel  San) 

Source: EPA 1982b 4 ,-98 

TABLE 4.3-1 	RELATIVE SENSITIVITY Of SEVERAL PLANT SPECIES TO NITROGEN DIOXIDE (HECK AM tiers'. 11791 
MACLEAN. 1,7i; 10(011 MO MACL ( AN •  1970; TAYLOR ET Al.. 1975( U.S. ENVIRONRINIAL PROTECTION AGENCY. 1971) 

' Coniferous Trees taris  de(ldua M111. 
--rfürriAlrfarch) 
lade 122121e2ls Gord. 
--ZePioese - lereh) 

Avina  saliva L. (Oats) 
cv. C1T;t17.71d 64 
cv. )29-80 
cv.  Pondit 

 Oromus inermis. L. 

cv. Sie Smooth 
Mirdro. distichon  L. 

Medic.ago saliva, L. (Alfelfa) 
RiZoilan4 j. 	Taos  L. (!obecco) 
Ricotii;i1 tobacom L. (Tobacto) 
Scorionera -11112eica L. 

grasii---  
1. incarnetum L. (CrloSon or 

lLa.m trtiver) 
Irifolom pretense L. (Red clover) 

vulgar*.  VIII. (Wheat) 
cv. Welit 
Vicia  tellve L. (Spring vetch) 

,Relus 72. (Showy apple) 

Malus oylvestris Mill. 

pyrus  communis L. (Wild Peer) 

Allium tern« L. (leek) 
Pliii-oreTée.lens  L. (CelerY) 

Brassica nierecea hntrylls. L. 
-- til7i20111-EZ-Cifibrese , 
Daucus tiro)/ L. (Carrot) 

Wria. L. (lettuce) 
igtrutelbee. hurlense Nym. 
--IF;;Dëyî- 
Phaseolut 121g1ris.  L. .  (DeanY 

Pisum sativum L. (Pea) 
Raylasu5 saavus L. (Radish) 
cv. 
Rheum alas...11).1rue L. (Rlueberb) 

mustard) 

Antirrhinum mapis L. 
--M14-Paidragon) 
Begonia multiflorà (Tuberous-

rooted beFeiiiir 
Begonia rea. Putt. (begonia) 

cv7-Wousaud Wonders White 
gong.invillea ,tpectabilit 

VI lTC"(Touijalnv1Tiea 
CellIttephus chluensis .L.1 

7iiiil--  
Chry.tantew?oW p.  (Chrysan-

saniiiimum), 
cv. Oregon 

Hibiscus Ruta-sinensts L. 
-*TÉFI"Us,. retil war- 
le2" 491. "21)921. naoR 

cv. White Imp 

lalerus odoratus l. (Sweet pea) 
riksnus angnsaiisilus L. (Lupine) 
NerraZdeander-17-(61eander) 
fifZin5i-é-o:Ceinea Roem. - 

( 1 T7e thurn) 
Rhododendron canescens IMIcha.) 

tnmrT 
Rnto se. (Roie) 
Wca minor L. (Periwinkle) 

cv. 81ghL Eyes 

Betula perdu). Roth. (European 
white biTifil 

Melaleuce leuredendra (L.) L. . 

Ables albis Hill. (1ndle fir) 

Ables homolepis  Sleb. & Zucc. 
---TRikko or Japanese  Sir) 

 Abiesftelinala DC (Common 

Ltt.e.ecyearlt tawsônIena (Murr.) 
Pari (ri;suiir U1ISS) 

Pike glauca lhoenchl Vosi 
-- 111ITIÎ1grUCe) 

:Picea 2oe5ent oleaka.  Regel  
- (ÊiIoradollue Spruce) 

Gossypium  hirsulum. L. (Cotton) 
cv. AciIi 
cv. Paymester 
Nicollana tabcacum, L. (lobacco) 
riite 4;14 

cv. 5e1-5 
cv. bel W1 
Poa ennui. L. (Annual bloegrasS) 
Piali-cereale  L.  '(Rye) 

aeciTvum L. (Wheat) 
ha  illy' Fr-fweet Corn)  

Pinus Hugo Turrà (Knee pine or 
-J;a71 weüTitiTn One) 

Pinus nigra Arnold (Austrian pine) 
rir-tus ficalt L. ((nylith yew) 

NICotlane tabacum.  5..  (tobacco) 
c.7713"iiiTiy 21 
Po  a pratensts.t. (Xentucky bluegrass) 
night,. 127 ( Sorghum) 

14;;;On 
/ea Me! L. (Corn) 
cv. ›soneer 509•W 
cv. Golden  Cross  

Mesta  e! 5l5.  (ièm.) Aschers 
- (Fragreol plantian Ill ' ) 

Al 1 lum cepe'  L. (Onlon) 
nwagus officinalls t.  (Asparagus) 

 erasace oiürlire24, Fitei. (Kohlrabi) 
acephala DC (Kale) 
iidiele L. 

Brassica oleracea capitiale  nibre L. 
(Red cabbaper- 

Cucomis sellout, L. (CWcumbler) 
cv. long Rarketeer 
Pheseoins vulgarls.  L.  (Rush  Bean) 

Carisse carandas L. (Carissa) 
Ealieum variegatom Blume (Croton) 
ZTIFFaTithemui-releintbemum L. (Daisy) 
tonvalU71-iiii!fir-17-taly-e-the-valley) 
(717i-earneît. (prIng heath) 
tridloliii-Zommunis L. (Gladlolos) 

• Wag- 
riusti 12. (Plentein Illy) 
3iigUerus run ttttt Part. (Shore Juniper) 
Pitoduilëndron 

Careinut betulus L. ( ( uropean hornbeen) 
.us . ulniT7i-t. ((leech) 

tees 	awleerpurea  KIrchn. 
(nrple-leaved 

Gluln Ullube L. (Gitlet) 
!lercns 1.4.Pr L. (English oà1t) 

Noid7tri 2.1.eàoacacla  L.  Mace locutt) 
Saetucun nt sr. L. auropean elder) 
emu).  Oarlrd Duet. (Scotch eln) 
piwlo MeOLIDd With. (Mountain elm) 

Amoronlbus retr2flexus L. (Plguted) 
ti.euvedrilm e .g..* L. (tamb's-guariers) 
(hin1.22417si ii7eNeelle-leaved goosefoot) 

Bratsk& sp. (Musterd) 
Helianthus annuus L. • 
"-itZU-o71-SreiiiZer) 



Agriculture: A greater amount of information is available related to 

NO  x  effects on agricultural crops. The mode of action depends upon 
NO2 uptake into the leaves since perturbations occur at cellular 
sites within mesophyll tissue (U.S. EPA, 1982b). NO2 uptake in corn 

(Zea mays) and soybean (Glycine max) was found by Rogers et al. 

(1979) to be directly related to stomatal resistance in the range of 

0 to 1.09 mg/m3  (0-0.58 ppm), and that NO2 uptake increased with light 

intensity through the action of light on stomatal resistance. Other 

studies have related NO2 uptake to internal leaf factors (SrivaStava 

et al., 1975), who,also noted that uptake rate increased with con-__ 
centration and declined with increasing exposure time. 

Observed effects of NOx on vegetation fall into three principal 

categories; foliar injury, growth and yield reductions, and physio-

logical and biochemical changes (OAQPS, 1982). Acute exposures to NO 2  

typically elicit different responses than do chronic exposures. Leaf 

necrosis, expressed as light brown, irregularly shaped necrotic 

lesions usually at or near the tips of leaves, usually characterizes 

acute exposure responses, with the affected area varying with the 

magnitude of the exposures. Long exposures to low NO2 concentratidns 

often result in leaf chlorosis, where greenish yellow spots or 

yellowing of the leaf surface occur 

Heck and Tingey (1979) reported results from a series of short-term 

(1 hour) exposures to NO2 at 15.0 mg/m3  (8 ppm), 30.1 mg/m 3  (16 ppm) 

and 60.2 mg/m3  (32 ppm) (Table 4.3-2). Only brome grass (Bromus  

inermis)  and tomato (Lycopersicon esculentum)  showed foliar injury 

at 15.0 mg/m3  (8 ppm), whereas all species tested showed visible 

injury at 60.2 mg/m3  (32 ppm). A second experiment varied both 

time and concentrations, varying from 0.5 to 7 hours and 3.8 to 

37.6 mg/m3  (2 to 20 ppm) NO2 (Table 4.3-3). An important conclusion 

(U.S. EPA, 1982b) was that the extent of injury was greatest when 

NO2 levels were high, even for short time periods. Therefore, dose 

alone is not always a good prediction of injury. 



TABLE  4.3-2 	ACUTE INJURY TO SELECTEO CROPS AFTER A 
1-HOUR EXPOSURE TO NITROGEN OIOXIM (HECK ANO TINGEY, 1979) 

Plants 
(Common, Cultivar, Scientific) d 

Injury  Index* 
Boom 	16 oom 	32 oom 

Tomato, Roma b  
(Lycooersicon esculentum) 

Wheat, Wells e 
 (Triticum  durum) 

Soybean, Scott
b 

(Glycine max) 

Tobacco, Sel Wi t) 
 (Nicotiana tàbacum) 

Bromegrass, Sac Smooth b 
 (Bromus inermis) 

Swiss Chard, Fordhook Giant c  
(Beta vulgaris cicla) 

Tobacco, White Goldb 
 (Nicotiana tabacum) 

Cotton, - Acala 4-42c 
 (Gossyoium hirsutum) 

Beet, Perfected Oetroit c 
 (Beta vuloaris) 

Orchard Grass, Potomacc 
 (Dactylis qlomerata) 

Tobacco, Bel W3 c  

1 	 48 	100 

0 	 47 	 90 

0 	 26 	100 

o • 	23 	 97 

2 	 17 	 97 

0 	 11 	 62 

0 	 1 	 70 

0 	 0 - 	• 	54 

36 

o 	 1 	 18 

5 

aPlants were exposed in Cincinnati, Ohio. 

b Plants were exposed in August with light intensity at 2200 ft-c, 
temperature 28°C, humidity 75 percent. 

cPlants were exposed in January with light intensity at 1400 ft-c, 
temperature 21°C, humidity 70 percent. 

d Scientific name is given only when plant is first listed. 

* Injury Index measured as mean percentage of the leaf 
area showing NO2 injury. 

Source: EPA  1 982b 4-100 



Source: EpA 1982b 
4-101 

TABLE 4.3-3 PERCENT LEAF AREA INJURED BY DESIGNATED DOSAGE OF NITROGEN DIOXIDE (NECK AND TINGEY, 1979) 

7 V-1,,(1 .  S4L.4 

Dosage (ppm x hr) 	2.5 
(11Pm) 	 5 
(hr) 	, 	0.5 

4 	6 	10 	14 	15 	20 
4 	3 	20 	1 	15 	5 
1 	2 	0.5 	2 	1 	4 

0 	0 	0 	80 	2 	84 

20 
10 
2 

35 
5 
7 

Plants 	 
oiTT—cnon7171Tivar , Sc  ourrrré ) 

Oats, Clintland 64 
(Avena saliva) 

Radish, Cherry Belle 
(Raphanus sativus)  

Bromegrass, Sac Smooth 

Begonia d  Thousand Wonders* 
White , (Begpnia Rex) 

Chrysanthemum, Oregond  
(Chrysanthemum  sp.) 

0 39 21 

0 	0 	0 	95 	0 	90 1 31 2 

0 	0 , 69 	0 	50 

0 	1 	0 	26 	0 	35 	4 

1 	1 	1 	34 	0 	41 	4 	25 

1 26 

49 

0 

5 

1 

Sultana, White Impd A 0 	0 	0 	51 	0 	•26 	0 	24 	0 
(Impatiens  sultani)  

Oats, 329-80 	 2 	2 	1 	32 	1 	18 	9 	14 	14 
(Avena sativa) 

Cotton, Paymaster . 	 0 	0 	6 	50 	0 	27 	2 	2 	I 
(Gossypium hirsutum)  

Wheat, Wells 	 3 	2 	1 	31 	3 	34 	3 	2 	1 

Cotton, Acala 4-42 	 0 	0 	0 	28 	0 	28 	0 	1 . 	1 

Periwinkle, Bright Eyesd  A • 	 0 	0 	0 	13 	0 	20 	1 	23 	1 
(Vince minor) 

Oats, Pendekc 	 1 	2 	0 	39 	0 	2 	1 	2 	2 
(Avoua saliva) • 

Broccoli, Calabreese 	 0 	o 	0 	19 	0 	21 	0 	0 	0 
(Brassica oleracea  botrytis)  

Tobacco, Bel II 	 '0 	0 	3 	18 	0' 	17 	0 	0 	0 
(Nicotiana  tabacum) 

Tobacco, White Gold 	 0 	0 	J. 	18 	0 	6 	0 	0 	0 

lobacco, Bel W3 	 • 	 0 	6 	15 	0 	2 	0 ' 	0 	0 

Tobacco, Burley 21 	 0 	0 	0 	8 	0 	0 	9 	0 	0 
(Nicotiana tabacum)  

• 
Corn, Pioneer 509-W 	 1 	0 	0 	1 	0 	1 	0 	0 	0 

(Zee mays)  

Corn, Golden Cross 	 O 	 0 	0 	0 	0 	0 	0 	0 	0 	2 
(Tea mays)  

Azalea, Alaska * 	d 	 • 	 0 	0 	0 	0 	0 	1 	0 	0 	0 
(Rhododendron,  sp.) 

Sorghum, Martin 	 0 	'00000 	0 	0 	0 
(Sorghum,  sp.) 

•
• 

Cucumber, Long Marketer 	 0 	0 	0 	0 	0 
(Cucumis sativus)  • 
_  

a Plants were exposed in Cincinnati, Ohio. Each value is the average of 4 replicate plants 
except as noted. Plants are listed in general order of sensitivity. 

Injury estimates based on the average of the three most sensitive leaves except for plants 
indicated ( A ) when the estimate was based on the total leaves per plant. 

0 •0 

I 

1 



The foliar injury data were summarized by Heck and Tingey (1979) to 

develop a predictive model for NO2 acute exposures. As reported by 

the U.S. EPA (1982b), the relationship is as follows: 

C = Ao +  A1 1+ A2 T-1  

where C = concentration (ppm) 

Ao, Al, A2 - constants (partial regression 
coefficients) for pollutant, 
plant species and environmental 
conditions. 

I - percent injury 

T = time (hours) 

In this fashion, the separate roles of time and concentration are 

recognized, permitting the development of •three-dimensional injury 

response surfaces. Table 4.3-4 presents projected exposure con-

centration and duration estimates required to produce foliar injury 

on susceptible, intermediate, and tolerant plants at the threshold 

injury level. 

Visible leaf injury is the most readily detectable and frequently 

reported symptom of exposure, and for this reason, has commonly been 

used in attempts to report damage to economic crops (OAQPS, 1982). 

Foliar injury may occur without detectable decreases in growth or 

yield, and conversely, such decreases may in fact occur without 

visible symptoms. 

Because of the importance of exposure time in NO 2  injury to plants, 

it has been suggested by the staff of the U.S. EPA's Office of Air 

Quality Planning and Standards (1982) that an averaging time of 1 to 

3 hours would be most appropriate for effects on vegetation since 

short-term peaks of NO2 cause as much if not more damage to vegeta-
tion than does exposure over a growing season. As well, the OAQPS 
staff noted that by meeting a 1 to 3 hour standard at appropriate 

levels, there is a high probability of protecting against longer 

term effects based upon the relationship of short-term peaks to 

long-term means. 



TABLE 4.3-4 	PROJECTED  NO  EXPOSURES !NAT MAY INDUCE 5 PERCENT 
FOLIAR INJURY LEVELS ON SELECTED VEGETATION (NECK AND *HUGEL 1979) 

Concentrations Producing Inj!!!! 

Time (hr) Susceptihle a 	 Interinediatea 	 loleranta  

PPm 	mg/m3 	 PPm 	 mg/m3 	 PPm 	mg/m3  

0.5 

1.0 

2. II 

4.0 

8.0 

6-10' 

4-8 

3-7 

2-6 

2-5 
1-n 
cp 

11.28-18.80 

7.52-15.04 

5.64-13.16 

3.76-11.28 

3.76- 9.40 

	

9-17 	 16.92-31.96 

	

7-14 	 13.16-26.32 

	

6-12 	 11.18-22.56 

	

5-10 	 9.40-18.80 

	

4-9 	 7.52-16.92 

> 16 	 > 30.08 

> 13 	 > 24.44 

> 11 	> 20.68 

> 9 	>16.92 

> 8 	 > 15 04 _ 

a n , riant type_ 

1 ppm = 1.88 mg/m3  

Source: EPA 1982b 
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Growth and yield experimental data on NO2 effects are much less 

comprehensive than foliar injury information, but foliar injury is 

in effect the end result of internal effects and may be considered 

a rough measure of growth and yield parameters. NO 2 - induced altera-

tions in assimilatory capacity of plants through altered metabolism 

in leaf injury may also affect the growth of plants (OAQPS, 1982; 

Maclean, 1977). 

Several individual studies on NO 2  effects on crop yield and growth 

have been summarized by U.S. EPA (1982b) and OAQPS (1982). Table 

4.3-5 provides a summary of such effects, including certain foliar 

and physiological responses as well. Table 4.3-6 reports data on 

chronic NO 2  exposures on growth and yield from Zahn (1975). 

As noted earlier, because of the inter-relationships of dose and time, 

there is no single threshold dose for an effect (U.S. EPA, 1982b). 

Maclean (1975) summarized the literature to illustrate interaction 

of NO 2  concentration, and exposure duration (dose) for metabolic and 

growth effects, as well as for foliar lesions and death. These 

threshold curves are illustrated in Figure 4.3-1, including both 

acute and chronic NO2 doses. The death curve is drawn from a small 

database and is short. NO2 doses approaching this threshold result 

in complete defoliation of some species, but are not lethal. The 

threshold curve for foliar injury is based on observations at many 

NO2 doses, and the shift in leaf injury from necrosis to chlorosis 

for doses along this curve generally occurred between 10 and 100 

hours. Because no measurable effects have been reported for NO2 

doses below the lower curve, the U.S. EPA (1982b) considered it as 

the threshold metabolic and growth effects. Doses in the area between 

this curve and that for leaf injury represent those that do not in- 

jure leaves but often result in growth suppression or metabolic effects. 

Detection of injury from pollutants often requires the measurement 
of subtle responses in processes such as photosynthesis, transpira-
tion and rates of metabolic activities (OAQPS, 1982). Examples in-
clude recent work by Law and Mansfield (1981), but the relationships 



CD 
Ln 

TABLE 4.3-5 

TABULAR SUMMARY OF EFFECTS OF NITROGEN DIOXIDE .011 VEGETATION 

Exposure Duration 	 Concentration 	 Plant Species 	. 	 Plant Respohse 	 Reference 

	

(Continuous) 	 ppn - 	Ing/In 3. 

. 	 • 	 . 
90 - min. 	 0.66 	1.24 	oat (Avena sativa var. Park) 	, 	Inhibition of rate of net photosyn- 	Hill and Bennett, 	- 

• alfalfa (Medicaqo sativa var. 	thesis 	 1970 
• Ranger) 	 •  

• 
20 hrs. 	 0.25 	0.47 	tomato ILy_cc_ jpersicon 	 Inhibition of rate. Of net photo- 	Capron and Mansfield, 

esculiFiiiCiriF.-Nneymaker), 	synthesis 	 1976' 

10-22 days 	 0.15- 	- 	0.28- 	-tomato (Lycopersicon 	 Decrease in dry,weight and leaf area; 	Taylor and Eaton; 
esculentum) 	 darker green calor and downward 	 1966 	- - 0.26 	0.49 	 . 	 curvacure of leaves . 

35 days 	 0.5 	 0.94 	navel oranges . Ciirus 	 Severe defoIlation and leaf chlorosis 	Thompson et al., 
sinensis Osbéal---- 	 1970' 	, 

8.5 months 	 0.25 	0.47 	', navel oranges (Citrus 	 Increased defoliation and reduced 	Thompson et al., 
, sinénsis Osbeck) 	 yield 	 1971 - 	- 

128 days 	 0.25 	' 	0.47 	tomato (Lycopersicon - 	 Decrease in fresh weightlield (22%) 	, Spierings, 1971- -- 
esculentum  var. Moneymaker)- 

	

	average fruit wt (12%), and the  
number of fruit (11%)  

Exposed continuously for 	0.11 	0.21 	Orchard grass (Dact lis 	 21% reduction in leaf area, 7% 	 Ashenden, 1979, 1980 
5 daYs per week (103.5 	 glomerata var. Aberystwyth 	reduction in dry weight Of 
hrs/wk for 20 wkS) 	 green leaves  

Exposed continuously for 	 Kentucky bluegrass (Poa 	 17% reduction In leaf area, 29% 	Ashenden, 1979. 1980 
5 days per week (103.5 	0.11 	' 	0.21 	pratensis var. Monopoly) 	reduction in dry weight of green 
hrs/wk for 20 wks) 	 leaves  

Exposed continuously for 	 Italian ryegrass (Lolium 	 1% increase above the control in leaf 	Ashenden, 1979. 1980 
2111 	0. 5 days per week (103.5 	0. 	 multiflorum  var.-in-air-lb) 	area, 10% reductionin dry weight of 

hrs/wk for 20 wks) 	 qreen leaves  . 	 . 
Exposed continuously for 	0.11 	.0.21 	Timothy (Phleum pratense var. 	30% increase above control in reduc- 	Ashenden, 1979. 1910 
5 days per week (103.5 	 Eskimo) 	 tion 	in leaf area, 	14% increase above 
hrs/wk for 20 wks) 	 control in reduction in dry weight of 

green leaves 

Source: OAQPS 1982 

!I! 	. 1111111• 111111  
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TABLE 4.3-6 
EFFECTS OF CHRONIC NO 2 EXPOSURES ON PLANT GROWTH AND YIELD (ZAHN, 1975) 

NO 2  Concentration 

EPm 	mg/m3  

1.1 	2 	 334 	No effect on grain yield, 
but the straw yield was 
reduced 12%. 

639 	Yield reduced 27%; 
Some chlorosis 

620 	Yield reduced 37% 

	

2.1 	4 	 357 	Yield reduced 30%; 
Some chlorosis 

Radish 	 2.1 	4 	278 	Yield reduced 13% 

Currant 	 1.1 	2 	 213 	Yield reduced 12% 

Roses 	 2.1 	4 	 357 	No injury 

European Larch 	1.1 	2 	 537 	No injury 

Spruce 	1.1-1.6 	2-3 	1900 . 

Plant Type 

Wheat 

Bush Bean 

Endive 

Carrot 

Duration 
of Exposure 	Effect 

(hours) 

7% decrease in linear 
growth. Growth was de-
creased 17% in the year 
following the exposure. 

aNecrosis did not occur on any plants. 

Source: EPA 1982b 
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between these physiological effects and more obvious changes in 

growth or leaf condition have not yet been established in a quantita-

tive manner. Physiological changes such as reduction in photo- 

synthetic rate occur in some species after being exposed to low levels 

of NO2 before there is any visible injury (OAQPS, 1982). 

Burton et al. (1981) have summarized data relating to the effects of 

nitrogen dioxide on vegetation to assist in the re-evaluation of the 

Canadian air quality objectives for that substance. Data lists for 

effects and no effects are provided in Tables 4.3-7 and 4.3-8 

respectively, while the data are presented graphically in Figures 

4.3-2 and 4.3-3. Table 4.3-9 provides those authors' summary of 

effects of NO2 on vegetation based upon a literature review. 	. 

Forestry: Specific studies on the forestry implications of NO2 

effects do not appear to be available. Table 4.3-1 includes selected 

trees, shrubs and fruit trees in terms of their relative sensitivity. 

Most of these, however, are not species of major importance to 

Canadian forestry. As noted in Chapter 2, however, elevated con-

centrations of NO x  only occur in the immediate vicinity of urban 

areas, so that effects on harvestable timber reser‘ies in Canada are 

unlikely. 

Ornamental Plants: In contrast to forest species, ornamental plants 

tend to be largely concentrated in urban localities where NO x  con-

centrations are relatively high. Table 4.3-1 includes listings of 

ornamental shrubs and flowers summarized from the research litera-

ture. A sizeable proportion of these species have been determined 

to be susceptible to NO2 exposure effects, but numerous others are 

intermediate or tolerant in response. For most ornamental situations, 

substitutions could be made from among the more tolerant species if 

NO2 effects were thought to be resulting in foliar injury and 

aesthetic degradation. 

From Table 4.3-4, 5 percent foliar injury would be anticipated in sus-

ceptible species from doses ranging from 0.5 hours at 11.3 to 18.8 mg/m 3 

 (6 to 10 ppm) NO2 to 8 hours at 3.8 to 9.4 mg/m3  (2 to 5 ppm) NO2. If an 
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0.07 2070.00 

	

0.10 	144.00 

	

0.10 	144.00 

	

0.10 	504.00 

	

0.10 	20.00 

	

0.14 	240.00 
0.25 3120.00 
0.25 5760.00 
0.30 312.00 
0.30 17520. 00 
0.30 17520.00 
0.33  240.00 
0.40 
0.50 
0.50 
0.53 
0.57 
0.75 
1.00 
1.00 
1.00 
1.00 
1.00 
1.10 
1.10 
1.70 
2.00 

2. 90  
2.90 
3.00 
3.0 0 
2.00 
3.00 
3.00 
4.00 
4 .00 
4.00 
6.00 

10. 0 0 
10.00 
10.90 
12.00 

13.00 
13.00 
1 5 00 
15.00 
20.00 
24.00 

0 0 
200.00 
200.00 

10000.00 

504.00  
240.00 
840.00 

3.50 
1.00 
3.00 
3.00 

33c, 
24.00 
1.00 
5.00 

216.00 
1.00 
1.00 
4.00 
8.70 

1440.00 
1440.00 

2.00 
64.00 
4.00 
8.00 
5.00 
4.00 
1 . 00 
6.00 
4.00 
O. 20 
O. 20 
4.00 
1.00 
1.00 
1.00 
1.00 

1 00 00 
5 • iiii  

4.00 

16.00 
4.00 
4.00 
1.00 

TABLE. 4.3-7 

Data List for Effects of Nitrogen Dioxide on All Type, of Vegetation 

POLLUTANT : NITROGEN DIUIDE 

CONCENTRATION 	TIME 
MG'MI3 	PPM  

UPOSURE 	REFERENCE 
TYPE'  #. 

CATEG0R:' 

• O. 13 
• 0.19 
• O. 19 
• 0.19 
• 0.19 

O. 26 
0.47  
0.47 
0.55 
0.56 
0.56 
0.62 
0.75 
0. 94  
0.94 
1.00 

• 1.07  
1.41 
1.8e 
1.8e 
1.83 
1.33 
1.88 
2.07 
2.07 

3.76 
4.70 
5.45 
5.45 
5.64 
5.64 
3.76 
5.64 

11.23 
16. 60  
1.80 
2n.49 

24.44 
24.44 
2A.20 
28.20 

45.12 
75.20 

37 è 
37t-..00 

18800.00 

1 	1 
Z' 

4 
C . 	5 
• 6 
C,  

• C: 
9 
10 

C 	• 11 
12 

• 13 
i. 	14 
C 	15 
1 	16 

17 

19 
20 
21 

C 
• 24 

26 

C 

• 	

- 28 
C. 	29 
C . 	30 
.0 	31 

32 

34 
35 
36 

C 	37 
38 
39 

• 40 
4.1 

C 
43 

I • 	44 
C 	45• 
C 	46 
c. 	47 
• 48 

49 
C. 	50 

51 
C. 	52 
C 	53 

54 

ASHENDEN 	MANSFIELD 1978 
HORSMAN 	WELLBURN 1975. 
WELLBORN El AL 1976 
WELLBORN ET AL 1976 
CAPRON MANSFIELD 1976 
TAYLOR 	EATON 1966 
SPIERINGS 1971 
THOMPSON ET AL 1970 
FUJIWARA  i  ISHIKAWA 1974 
HELMS ET AL 1970 
HELMS ET AL 1970 
TAYLOR C. EATON 1966 
SPIERINGS 1971 
SFIERINGS 1971 
THOMPSON ET AL 1970 
ZAHN 1975 
MASARU ET AL 1976 
FAIRFK. 	LEPP 1976 
TROIANO 	LEONE 1974 
TAYLOR ET AL 1975 
WELLBORN  El AL  1972 
WELLBUR1 . E1 AL 1972 
NASH 1976 
ZAHN 1975 
ZAHN 1975 
MASARU ET .AL 1976 
DUNNING ET AL 1970 
TAYLOR EATON .  1966 
HELMS ET, A4 1970H 
HELMS ET AL 1970 	• 
HILL 	BENNETT 1970 
MATSUSHIMA ET AL 1977 
TINGEY ET AL 1971 
MIDDLETON ET AL 1958 
SRIVASTAVA.ET AL  19745 1975 

 FUJIWARA 1SHIKAWA 1974 
ZEEVART 1974 
NASH 1976 • 
TAYLOR ET AL 1975 
MACLEAN ET AL 1968 
MACLEAN ET AL 1968 
TAYLOR 	EATON 1966 ,  
MATSUSHIMA 1977 . 	. 
MATSUSHIMA 1977 
MATSUSHIMA 1973, 
MATSU3HIMA 1973 • 
BRoors.i:, C3ALLANY 1973 
FUJIWARA 	UMEZAWA 1975 
FUJIWARA 	ISHIKAWA 1974 
CHAKRABARTI 1975 

• MATSUSHIMA 1972 
MACLEAN ET AL 1968 
MACLEAN ET AL 1963. 
LOPATA  1.  ULLRICH 1975 

VH0 
:CC 	. 
'EU 	• 
'/EU  
VE0 • 
VE0 
VE0 
VT0 
VE0 	' 
VIC 
V00 • 
vE0 

VEC 
VTC 

VH5 
Vr0 

Fr.:* 
VH0 
VE0 
VEC. 
V00 
VEC 
VE0 
VO0 
VEC 
VE0 
VT0 
vEa 
VEO 
VEC 

- vE0 

VE0 

YT0 

VT0 
VE0 
vTa 
V0.0 

"E Cl 
 VEO 

VTu 
VO 0 

vEC 

•Paper felt by Burton et al.(1981) 
to be critical to revision of existing 
objectives. 

Exposure Type: C - continuous 
I - intermittent 

Source: Burton et al. (1981)  

- Category: V = -vegetation,  E  = economic 
= natural, 0 = ornamental, 

T = trees, 0 -= effect 
11 = no effect 
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TABLE 4.3 -8 

Data List for Mo Effects of Nitrogen Dioxide on All Types of Vegetation 

POLLUTANT : HITRuGEN DIu,IDE 

CONCENTPATION 	TIME 	•PCIUPL 	REFERENCE 	 CATEGC,, ' ,  
MG M13 	PPM 	HOURb 	TYPE 	It 

• CI . 47 	ü.  25 , 80, 00 	C 	1 TRulANO 1.; LEONE 1977 	 vE: 
• 0.56 	0.30 	C 	2 TKIIANO z LEONE 1974 	 '...E1 
• 0.75 	. 0.40 	2.00 	- C 	2: HILL ;: BENNETT 1970 
• 0..-J4 	0.50 	24.00 	C 	4 YAMAZOE z. MAYUMI 1977 	• 	VE: 
• 0. 94 	0. 50 	4 .  o u 	C 	5 TINGEY ET AL 1977 	 .c.: 
• 0.94 	0.50 	4 .où 	C 	ti; 1INGEY ET AL 1977 	 •.r1: 
• 1.M 	0.70 	Ç 	7 HILL z BENNETT 1970 	 VEll 
• 1.e 	1.00 	5.00 	L 	8 FUJIWARA :.- UMEZAWA 1975  
• :...7el. 	2.00 	1.00 	C 	9 BENNETT El AL 1975  
• 4.93 	2.62 	-j.00 	c 	10 TAL0}  i..  EATON 1966 	 VL : 
• J..93 	2.62 	96.U0 	C 	11 TAYLOR ;:. EATON 1966.  

Key - See table 4.3-7 

Source: Burton et al. (1981) 
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SPECIES COMMENTS EFFECTS 

0.0625, 
0.125, 
0.25 

0.1175, 
0.235, 
0.47 

9.5 mos Analysis of 3 data 
sets together statis-
ically questionable. 
See 0.5 ppm exposure. 

19 	12 	Thompson et al. 1970 

10 plants/ 
treatment 

Ashenden and 
Mansfield 1978 

0.1,0.25, 0.19,0.47 20 h 
0.5 	0.94 

0.1,1 	0.19,1.88 6 d 

0.1,0.2, 	0.19, 
1 	 0.38, 

1.88 

0.1,0.5 	0.19,0.94 3 w 

Tomato 
(Lycopersicon  
aesculentum) 

6 d  

Pea 
(Pisum sativum) 

Pea (Pisum 
sativum) 

Tomato 
(Lycopersicon  
aesculentum) 

Wellburn et al. 1976 

We/lburn et al. 1976 

• Capron and Mansfield 
• 1976 -  

Plants were 9 days 	20 	20 	Horsman and Wellburn 
1975 . old. 

f. .on -4 

TABLE 4.3-9 

SUMMARY OF EFFECTS OF NITROGEN DIOXIDE ON VEGETATION 

NO2 
PPM 	MG/113 

LENGTH 
OF 

EXPOSURE 

SAMPLE 
NUMBERS 

EXPTAL CONTROL REFERENCE 

Navel orange 	Appeared to be a trend towards increased 
(Citrus  amenais)  leaf and fruit drop and decreased yield 

but was not significant statistically. 
. When 3data sets analyzed together, leaf 
and fruit drop and yield were signific-
cantly changed.' 

0.11 	0.21 	103.5 h/w, 	Cocksfoot 
20 w 	 (Oactylis  

glomerata) 
Italian ryegrass 
(Lolium 
multiflorum) 
Timothy grass 
(Phleum  
pratense) 

Meadow grass 
(Poa pratensis) 

Yield .(total  dry  weight) of cocksfoot 
and meadow - grass reduced by NO2, other 
.species not significantly affected. No 
significant reductions in leaf area. 

Mean rate of photonynthesis 
(mg CO2 dm-2h-I) at 0.1 ppm 
was not statistically significant. 
Rate of photosynthesis was significantly 
reduced at higher concentrations. 

Chlorophyll content increased 
significantly at 1 ppm level only. 
No-significant differences in the 
activity of ribulosediphosphate 
1,5-carboxylase (RuDPC) glutamate-
pyruvate transaminase (GPT), - 

 glutamate-oxaloacetate transaminase, 
(GO?)  or peroxidase. 

The : only significant changes found were: Plants were 2 ws. 
decrease in glutamate oxaloacetate 	old. 
transaminase (GOT) at 0.1 ppm, an increase 
in glutamate dehydrogenase (CON)  at 0.2 
ppm, increase in rihulose-1,5-diphosphate 
carboxylase (RuDPC) at 1 ppm 

Stimulated glutamate pyruvate transaminase 
(CPT) activity at low concentration, no 
effect at high concentration. Inhibited 
glutamate oxaloacetate transaminase (GOT), 
peroxidase activity at both concentrations. 
RuDPC activity decreased at 0.1 ppm, 
increased at 0.9 ppm. No effect on 
nitrite reductase. 

MI OW Mu ase Mg IMF Mt MR WM MI sitio 	mig 	On liat ea MI \ea 



SPECIES COMMENTS EFFECTS 

a. 0.25 
b. 0.40 

a. 0.47 
b. 0.76 

a. 80 h 	Tomato 
b. 164 h (Lycopersicon  

aesculentum) 

130 d 	Tomato 	* 
(Lycopersicon  
aesculentum) 

0.25 0 . 147 

a. 0.14-0.28 
b. 0.16-0.23 
c. 0.28-0.62 
d. 0.44-0.55 

0.15 

a. 0.27-0.53 
b. 0.31-0.43 
c. 0.53-1.17 
d. 0.82-1.03 

0.28 

a. 22 
b. 10 
c. 14 
d. 19 

30 or 60 Lily (1111um 
min 	longiflorum) 

Tomato 
(Lycopersicon  
aesculentum) 

d 
d 
d 

Concentration varied 20 	20 	Taylor and Eaton 
during each experiment. 	 1966 
See 0.33, 2.5, 2.62, 
10.9 Ppm exposures. 

See 0.4, 0.5 ppm 	26 	26 	Spierings 1971 
exposures. 

Troiano and Leone 
1977 

See 0.57, 1.7, 2 ppm 
exposures. 

Masaru et al. 1976. 

1.13 
13-55 d 0.3, 0.6 	0.56, 

E, 

a 

11 types of 
plants. 

several 
years 

indigenous 
vegetation in 
Chattanooga 

up to 
0.3 

up to 
0.56 

Fujiwara and 
Ishikawa 1974 

Helms et al. 1970 

0.4 No reduction in net assimilation. 2h 0.75 Hill and Bennett 
1970 

See 0.7, 3 ppm 
exposures. 

Oats 
(Avena sativa) 

gem mg out . lab les me mu due mis, del am die tit me Mg ine fallt IMO OM 
! 	 ! 	 1 	• 	! 	 -1. 	1 	1 	! 	1 	1! 	 ! 

TABLE 4.3-9 (CONT'D) 

NO2 
PPM 	MG/M3 

LENGTH 
OF 

 EXPOSURE 

SAMPLE 
NUMBERS 

EXPTAL CONTROL REFERENCE 

Decrease in dry weight of plant material 
and leaf area. Increase in chlorophyll 
content, downward curvature of leaves. 
Nitrate nitrogen levels decreased. 

9.6% and 20% (respectively) inhibition 
in pollen tube elongation. 	• 

Decrease in fresh weight yield (22%); 
12% reduction in fruit weight, 11% in 
fruit number. Smaller leaves and 
petioles, yellowing of older leaves, 
early leaf drop. 

No NO2 injury was found on the fumigated 
plant; irrespective of the NO3-N content 
of the nutrient medium. Total N had in-
creased following exposure especially 
in the leaves of plants subjected to the 
higher N-NO3 content' of the medium. 

Leaf fall in eggplants. Small leaves 
in buckwheat. Inhibited growth of 
eggplant, buckwheat and turnips. Rice 
plants increased in growth and yield. 

NO2 damage on leaves of honeysuckle, 
rosébush, tulips, euonymous and pine 
in 1967. Pine, euonymous, dogwood and 
honeysuckle showed damage in 1968. 

See 4, 20 ppm 
exposures. 

SO2, ozone, PAN, 
HF and other  p01-
lutants  also present 
in ambient air. See 
2.9 ppm exposure. 

0.3 

0.33-0.44, 
up to 0.55 
at night 

0.56 

0.62-0.82, 
up to 1.03 
at night 

52 h 	Tobacco 
(Nicotiana  
glutinosa) 

10-19 d 	Pinto bean 
(Phasaeolus  
vulgaris) 

No NO2 injury (presumably visual). 

Decrease in fresh and dry weights. 
Increase in chlorophyll content per 
unit weight, (but not per leaf). 
Downward cupping of leaves and darker 
green colouration. 

See 1 ppm exposure. 

NO2 absorption may 
be less at night. 
Concentration varied 
during experiment. 
See 0.14, 2.5, 2.62, 
10.9 ppm exposures. 

Troiano and Leone 
1974 
Abstract. 

Taylor and Eaton 
1966 

0.4-0.5 	0.75-0.94 	21-45 d 	Tomato 
(Lycopersicon  
aesculentum) 

Taller plants, smaller leaves and 
petioles. 

See 0.25 ppm 
exposure. 

Spierings 1971 

(cont'd 



NO 
PPM 

LENGTH 
OF 

EXPOSURE SPECIES EFFECTS COMMENTS 

SAMPLE 
NUMBERS 

EXPTAL CONTROL REFERENCE 

: Tomato 
(Lycopersicon  
aesculentum) 

Navel orange 
(Citrus  

.. amenais) 

Taller plants, thinner stems, smaller 
leaves.and reduced fresh weights of 
entire plants. 

Severe deroliation occurred along with 
ch/orosis of remaining tree leaves. 

Foliar injury 
assessed 96 h 
after exposure. 

9 	 Tingey et al. 1977 

9 

See 0.0625 ppm 
exposure. 

Spieringe 1971 

19 	12 	Thompson et al. 1970 

0.5 0.94 

0.57 	1.07 

0.7 	1.3 

0.21-0.85 0.4-1.6 	3-6 h 

24 h 
sativa) 

1, 2 and 
5h 

2h 

Corn (Zea maya)  

Lily (Cilium  
longiflorum) 

Alfalfa 
(Medicago  
sativa) 

Moss 

Yamazoe and Mayumi 
/977 

See 0.15, 1.7, 2 ppm 
exposures. 

Maseru et al.  1976 

See 0.4, 3 ppm 
exposures. 

Hill and Bennett 
1970 

Fairfax and Lepp 
1978 

NO2 was the only 
nitrogen source. 

Faller  1972 

TABLE 4.3-9 (CONTI)) 

0.5 	0.94 	10 d 

0.5,1 	0.94,1.9 	35 d 

0.5-4 	0.94-7.5 	4 h 

Ln 

Western wheat 	"1$ Injury at 2 and 4 ppm. 
grass (Agro- 
pyron smithii) 
Blue gramma 	3%.injury at 1 ppm, 4$ at 2 ppM, 
(Bonteloua 	8$,at 4 ppm. 
gracilis) 
Prairie June 	. 1% inclury at 2 ppm, 4% at 4 ppm. 
grass 
(Koeleria  
cristata) 

Needle and 
thread grass 
(Stipa comata) 
Fringed sagewort 
(Artemesia  
frigida) 

Wheat 	- 
(Triticuà  
aestivum) 

1% injury at 2 ppm, 1% at 4 ppm. 

No injury. . 

1% injury at 4.ppm. 	. 

9 

9 

9 

Paddy Coryza  
stem damage. 

0.8, 1.6 	1.5, 3.0 	daylight 	Sunflower 

	

2.39, 3.19 4.5, 6.0 	hours for 	(Helianthus  
3w 	 annuus) 

' No effects in terms of leaf injury or 

No effect in terms of leaf injury. 

11, 14 and 20% (respectively) inhibi-
tion in pollen tube elongation. . 

No reduction in net assimilation. 

Effects on exchangeable cation levels. 
Reduced magnesium loss. 

Increases seen in plant height and in 
dry weight of leaves, stems and roots. 

(cont. d) 
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PPM 
NO2 

MG /M3 
REFERENCE EFFECTS COMMENTS SPECIES 

LENGTH 
OF 

EXPOSURE 

SAMPLE 
NUMBERS 

EXPTAL CONTROL 

1,2 1.9,3.8 

1 	 1.9 	14 d 

1-1.5 . 	1.9-2.8 	3-h 

Bush beans 

Tobacco 
(Nicotiana  
glutinosa) 

1.1-2.1 	2-4 213-1900 	10 garden plants 
h 

Beans 
(Vicia faba) 

1.9-5.6 	1 h 

L.  1 
J-7" 

CFI 
1-3 

Be ans  
(Vicia faba) 

1 d 1.9 

2-10 	3.8-19 	1-3 h 	" Oat (Avena 
sativa) 
Swiss chard 
(Beta vulgaris) 
Sweet pea 
(Raphanus 

• sativa) 
Pea (Pisum  
sativum) 

2 	 3.8 	4 h 	 6 crop species 
tomato, radish, 
oats, tobacco, 
•pinto bean, 
soybean. 

1.7 3 .2 Lily (1111um  
longiflorum) 

1, 2 and 
5h 

TABLE 4.3-9 (CONTI()) 

1,10 	1.9, 	5 h 	 Spinach 
19 	 a) Minsterland 

variety 
b) Hoyo variety 

6 h 	 Anaptychia  
neoleucomelaena 
Lecanora  
chrysoleuca • 
Parmelia  
praesignis  
Usnea cavernosa 

No symptoms of damage. 

No effect on . chlorophyll 'concentration 
in these lichens. 

See 15 ppm 
exposure. 

Chlorophyll 
extractions were 
made 12 h. after 
fumigation. See 
4 ppm exposure. 

Fujiwara and Umezawa 
1975 

Nash 1976 '  

See 6 ppm exposure. 

See 0.3 ppm 
éxposure. 

Dicotyledons: 30 
plants/treatment. 
Monocotyledons: 
60-100 plants/ 
treatment. 

See 0.15, 0.57, 
2 ppm exposures. 

Significant growth depression. 

Plants grown in medium with high N soil 
were severely damaged whereas plants 
grown in low N soil were not damaged. 

Swelling of thylakoids in chloroplasts. 

Swelling of thylakoids in chloroplasts 
- apparently reversible. 

Some loss of productivity due to reduced 
leaf size and slight yellowing ln some 
plants. Yield reductions up to 37%. 
e.g. 12% reduction in yield of currants 
exposed for 213 h to 1.1 ppm NO2, 

22, 40 and 80% (resPectively) inhibi-
tion in pollen tube elongation. 

No visible injury. 

Thresholi for injury; marginal and 
interveinal biracial necrosis. 

Taylor et al. 1975 

Troiano and Leone 
1974. 
Abstract. 

Vellburn et al. 1972 

Vellburn et al. 1972 

Zahn 1975 

Masaru et al. 1976 

Bennett et al. 1975 

Dunning et al. 1970 
Abstract. 

(cont'd 



SPECIES COMMENTS EFFECTS 

Tingey et al. 1971 

See 0.15,0.57, 
1.77 ppm exposures. 

Masaru et al. 1976 

Taylor and Eaton. 
1966 

Taylor and Eaton 
1966 

Helms et al. 1970 

Hill and Bennett 
1970 

See 0.14, 0.33. 
10.9 ppm exposures. 

SO2, ozone, PAN, 
HF and other 
pollutants- also 
present in ambient 
air. See 0.3 PPm 
exposure. 

See 0.4, 0.7 ppm 
exposures. 

Zelkova trees Leaves appeared normal. All membranes 
normal. Chloroplast lamellae seemed to 
be dissolving. 

Matsushima et al. 
1977 

3 5.6 11 8 h/d, 
8d 

17 typea of 
plant 

7.52-18.8 4-8 h Fujiwara and 
Ishikawa 1974 

See 0.3, 20 ppm 
exposures. 

TABLE 4.3-9 (CONT'D) 

NO2 
PPM 	MG/M3 

LENGTH 
OF 

EXPOSURE 

SAMPLE 
NUMBERS 

EXPTAL CONTROL REFERENCE 

es. 
I 

1-4  
E' 

2 	 3.8 

2 	 3.76 

2.5 	4.72 	8.7 h 

2.62 	4.93 	4 d 

up to 	up to 	60 d 
2.9 	5.5 

1, 2 and 
5h 

3, 5.4 	5.6,10.2 	2 h 

Lily .(Lilium  
longiflorum) 

Nicotiana  
glutinosa  

. 3 strains of 
tobacco 

Gladioli, 
tobacco, 
petunia, 
geranium; 
begonia, pinto 
beans, tomato 

Oats 
(Avena sativa) 
Alfalfa 
(Medicago) 
sativa) 

62, 100 and 100% (respectively) 
inhibition in pollen tube elongation. 

Bifacial, -marginal and/or interveinal 
necrosis to broad,leaf plants. Oats 
developed tipburn and necrotic streaking 
of the leaf blade. 

Collapsed, bleached, dead tissue at 
apex and leaf margins. Most severe on 
older leaves. 

NO visible damage. . 

Tomato damage occurred as dark green 
colotr and downward leaf- curl. Tobacco 
also damaged probably by a mixture of 
pollutants. Growth suppression observed. 

25% and 50% reduction, respectively, in 
net assimilation. Recovery from 5.4 ppm 
required more than 4 h. 

4 h 	- Tobacco, bean, 
. tomato, radish, 
oat, soybean - 

3 5.6 	5 h 	 Bean (Phaseolus  
vulgaris) 

Leaf photosynthesis studied at CO2 
concentrations between 100 and 600 ppm. 
At 100 ppm CO2, photosynthesis in-
hibited 55%; at 500 and 600 PPm CO2 
15-17% inhibition of photosynthesis. 
Rate of transpiration little affected 
by NO2 ;  NO2 inhibited rate of dark 
respiration and photorespiration. 

Srivastava et al. 
1975 

4-10 In soybeans and buckwheat: waxy leaf 
surface, interveinal grayish-or 
yellowish-white areas. In grapes, 
black-brown spots day after exposure. 

(cont'd) 
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NO2 
PPM MG /M3 

SAMPLE 
NUMBERS 

EXPTAL CONTROL 

LENGTH 
OF 

EXPOSURE REFERENCE COMMENTS EFFECTS SPECIES 

4,8 7.52, 15 	6 h 

10,100, 	18.8, 188, 1 h 
1000 	1880 

6 4-8h 11.3 Taylor et al. 1975 

Czech and Nothdurft 
1952 

Maélean et al. 1968 

Taylor and EatoO 
1966 

Matsushima 1977 

See 1 ppm exposure. 

See 0.14, 0.3, 2.5, 
2.62 ppm exposures. 

4 h 10.9 20.53 

Corn seeds . 
Soybean seeds 

Tocopherol destruction; no formation of 
polyunsa'urated fatty acids (PUFA) or 
lipofuscin. 

Brooks and 
Csallany 1978 

28 100 h 15 

as ma ara 	us at as le 111111 	NB «Ill IN 	 MI 1•111 

TABLE 4.3-9 (CONT'D) 

Anaptychia 	Significant reductions in chlorophyll 
neoleucomelaena,  in these lichens. 
Lecanora  
chrysoleuca, 
Parmelia  

• praesignis, 
Usnea cavernosa .  

Chlorophyll 
extractions were 
made 12 h. after 
fumigation. See 
1 ppm exposure. 

Plants were 4 w old. 

Nash 1976 

Zeevaart 1974 4,12 	7.5, 23 	60 min 	Pea 	 NO2 induced a considerable nitrate 
(Pisum sativum) 	reductase activity for both 4 and 12 
Bean 	, 	ppm, even after 10 minutes. 
(Phaseolus  
vulgaris) 

Co 

Peas, alfalfa, 
bush beans 

Oat (Avena 
sativa) potato 
(Solanum tuber-
osum), Sugar 
'beet (Beta .  sp.) 

10-250 	19-470 	8-0.2 h 

Pinto bean 
(Phaseolus  
vulgaris) 

12 	23 	3 h/d 	Fruit trees, 
until visual ornamental 
symptoms 	trees, vege- 
appeared. . 	tables, 

herbaceous 
plants. 

Leaf lesions. Moderately severe 
necripis. 

Toxic dose for sugar beets was 100 ppm 
during daylight fumigations and 10 ppm 
at night. After 1000 Rpm exposure, fresh 
weight of sugar beet roots was 1/3 less 
than that of the of the controls. 
100 ppm exposure caused abscission of 
potato flowers and lodging of oats. 

Exposures tabulated in ppm-hours (ppm x 
hours). No visible symptoms evident on 
plants exposed to lowest treatment, 10 
ppm-hours (40 ppm for 0.25 hour). 
Highest exposure, 375 ppm-hours (150 
ppm for 2.5 hours) resulted in necrosis 
on 90-100% of leaf surface area. 

Visible symptoms above this level. 

Some plants showed injury after a 1 hr 
exposure while some showed no symptoms 
after 21 h 

Ornamentals and 
Citrus species 

(cont'd) 



NO2 
MG /M3 

LENGTH 
OF 

EXPOSURE 	' SPECIES EFFECTS COMMENTS. 

SAMPLE 
NUMBERS 

EXPTAL CONTROL REFERENCE 
PPM 

Fujiwara and 
Umézawa 1975 

Benedict and 
Breen 1955 

See 1 ppm exposure. 

4-8 h 37.6 20 Damage to almost all plants:. See 0.3, 4 ppm 
exposures. 

Fujiwara and 
Ishikawa 1974 

17 types of 
plant 

Garden pea 
(Pismo sativum) 
String bean. 
(Phaseolus  
vulgaris) 

Citrus  
natsudaidai  

String bean 
(Phaseolus  
vulgaris) 

bush bean 

16h 

12 d 

10,000 18,800 	30 min - 
.  15h 

10,000 - 18,800 	1 or 2 h 

24 
a 

UD 

40 

45 

75.2 

Chakrabarti 1976 

Matsushima 1972 

Dolzcann and Ullrich 
1966 

Lopata and Ullrich 
1975 

TABLE 4.3-9 (CONT'D) 

	

15, 20 	28.2, 	5 h 	 Spinach 
37.6 	 a) Minsterland 

variety 
b) Hoyo variety 

	

20-50 	37.6-94 	4 h 	 10 weed 
species 

Symptoms of damage appeared on Minster-
land variety at 20 ppm and on Hoyo 
variety at 15 ppm. 

Most sensitive species injured at 20 ppm, 
least sensitive at 50 ppm. Symptoms were 
irregular white to brown collapsed tissue 
near the margins. Plants grown in moist 
soil showed large injury, while little 
injury developed under conditions of 
moisture stress. 

Bean: rate of germination delayed-48 
h, per cent germination also 

.decreased. No effects . on pea germina-
tion. 

Slight visible injury. Amino acid 
assimilation stimulated, especially 
alanine and glutamic acid. Organic 
acid decreased. 

2 h exposure-chloroplasts showed 
invaginations; assimilation rate 
decreased to about 50% of the control. 
15 h exposure - total breakdown of 
the fine structure of the cells. 

Impaired photosynthesis at 2 h only. 
Mitochondria trapped in invaginations of 
chloroplasts. Dense layers of filaments 
in stroma. Pigment changes observed. 

. 	Source: Burton et al. (1981) 
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I. 

average exposure duration of 2 hourÉ were considered to be 

appropriate, then susceptible species would be damaged by 5.6 to 

13.2 mg/m 3  (3 to 7 ppm), while tolerant species would be able to 

withstand over 20.1 mg/m 3  (11 ppm) NO2 without sustaining 5 percent 

foliar injury. 

Factors Affecting Responses to  NOx  

Evaluations by OAQPS (1982) have determined that the most notable 

feature of the response of vegetation to NO2 stress is the varied 

degrees of injury. These differing responses appear to be related 

to physiological processes affecting NO2 uptake into the leaf, 

pollutant toxicity at target sites, and cellular repair capacity. 
The authors also noted that environmental conditions, as well as the 
condition or status of the plant itself, influence the response to 
NO2. Findings have indicated that NO2 susceptibility varies among 
species and even among varieties, cultivars, or clones of the same 

• species, due to genetic factors. 

Other studies have determined that another important biological factor 
affecting the severity of damage is the stage of development or age 
of the plant or plant part (OAQPS, 1982; U.S. EPA, 1982b). The main 
environmental factors affecting plant sensitivity to NO2 include the 
presence or absence of other pollutants, soil moisture status, 

temperature, humidity, light intensity and time of day when exposure 

occurs. 

One of the major factors affecting plant responses to NO 2  is the 
presence of sulphur dioxide (SO2) and, to a lesser extent, other 
pollutants such as 03 and PAN (Mansfield -_and Freer-Smith, 1981). 
A somewhat confusing picture emerged from the early investigations 
into the combined effects of NO2 and SO2. There were clear signs of 
severe damage caused by simultaneous exposures, but indications of 
the critical concentrations at which this might occur were far from 
clear, as were the dose-response relationships. Light regimes and 

plant nutrition, in addition to experimental techniques, appear to be 
the factor introducing variability in reported results. 

4-120 
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Mansfield and Freer-Smith (1981) also noted that experimental fumiga-

tions with SO2 and NO2 in combination have shown that acute visible 

injury can be caused by concentrations that are well below the 

threshold for injury by eithe r .  gas alone. A possible explanation may 

relate to the reduction of NO2 -  in leaves being inhibited by concentra-

tions of SO2 that normally accompany NO2 pollution. NO2 -  is highly, 

toxic and its accumulation in cells when SO2 is present may be a major 

cause of injury. 

Table 4.3-10 reports plant responses to NO2 and SO2 mixtures as 

summarized by OAQPS (1982). These data suggest that the injury 

threshold for NO2 can be significantly decreased with the addition 

of SO 2' and these concentrations where observable injury has occurred 

were well within the ambient levels of NO2 and SO2 in some areas of 

North America. In addition to increased sensitivity to foliar injury 

from this mixture, experimental results have found synergistic growth 
and yield suppression (Ashenden, 1978, 1979, 1980) and physiological 
responses (Bull and Mansfield, 1974; White et al., 1974). OAQPS (1982) 

concluded that these are insufficient data on the combined effects of 

NO2 and SO2 to do a quantitatie evaluation of yield reduction for' 

various ambient exposure levels. 

Quantitative AsseSsment. of Effects 

In the judgement of workers with the Strategies and Air Standards 
Division of the United States Environmental Protection Agency (OAQPS, 

1982), there is insufficient evidence to demonstrate that exposure to 

NO2 alone at low levels will lead to significant impacts on growth 

and yield for commercially important crops and indigenous vegetation. 

Workers in the United Kingdom (Mansfield and Freer-Smith, 1981) and the 

United States (OAQPS, 1982) have concluded that while the combined effects 

of NO2 and SO2 may account for many observed air pollution effects on 

urban vegetation, there are insufficient data under all conditions to 

permit any quantitative evaluation of injury or reduction of yield. 
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ExPosure 	Concentration 
Duration 	(PPn) NO 2/50 2 	Plant Resoonse Plant Species g:gerrea  tFtle:=eb  References 
1 hr. 	0.5/0.5 0-5% roller inlury radish 

(Raphenus  sative cv. Scarlet Clove) 
• Bennett et al., 

1975 
CE 

Slonificantly decreased net 
phitosynthesis 

Pee 
(Pisum sativum) 

0 	Bull and 
Mansfield, 1974 

CE I hr. 0.05/0.05 

0.15/0.15 	7%*reduction in apparent photo- 
synthesis. Some tissue death 

alfalfa 
(Medicarm  sativa var. Ranger? 

• . 	White et al.. 
1974 

2 hrs. GH 

0.25/0.25 	9% reduction In epparent  photo. 
synthesis 

Waif* 
(Medicapo  sativa var.Ranger) 

• white et al:, 
1974 

2 hrs. GH 

= 

 

0.10/0.10 	0-101  roller Injury tobacco 
(Nicotfana  tabacum cl. Sel W i )  

4 hrs. 
Gil • Heck, 1963 

sage 
same 

same 

GH • sasse  
• . GH 

• sane 

GH • Sara! 

GH Ashenden. 1979 
1900 

GH same 

S ame 0.11/0.11 G14 same 

82% reduction in leaf area. 041 
reduction in dry weight of 
green leaves 

Timothy 
(Phleum pretense var. Eskimo) 

same 0.11/0.11 GH same 

Conversions (ppm to mg/m3 ): 

	

0.05 	0.10 	0.11 	0.15 	0.20 	0.25 

	

0.09 	0.19 	0.21 	0.28 	0.38 	0.47 NO2: 
ppm 
mg/m3  

	

0.05 	0.10 	0.11 	0.15 	0.20 	0.25 

	

0.13 	0.26 	0.29 	0.39 	0.52 	0.65 
SO2: 

ppm 
mg/m3  

TABLE 4.3-10 

PLANT RESPONSE TO NITROGEN DIOXIDE AND SULFUR DIOXIDE MIXTURES 

'ri.  , 	0.05/0.05 	0-2% roller injury In 6 species Pinto 
(Phaseolus vulgaris  cv. Pinto) 
oats 	 • 
(Avene satire cV. Clintland 64) 
radish 
(Raphanus  sative cv. Cherry Belle) 
soybean 
(Glycine - max.  cv . Hark) 
tobacco 
(Nicotiana tabacum cv. Bel Id 3 ) 

tomato 
(Lyscopersicon  esculentum cv 
Roma VF) 

• Tingey et al., 
1971 

sane 	0.111/0.0b 

same 	0.25/0.05 

9% toiler Injury in tobeccoi 
0-1%.follar injury in 5 species. 
16% foliar injut:y in tobacco: 131  
roller injury in radish. 0-2% 
foliar injury In 4 speCles. 

Slat • Vale 

same 	0.05/0.10 

same 	0.10/0.10 

see 	0.15/0.10 

sane 	0.05/0.20 

same 	0.20/0.20 

sane 	0.05/0.25 

same 	0.15/0.25 

0% taller injury in 6 sPecies 
.1% fouler injury In tomato. 11- • 

 35% roller Injury in 5 species. 
17-24% roller injury In 6 species. 

6% follar injury In soybean. 0-2% same 
foliar injury in 4 species. 
0% follar injury in tomato. 4-16% 
follar injury in 5. 

7% foliar InjurY In soYbearl. 
'0-3% roller injury in 5 Bimetal.. 

0-6% injury in 	species. 

Se* • see 

exposed 	0.11/0.11 
continu-
ously for 
5 days a 
week. • 
(103.5 
hrs/wk 
for 20 
wks)  

sème 	0.11/0.11 

721 reduction in leaf area. 133% 	OrChard grass 
reduction In dry weight 	 (Dact lis glomerate var. Aberystwyth 
of green leaves 

04% reduction In leaf èrea. 03% 
reduction in dry weight of 
green leaves 

Kentucky bluegrass 
(Poe pratensis  var. Monopoly) 

43% reduction in leaf  are..  65% 
reduction in dry weight of 
green leaves 

Italian ryegrass 
(Lolium multiflorum  var. Milano) 

aCE, Controlled environment; GH, greenhouie. 

b.. Greater than additive; O. additivo. 

Source: OAQPS 1982 4-122 
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As noted in Chapter 2, NO2 concentrations in clean, rural air are 

typically in the 1.88 pg/m3  (0.001 ppm) range. This level is two 

orders of magnitude below the concentration required to produce 5 

percent foliar injury (Table 4.3-4) even at 8 hours exposure. 

Values for polluted air in urban centres in Sweden, Canada and the 

United States reported in Chapter 2 indicate NO2 concentrations of 

0.19 to 0.56 mg/m3  (0.1 to 0.3 ppm) may occur for up to several hours. 

These concentrations are one order of magnitude lower than the con-

centrations known to cause 5 percent foliar injury levels, even with 

8 hours exposure, to susceptible plant species, ,as summarized in 

Table 4.3-4 (Heck and Tingey, 1979). This would suggest that in most•

cases, significant injury or growth effects are unlikely to occur 

to urban ornamental plants, gardens or natural ecosystems. 

It is possible that further research will develop more sensitive 

measures of vegetation response to  NO x  concentrations, so that subtle 

effects on natural communities or other vegetation types may be 

identified. We currently see littlé evidence of such effects in the 

literature. 	. 

Combinations of-NO2 and SO2 axe known to reduce the injury threshold 

considerably, but. unfortunately no method exists to Make a quantita-

tive assessment of these synergistic effects. 

4.3.3 	Photochemical Oxidants 

Oxidant Effects on Vegetation. 

Recent studies have indicated that photochemical oxidants, primarily 

ozone,. have a greater 'impact on agriculture and natural vegetation than 

do anY.  other air pollutants . (Heck et al., 1977, 1980; Ormrod et al., 

1980; U.S. EPA, 1982a). - 

The three primary phytotoxic components of photochemical oxidants in 

polluted air include ozone (0 3 ), nitrogen dioxide (NO 2 ) and the per- 

47123 -1  



oxyacylnitrates (U.S. EPA, 1982a). NO 2  has been discussed separately. 
Since peroxyacetylnitrate (PAN) is the only member of the Peroxyacyl-
nitrate series usually detected in the atmosphere, it has received 
some attention in the literature, but the state of knowledge is much 
smaller for PAN than for 0 3' Current research interest, and consequently, 
the contents of this review, are largely oriented towards the effects 
of 0 3 on vegetation. 

Natural Ecosystems and Forests 

For the purpose of this discussion, natural ecosystems include ter-

restrial systems other than agricultural crops and ornamental gardens. 

While much of the research literature to date has focused upon agri-

culture, recent attention has now been directed towards questions re-

lated to 0 3 effects on other vegetation.communities (MOI, 1983; U.S. 

EPA, 1982a; Skelly, 1980; Smith, 1980). 

In addition to direct injury or metabolic alteration to the plant it-

self, indirect alterations in other components or processes in the 

ecosystem due to 0 3  exposure must be considered. The U.S. EPA (.1982a-) 

emphasized that disturbance from air pollutants is dose-related and 

that dose-response thresholds for a specific pollutant such as 0 3  are 

very different among the various organisms comprising an ecosystem so 

that response ot the ecosystem can be a very complex process. The 

authors noted that in repsonse to low doses of oxidants, the vegetation 

and soils function as a sink or receptor, but when exposed to inter-

mediate doses, individual plant species or individual members of a 

given species may be subtly affected by nutrient stress, impaired 

metabolism, predisposition to insects or disease stresses or direct 

induction of disease. Exposure to high doses might induce acute 

morbidity or mortality of specific plants. 

As noted by MOI (1983), there are differing considerations in evaluat-

ing the effects of 0 3  on forest trees than for agricultural crops. 

Most forest tree species are long-lived perennial plants that are not 

subject to fertilization, soil amendments, cultivation, extensive 



pest control or other such practices. Their size to a great extent 

precludes pollutant exclusion (chamber) studies or protective sprays, 

so that the assessment of growth or productivity losses is limited 

to visual observation of growth characteristics, which must then be 

related to 0 3 
dose information if available. 

Table 4.3-11 summarizes the effects of long-term, controlled exposure 

to ozone on growth, yield and foliar injury to several native plants 

and trees from a number of studies undertaken prior to 1978. Many 

North American species can be classified as susceptible to 0 3  damage 

(Davis and Wilhour, 1976; Skelly, 1980) with direct injury to foliage 

being demonstrated in natural and experimental settings. Some authors 

suggest (Miller and McBride, 1975; Skelly, 1980) that existing con-, 

centrations of 0
3 

in some forested areas are sufficient to cause injury 

(MOI, 1983), and  may  affect the productivity, successional patterns 

and species composition of forests (Smith, 1980). Skelly (1980) summar-

ized 0 3 induced effects on temperate forest tree species and reported 

that oxidant air pollution may affect primary productivity, energy re-

source flow patterns, biogeochemical patterns and species successional 

patterns. The most important effects of 0 3  on forest ecosystems (U.S. 
EPA, 1982a) include changes in succession, diversity and production, 
imposed through several mechanisms involving various components of the 
biota. 

Primary producers (green plants) are sensitive to oxidant influences 

on reproduction, photosynthesis, respiration, other physiological 
processes, and foliar health (U.S EPA, 1982a). Consuming organisms are 
affected mainly through the food web, and studies to date have not 
indentified a direct impact of 0 3  on these organisms. There is some 
indication that 0 3 may enhance the development of disease caused by 
pathogens that normally infect stressed or senescent plant parts or 
invade nonliving woody plant tissues (Costonis and Sinclair, 1972; 
Weidensaul and Darling, 1979). 

Clearly, the interactions between 0 3  and varibus components of the 
natural ecosystem are complex and numerous. Case studies are currently 
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Carnation 

Geranium 

98-177 (0.05-0.09) 	24/day, 90 days 

137-196 (0.07-0.10) 	9.5/day, 90 days 

Lemma, duckweed 196 (0.10) ' 	5/day, 14 days 

196 (0.10) 

255 (0.13) 

7/day, 54 days - 

7/day, 54 days 

16, yield 

33, yield 

Heaglé et al. 
1979e  

Wheat 
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Table 4.3-11 EFFECTS OF LONG-TERM CONTROLLED OZONE .  EXPOSURES ON GROWTH, YIELD AND FOLIAR 

INJURY TO SELECTED PLANTS (USEPA 1978) 

Plant species 
Ozone Çoncentration 
pg/m-)  (ppm) 	 Exposure time, hr  

Plant response 
percent reduction 

from control Reference 

Petunia 98-137 (0.05-0.07) 	24/day, 53 days 30, flower fresh wt 	 Craker 1972 

Poinsettia 	 196-235 (0.10-0.12) 	6/day, 5 days/wk 	39, bract size 	 Craker & 
10 wk 	 Feder 1972 

E. white pine 	 196 (0.10) 4/day, 5 days/wk 
4 wk 

(mixture of 03  
and SO2 for same 
periods) 

3, needle mottle 	 Dochlnger & 
(over 2-3 days of exposure) 	Seliskar 1970 

50, flowering (reduced 
vegetative growth) 

50, flowering (shorter flower 
lasting time, reduced 
vegatative growth) 

100,- flowering; 36, flower- - 
Ing (1 wk• after exposure 
compfeted) 50, frond doubling 
rate 

Feder 1970 

Feder & 
Sullivan 1969 

Sweet corn 
cv. Golden 
Mldget 

98 (0.05) 

196 ( 0.10) 

6/day, 64 days 

6/day, 64 days 

9, kernel dry wt; 14, Injury 	Heagle et al. 
(12, avg. 4 yield responses) 	1972 
45, 25, 35 for same responses 

Heagle et al. 
1974 

Soybean 	 98 (0.05) 	 6/day, 133 days 3, seed yleld; 22, plant 
. 

cv. Dare 	 fresh wt . 
19, Injury, defoliation, no 

. 	 reduction in growth or yield 

	

• 196 (0.10) 	 6/day, 133 days 	55, 65, 36 for same responses 

Field corn 
cv. Open-pedigree 

cv. Coker 16 

294 (0.15) 

294 0.15) 

7/day, fià days 

7/day, 88 days 

40, seed yield 

12, seed yleld 

Heagle et al. 
1979b 



2/day, 63 days 

2/day, 63 days 

2/day, 63 days 

Bean 
cv. Pinto 

290 (0.15) 

490 (0.25) 

686 (0.35) 

Table 4.3-1 1  (Continued) 

Plant species 
Ozone çoncentration 
pg/m (ppm) 	 Exposure time, hr  

Plant response 
percent reduction 
from control  Reference 

Spinach 255 (0.13) 

196 . (0.1) 

117 (0.06) 

7/day, 38 days 

7/day,,38 days 

7/day; 38 days • 

69, fresh wt 	 Heagle et al. 
I979c 

37 , . fresh wt 

18, fresh wt 

Hoffman et al. 
/973 

33, plant dry wt; 46, pod 
fresh wt 
95, plant dry Wt; 99, pOd 
fresh wt 
97, plant dry Wt; 100, Pod 
fresh wt 

Hoffman et al. 
1974 Alfalfa 	 196 (0.10) 

290 (0.15) 
e, 	 390 (0.20) 

2/day, 21 days 
2/day,..21 days 
2/day, 21 days 

16,  top dry wt 
. 26, top dry  wt 
39, top dry Wt 

IN) 
Yellow popiar 	 588 (0.30) 

S11ver maple 	 588 (0.30) 

White•ash 	 588 (0.30) 

Sycamore 	 588 (0.30) 

Sugar maple 	 588 (0.30) 

8/day,  5  days/wk 	82, leaf drop; 0, height 	. 	Jensen 1973 

• 13 wk . 

8/day, 5 days/wk 	50, leaf drop; 78, height 

• • /3 wk 	• 

8/day, 5 days/wk 	66, leaf drop; .  0, height 
. 13 wk 

8/day, 5 days/wk 	0, leaf drop; 22, height 
• 13 wk 

8/day, 5 days/wk 	28, leaf drop; 64, height 
13 wk 

Poplar, hybrid 290 (0.15) 	 8/day, 5 days/wk 
6 wk  

50, shoot dry wt; 56, leaf 
dry wt 

47, root dry wt 

Jensen 
Dochinger 1974 

30, yield 	 Kochhar 1974 
Wheat 	 392 (0.20) 	 4/dai, 7 days 

c n., . Arthur 71 	 (anthesis) 

1 

I 	 - 	 • i 
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290 (0.15) 

290.(0.15) 
290 (0.15) 

290 (0.15) 

440 (0.225) 
440 (0.225) 

6/day, 70 days 196 (0.10) Alfalfa 
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Table 4.3-11 (Continued) 

Plant species 
Ozone çoncentratlon 
pg/m-)  (ppm) 	 Exposure time, hr  

Plant response 
percent reduction 

from control Reference 

Bean 
cv. Pinto 

2/day, 14 days 

3/day, 14 days 
4/day, 14 days 

6/day; 14 days 

2/day, 14 days 
4/day, 14 days 

588 (0.30) 	 1/day:, 14 days 

558 (0.30) 	 3/day,. 14 days 

8, leaf dry wt 	 Maas et al. 
1973 

8, leaf dry wt 
23, leaf dry wt (Data avail- 

able on whole 
plants, roots, 
leaves, injury, 
and 3 levels of 

49, leaf drywt soil moisture 
stress) 

44, leaf dry wt 
68, leaf dry wt (Data avail- 

able on whole 
plants, roots, 

40, leaf dry wt leaves, injury 
and 3 levels 
of soil moisture 

76, leaf dry wt stress) 

Bean 
cv. Pinto 

co 

255 (0.13) 	 8/day, 28 days 79, top fresh wt 
73, root fresh wt-
70, height 

Manning et al. 
1971 

Ponderosa pine 
Miller et al. 

1969 
290 (0.15) 
290 (0.15) 
290 (0.15) 
290. (0.15) 
588 (0.30) 
588 (0.30) 
588 (0.30) 
880 (0.45) 

9/day, 10 days 
9/day, 20 days 
9/day, 30 days 
9/day, 60 days 
9/day, 10 days 
9/day, 20 days 
9/day, 30 days 
9/day, 30 days 

4, photosynthesis 
25, photosynthesis 
25, photosynthesis 
34, photosynthesis 
12, photosynthesis 
50, photosynthesis 
72, photosynthesis 
85, photosynthesis 

:Neeley et al. 
1977 

98 (0.05) 	 7/day, 68 days 

4, top dry wt, harvest 1 
20, top dry wt, harvest 2 
50, top dry wt, harvest 3 

30, top dry wt, harvest 1 
50, top dry wt, harvest 2 

Beet, garden 392 (0.20) 3/day, 38 days 	 50, top dry wt Ogata & Maas 
1973 

Sweet corn 
cv. Golden Jubliee 

686 (0.35) 

13, kernel dry wt; 20, top dry 	Oshima 1973 

untll ,harvest 	 wt; 24, root dry wt 

3/day, 3 days/wk 	20, kernel dry wt; 48, top dry 

until_harvest 	 wt; 54, root dry wt 

393 (0.20) 	 3/day, 3 days/wk 



392 (0.20) 

686 (0.35) 

ToMato 

UD 	 Soybean 98 (0.05) 

12, root length 
21, stem dry wt; 26, root 

dry wt 

6/day, 126 days 	13, follage dry wt; 9, stem 
dry wt 

Wilhour 
Neely 1977 

6/day, 126 days • 196 (0.10) 

196 . (0.10) 

Ponderosa pine 

W. white pine 

Tàb% 4.3-11 (Continued) 

Plant species 
Ozone Çoncentration 

Pg/mJ  (ppm) 	 Exposure time ., hr  

Plant response 
percent reduction 
from control Reference 

2.5/day, 3 days/wk 
14 wk 

2.5/Clay, 3 days/wk 
14 wk 

1, yield; 32, top dry wt; 11, 	Oshima et al. 
root dry wt 	 1975 
45, yield; 72, top dry wt; 59, 
root dry.wt 

Broms grass 290-647 	 4/day, 5.days/wk 	. 83, biomass 	 Price e. 
(0.15-0.33) (Varied) 	, growing season 	 TreShow 1972 

Radish 	 98 (0.5) 8/day, 5 days/wk 
5 wk 

8/day, 5 days/wk 
(mixture of 03 
and SO2 for same 
periods) 

• 54,  rot  fresh wt 
• 20, leaf fresh wt 

63, root fresh.wt 
22, leaf fresh wt 

Tingey et al. 
1971 

8/day, 5 days/wk 
3 wk 

8/day, 5 days/wk 
(mixture of 03 
and SO2 for same 
periods) 

foliar Injury 

16, foliar injury; 
20, root dry wt 

Tingey et al. 
1973 

196 (0.10) 8/day, 5 days/wk 
3 wk 

21; -him) dry wt; 
9, root dry Wt 

Alfalfa 98 (0.05) 	 8/day, 5 days/wk 
12 wk  

18, top dry wt 	 Tingey 
Reinert 1975 

Source: MOI, 1983 

1 	 1 	 n 
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documenting evidence of 0 3  influence on succession, species composition 
and productivity (Cobb and Stark, 1970; Miller, 1973; Miller et al., 
1982; Hayes and Skelly, 1977). Figure 4.3-4 summarizes known effects 
of 0 3 stress on a western coniferous forest ecosystem. 

Hayes and Skelly (1977) speculated that susceptible eastern white pine 

(Pinus strobus  L.) in certain areas may be rendered less competitive 

by 03 stress, and other work (Skelly and Johnston, 1979; Skelly et al., 

1982) has suggested shifts in species composition away from the im-

portance of white pine, along with other changes in tree distribution, 

may be occurring in certain eastern regions (U.S. EPA, 1982a). Tre-

show and Stewart (1973) in community studies found that a single 2 

hour exposure of aspen (Populus tremuloides) to 30 mg/m 3  (15 ppm) 03 

caused severe symptoms on 30 percent of the exposed foliage. Since 

white fir seedlings need aspen shade for best juvenile growth, this 

significant aspen loss may restrict white fir development and alter 

forest succession. Harward (1971) and Harward and Treshow (1975) con-

cluded that only a year or two of plant exposure to 03 levels above 

0.14 to 0.60 mg/m3  (0.07 to 0.3 ppm) may be enough to make major shifts 

in plant composition of understory.components of forest ecosystems. 

The U.S. EPA (1982a) reports that most woody plants susceptible to 03 

injury are generally species of an early successional stage (Harkov 

and Brennan, 1979), while most trees having intermediate or high tol- 

erance are typically mid-or late-successional types. Mature ecosystems 

may be more resistant to air pollution stress. 

Several studies have documented estimated reductions in forest pro-

duction due to oxidant stress (Miller et al., 1977, 1982; Benoit et al., 

Mann et al., 1980). Figure 4.3-5 compares calculated growth of ponderosa 

pine in polluted (0 3 ) and non-polluted air (Miller and Elderman, 1977). 

An average 30-year-old tree grown in ambient air was estimated to reach • 

a height of 7.0 m, to have a diameter of 19.0 cm and to be capable of 

producing one log 1.8 m long with a volume of 0.047 m 3  (U.S. EPA, 1982a). 

An average 30-year-old tree grown in the absence of oxidants was estimated 

to be 9.1 m in height, to have a diameter of 30.5 cm and to be capable 

of producing one log 4.9 m long with a volume of 0.286 m3. 
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Fig. 4.3-5 Calculated average growth of 30-year-old 15-cm San 
Bernardino National Forest, California, ponderosa pines in polluted 
and nonpolluted air based on radial growth samples from 1941-1971 
and 1910-1940. The asterisk indicates wood volume in log with 
15-cm top (min. merchantable diameter). ' 

SOURCE: Miller and Elderman 1977. 



Table 4.3-12 summarizes reported field observations of oxidant in-

duced ecosystem perturbations. Data such as these have led to U.S. 

EPA (1982a) to conclude that large areas of the temperate forest 

ecosystem are currently experiencing perturbation from oxidant pol-

lution. As well, the authors noted that the influence of ozone on 

patterns of succession and competition and on individual tree health 

is causing significant forest change in portions of the temperate 

zone. These changes are occurring in forest regions with ozone 

levels (1 hour maximum) ranging from 0.1 to 0.8 mg/m3  (0:05 to 0.40 ppm). 

The U.S. Environmental Protection Agency (1982a) has recognized oxidants 

as one of the most significant contemporary anthropogenic stresses im-

posed on temperate forest ecosystems. It notes that gradual and 

subtle changes in time in forest metabolism, growth and composition 

over wide areas of the temperate zone are the primary consequences of 

oxidant stress. Such changes were concluded to be much more important 

than the more dramatic destruction of forests in the immediate vicinity 

of point sources of pollution over short periods. 

In terms of an estimate of effects of oxidants on Canadian natural ' 

ecosystems, few site data on ambient 0 3  concentrations in non-urban 

settings are available, and detailed losses of forest productivity are 

lacking. A quantitative estimate of potential effects is therefore 
not possible at this time. 

•  Agriculture: EtensiV6 reVieWS of oxidant - effects  on  agricultural 
crops have been compiled'by U.S. EPA (1982a), Ormrod et al. (1980) and 

MOI (1983). Foliar responses'of . crops to artifipal 0 3  exposure have 
been widely documented  and  used 4n, the development of .species and 
varietal sensitivïty'listingS and the preparation of.dose-response 
curves (Larsen and Heck, 1976; Linzon et ai., 1975). The recent 

Memorandum of Intent (1983) on •Transboundary Air Pollution sUggests 

that these data may not be .reliable for estimating the total effect 



McBride 
et al. 
1975 

Gemmill 
1980 

Miller et 
al. 1980 e,  

1  Sigaland 
Nash 1983  

e, Miller 
Eldermann 

. 1.977 

Duchelle 
et al. 
1983 
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Table 4.3 - 12 Field Observation of Oxidant Induced Ecosystem Perturbations. 

Study  Pollutant 

reerence location oxidant conc 
a-457-e- 

Mnél 
analytical 
method 

change in 
component(s) 

Ecoszstem Perturbation  
change in structural 	change in functia= 

pattern (s) 	 procesS(es) 

Shenandoah 
Natl.Park, 
VA, USA 

SBNF 

SBNF 

SBNF 

SBNF 

San Bernar 
ino'Natl. 
Forest 
(SBNF),CA 
USA 

ozone 

ozone 

same 

same 

same 

same reduced primary 
producers; mainly 
ponderosa and 
Jeffrey pines: 
altered heterotro-
phs;foliar fungi, 
Fomes annosus, 
Dendroctonus brev-
icomis, tree 
squirrels 

reduced lichens reduced diversity: 
50% fewer species 

altered succession; 
from pine to oaks 
and shrubs 

1 

3-4 	aver 
pphm 24 hr 
to 10 May 
12 	thru 
pphm Sept. 

1973- 
1978 

same rsame 	,NA 

aine  3ame 	NA 

aine  same 	NA 

saine  same 

mean 
mntly 
8 hr. 	 , 
--. 
peak 

1 980 à . Bendix Model 
4.1 	mean 8002 
3phm . ntly. 

8 hr. chemilumines 

reduced production; ponderos 
pine 

reduced production; Californ 
black oak 

reduced production; Californ 
black oak 

reduced production; ponderos 
pine, Jeffrey pine, white fi 
black oak 

altered biogeochemical cycli 
C,N,P,K,Ca, Mg, H20 

reduced production:native 
meadow vegetation 

NA 

1979 
4.7 
pphm 
8  PP 

hm 

!hm 
81—  

.6 
)phm 
7 .PP  

aver. 

mntly. 
d nr. 
av.mea 

cent 0, 
analyzër 



reference location 

Benoit 	lue Ridge 
et al. 	4ts. VA, 
1982 	tJSA  

McLaugh- umberland 
lin et al lateau,Oak 
1982 idge,TN, 

USA 

£cosyste 

change in structural 
pattern(s) 

Rerturhatirm---- 
change in functional 

process(es1 

reduced production; e. 
white pine 

change in 
component(s1 

reduced primary - 
producer:sensitive 
1. white pine 

reduced production: sensitivei 
e. white pine 

ozone 	 unthly NA 
pphm -  '8 hr. 

âv.Apr-
Sept. 

r979- 
11980 

ozone I NA I NA 1 NA 

Ozone 77 hrtpril- NA 
• 

_?-8 	uly 
pphm 1976 

320 rril-
hr. 	uly 
) 811977 =a 
pphm 

Mann et 
al.1980 

Table 4.3-12 (Cont'd) 

Study 
 reference analytical 

oxidant conc 	time 	mpthnel  

Pol lutant  
dose 

umberland 
Plateau, 
Oak Ridge, 
TN ,USA 

Conversions (pphm to pg/m3 ) 	pphm 	3 3.6 4 4.1 4.7 5 6 7 8 12 

pg/m3 	60 72 	80 82 	94 100 120 140 160 240 

Source: U.S. EPA 1982a 
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in crop productivity (yield, quality) since most information now 

indicates that the severity of foliar symptoms is not a reliable 

index of crop growth or,yield effects (Reinert, 1980) as there is 

uneven competition among several sinks that receive photosynthate. 

Those studies also noted that compensatory responses to 0 3  can pro-

duce rapid recovery from injury (Jacobson, ..1982; Oshima et al., 

1975; Tingey and Reinert, 1975) except where the harvested product 

is the foliage and where foliar injury development coincides with 

that rapid growth of the harvested product (Linzon et al., 1975). 

Leaves are the primary receptors of photochemical oxidants in vascular 

plants (U.S. EPA, 1982a). To produce an effect in plants, oxidants 

must come into contact wlth a leaf, enter through the stomata into 

the air spaces, dissolve in the aqueous layer coating the cell walls, 

and pass through the membrane into the cell.(Tingey, 1977). Cell 

membranes are considered to be the primary site of 0 3  attack. 

Differential plant reponse has been related to environmental con-

ditions, genetic expression, pollutant concentration, length of 

exposure, and the time elapsed between exposures. 

The biochemical and physiological alterations caused by oxidants 

determine all the effects man considers important, including yield 

reduction and aesthetic loss (U.S. EPA, 1982a). The  cellular responses 

of the plant are ultimately expressed as visible foliar injury, pre-

mature senescence, increased leaf abscission, reduced plant vigour, 
reduced growth and death. The oxidants of greatest-phytotoxicological 

consequence are reported by those authors to be 0 3 and PAN. 

Ormrod et'al. (1980) have summarized many  of the documented-.effects . 
of oxidants on Ontario crops, emphasizing foliar injury (Table 4.3-13). 

These include "weather fleck" of tobacco, "bronzing" of bean leaves, 
the "speckle-leaf" disorder of potato, "brown leaf" - or . oxidant 
stipple of grape leaves, "tip dieback" and leaf lesions of 

onions, and leaf injury due to  PAN of:tomatoes. Considerable ox-

idant-indUced injury to, crops was reported in southwestern Ontario' 
and east of Toronto. 

4L.136 



Leaf injury or 
rating (91) 	Reference Year Locution Cultivar 

1 973 

1966,68 

1973 

1975 
1975' 

60tt 
61 

1 3*$ 
N.A.// 

as to be valueless. 

Table 4.343 A Summary of Reported Incidents of Photochemical 
Oxidant Injury to Agricultural Crops in Ontario 

Tobacco — weather fleck 
White gold 
White Gold 
White Gold 
Various 
White Gold 
White Gold 

Unspecified . 
White Gold 
White Gold 
Unspecified 
Unspecified 
Delhi 34 
Hicks Broadleaf 

Bean — bronzing 	- 
Unspecified 	 1965 
Clipper. Harkell . 	1967 

Sanilac 
Potato — speckle leaf 

Irish 
Cobbler 

Grupe — brown leaf 
Various 

Onion — tip dieback 
Autumn Spiee 
Autumn Spice 

Tomato — PAN injury 
1972 
1973 

Celery 	ehlorosis and nuerosis 
Tendererisp 	 1974(?)  

Delhi . 
• Delhi 

Delhi 
Southern Ontario 
Port Burwell 
Lake Erie shore 
Lake Erie Shore 	N.A.// 
Delhi 	 3.61.  
Delhi 	 10.21.  
South Ontario 	$1  million' 
South Ontario 	$1.35 millionll 
45 km N.É. Toro'nto 10.6 
45 km N.E. Toronto 11.9tt 

Erieau 
Encan 

Ridgetown 

Harrow- 
. Leamington 

Vineland 

Bradford 
. Bradford 

S.W. Ontario 
Simeoe. Niagara 

Port Colboume 

Walker (1961) 
Walker (1961) 
Walker and Vickery (1961) 
Macdowall et al. (1963) 
Macdowall et al. (1964) 
Macdowall (1966) 
Cole and Katz ((966) 
Walker (1967) 
Walker (1967) 
Gayed and Watson (1975) 
Gayed and Watson (1975) 
Bisessar and Temple (1977) 
Bisessar and Temple (1977) 

Weaver and Jackson (1968) 
Weaver and Jackson (1968) 
Weaver et al. (1968) 
Haas (1970) 
Curtis et al. (1975) 

McKeen et al. (1973) 
Hooker et al. ((973) 

Wukasch and Hofstra (1977a) 
Wukasch and Hofstra (1977b) 

Pearson et al. ( ( 974) 
Pearson et al. (1974) 

Proctor und Onnrod (1977) 

1959 
'960 
1959 
1956-61 
1960.61 
1964(?) 
1960.61 
1963 
1964 
1972 
1973 
1976 
1976 

17.2t 
16.6-23.0t 
40# 
W ide range 
20* 
12$ 

28$$ 
38// // 

N.A.// 
N.A.// 

27.2tt 

Up to 100++ 	Kender and Carpenter (1974) 
Shaulis et al. (1972) 

, 
+Loss of value relative to leaves so injure(' 
:With approx 5 en irrigation per week. 
pleck index (see references). 
/Mot assessed. 
toss estimate based on decrease in weight and quality of leaf and hurvesting of immature leaves, 
ttPercent leaf area injuted. 

Maximum severity rating equals 9. 
Percent yield inerease using an ozone protectant. • 

Ill/Percent yield increase in filtered air of an open-top chamber vs. unfiltered air. 

Source: Ormrod et al, 19 80 
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t. 

• 

Pearson (1983) has summarized foliar assessment surveys for oxidant 
injury to field crops throughout southern Ontario for the period from 
1971 to 1982. In that 12-year period, the Ontario government conducted 
29 foliar injury assessment surveys of 9 sensitive crops on an annual 
or intermittent basis, comprising 1268 visual foliar injury ratings in 
321 annually different crop varieties. These studies examined white 
beans, tomatoes, potatoes, tobacco and five muck crops. 

For white beans, visual assessment surveys were conducted throughout 
the major areas of production in southern and southwestern Ontario to 
permit the comparison of the general severity of ozone injury to each 
year and to relate the degree of foliar injury to ozone episodes and 
other conditions known to govern the response of the crop to ozone 
exposure. Bronzing was most severe in 1976 and least in 1972 and 1971, 
while injury in 1982 and 1981 was found to be light. Pearson (1983) 
reported that in most years, injury severity was attributed to ozone 
episodes during the first 3 weeks of August, the time of maximum foliar 
sensitivity, Drought stress was found to have a significant protective 
effect. 

These studies showed the following effects (Pearson, 1983) related to 
white beans: 

1. The severity of bronzing on white beans was directly related to 
the chronological age and physiological development of the plants 
and coincided with the period of maximum foliar sensitivity during 
the first 3 weeks of August. 

2. No one production area was more severely affected than any other 
during the survey years even when adjustments were made for 
differences in plant age and maturity. 

3. Some slight differences in varietal sensitivity were detected but 
were found to be due to differences in plant age and thus did not 
represent a true genetic response. 

4. The degree of root rot was found to fluctuate from one year to 
another and in the most severe case (1976) was associated with 
more severe foliar bronzing. 

4-138 



Pearson (1983) also noted that in spite of the absence of any quantita-

tive information on the effect of ozone bronzing on crop yield, there 

has been evidence of major shifts in production areas,with the major 

trend being towards a decrease in Kent County and a shift to the 

northern counties of Huron and Perth. The author noted, however, that 

the yield of white beans has not totally influenced the growers' de-

cision to ihcrease or decrease their production acreage, and reported 
that available figures complicate the assessment of the effect of bronZing 

on the shift in bean production as it cannot be simplistically stated 

that the annual occurrence of the bronzing disorder in Kent and Elgin 

Counties has reduced bean yields resulting in a decrease in crop acreage. 

Nor is it true that bean production in the more northern counties in-

creased because farmers were able to produce higher yields under bronze-

free conditions even though there was no doubt that the bronzing syn-

drome has, in many years, significantly reduced bean yields and that 

bronzing has at times been more severe in the southern counties of Kent 

and Elgin (Pearson, 1983). 

With respect to oxidant-related injury to tomatoes, referred to as PAN-
type, studies reported by Pearson (1983) for southwestern Ontario from 

1978 to 1981 led to the following conclusions: 

1. Symptoms which appeared under field  conditions  were related to days 

of elevated ozone and plants could be protected against symptom 

development through the frequent use of an anti-ozonant protective 

chemical spray. 
2. There was no apparent relationship between the development of the 

symptoms under ,  field conditions and the presence of SO2 and 03 as 

suggested in several research reports dealing with synergism between 

these pollutants. 

3. The symptoms which were atypical of those caused by ozone were re-

produced under controlled environment conditions by a very narrow 

dose range involving ozone exposure. 

4. Atmospheric PAN monitoring in 1980 and 1981 at Simcoe failed to 

confirm the presence of PAN in any significant quantities during 

periods when the PAN-type symptoms developed. 
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The annual tomato survey findings reviewed by Pearson (1983) revealed 
that since 1974, injury severity has varied considerably in intensity 
with differences also being detected in the geographical location of 
the most severely injured areas each year. 

The extent and degree of upper and lower surface oxidant injury to 
potato foliage was assessed by the Ontario Ministry of the Environment 
throughout the major production areas of southern Ontario commencing 
in 1977 (Pearson, 1983). The foliar symptoms were reported to usually 
appear sometime between late June and mid-July when the plants have 
flowered and the tubers are developing. As the demands for photo-
synthetically produced nutrition at that time were at their peak, the 
potential for adverse yield effects was felt to be great. 

Although no attempt had yet been made by Pearson (1983) or his colleagues 
to compare the severity from one region or year to another, the symptoms 
were observed in each year since 1977 and have ranged in severity from 
none to over 30%. Very noticeable varietal differences were observed 
and appeared to fit well with previously published sensitivity listings. 

"Weather fleck" of tobacco was reported to range from less than 1% to 
20% on flue-cured species and up to 8% on burley types (Pearson, 1983). 
The most severely affected areas were centred around Leamington and in 
the St. Thomas and Port Rowan areas. 

Pearson (1983) also reported that in 1977, vegetable crops, including 
carrots, celery, lettuce, onions and radish, were examined for foliar 
ozone injury several times from June through August. In all cases, 
ozone injury to the various species was trace in severity, and appeared 
more pronounced during the later part of the growing season. 

The flux of 0 3 into the leaf appears to be influenced by stomatal 
aperture characteristics, stomatal density, genetic and environmental 
factors (Tingey and Taylor, 1982; Butler and Tibbitts, 1979a,b; 

Gesalman and Davis, 1978). Less is known about the uptake of PAN 
by plants (U.S. EPA, 1982a). 
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Once the oxidant passes into the liquid phase in the plant it may 

undergo chemical transformations which vary by plant species, ul-

timately eliciting biochemical and genetically influenced physio- 

logical responses. Studies have detected changes in proteins, fetyacids, 

sterols and sulfhydral residues as well as other biochemicals in 

plants exposed to PAN and 0 3  (U.S. EPA 1982a). 

Physiological responses to 0 3  include changes influxes of carbohydrates, 

amino acids, inorganic ions and water (Heath, 1980; Tingey and Taylor, 

1982) and once the oxidant has injured a cell membrane, many internal 

cellular responses occur (U.S. EPA, 1982a). These include metabolic 

pathways, membrane independent functions, and key steps in photo-

synthesis. In addition to depressing photosynthesis in the foliage 

of many plant species, 0 3  inhibits the translocation of photosynthate 

from the top to roots (Tingey, 1974; Jacobson; 1982). The ultimate 

effect of these biochemical and physiological responses of plants 

to oxidants is a reduction in biomass and/or yield. 

Recent reviewers (MOI, 1983; U.S. EPA, 1982a) have indicated that , 

earlier workers, studying oxidant effects emphasized foliar injury' 

whereas more recently, the focus has shifted to effects on yields. 

An additional concern relates to the quality of that yield, includ-

ing chemical composition, physical appearance and ability to be 

stored. The U.S. EPA (1982a) has noted, however, that although 

crop, quality has important health and economic implications, it is 

difficult, at present, to completely correlate these 0 3 effects 

with the more conventional measures of impacts on foliage and yield. 

Severallplant species have been found to be extremely sensitive 

biomonitors for detecting the presence of 03, including the tobacco 

cultivar Nicotiana tabacum cv. Bel-w3, bean cultivars (Phaseolus  

vulgaris  L.), soybean (Glycine  max L.), tomato (Lycopersicon  

exculentum  L.), begonia (Begonia semperflorens, Link and Otto), 

petunia (Petunia  hybrida,  Vilm.), morning glory (Pharbitis nil var. 

Scarlet O'Hara), and common milkweed (Asclepias syriaca  L.) (U.S. 

EPA, 1982a). 



Earlier attempts to develop exposure-response relationships in the 

United States (U.S EPA, 1978) were based primarily on foliar injury, 

as were the 1976 0 3 Criteria in Canada (Fisheries and Environment 

Canada, 1976), since models relating a given dose to a meanincrful 

plant effect (yield) were not then available. 

The American values representing the lowest concentration and dur-

ation of exposure that resulted in foliar injury from 0 3  and PAN were 

as follows (U.S. EPA, 1978): 

The limiting values for 03 effects on agricultural crops were: 

0.5 hr: 0.4 to 0.8 mg/m3  (0.2 to 0.4 ppm) 

1 	hr: 0.2 to 0.5 mg/m3  (0.1 to 0.25 ppm) 

4 	hr: 0.08 to 0.18 mg/m3  (0.04 to 0.09 ppm) 

For PAN effects on agricultural crops, the limiting values were: 

0.5 hr: 0.4 mg/m 3  (0.2 ppm) 

1 	hr: 0.2 mg/m3  (0.1 ppm) 

4 	hr: 0.07 mg/m 3  (0.035 ppm) 

The U.S. EPA (1978) also produced an estimate of 0.1 to 0.2 mg/m3 

 (0.05 to 0.10 ppm) 03 as a threshold value for measurable growth 

effects on sensitive cultivars exposed for a few hours per day for 

several days, weeks, or months. That agency (U.S. EPA, 1982a) noted 

that superimposing 03 additions to the ambient load in open-top 

chamber under simulated normal agronomic practices is probably 

generating the best exposure response data to date. The current 

ambient concentrations are having a significant impact on the yield 

of some crops. Characterizing dose as a single statistic represent-

ing the 7-hour midday seasonal average 03 concentration provides a 

range of 0.084 to 0.200 mg/m 3  (0.042 to 0.100 ppm) for significant 

effects on sensitive plant species. 



Certain recent studies have generated dose-response functions for 

0 3 
by simulating normal exposure dynamics by exposing crops for 7- 

hours each day over a growing season to several concentrations of 

0 3 superimposed on the 
ambient 0 3 load (Heagle et al., 1979; Heck 

et al., 1982), as part of the National Crop Loss Assessment Network 

(NCLAN). A general sensitivity ranking of studied crops (U.S. EPA 

1982a) would show turnip, lettuce, peanut, spinach, and soybean 

as 0 3  - sensitive (0.084 to 0.120 mg/m3 ). and likely to be suffering 

significant losses, while wheat and kidney bean are intermediate 

(threshold between 0.12 and 0.20 mg/m
3 ). The authors noted that the 

data suggest ambient 03 levels in many different parts of the U.S. 

are capable of causing significant reductions in the growth and yield 

of many different species. Significant growth reductions were noted 

in response to seasonal daytime average 03 concentrations as low as 

0.084 to 0.12 mg/m 3  (0.042 to 0.06 ppm). 

Tables 4.3-14 and 4.3-15 summarize effects of chronic exposures to 

0 3 in closed chambers on growth and yield of 
selected crops and forest 

trees, respectively. Table 4.3-16 draws together models describing 

the relationship . between foliar injury and 0 3  exposure, while 'Fable' 

4.3-17 is a summary of models of crop yields and losses due to 0 3  

exposure. 

Teng et al. (1982)  described crop-loss models which used several in-

dependent variables representing periods of exposure to 0 3  within a 

season (Table 4.3-18). This and other predictive modelling approaches, 

although promising, have yet to be validated with commercial yield 

plots. 

Table 4.3-19 summarizes pollutant dose-crop response functions developed 

during 1981 NCLAN studies as reported by Heck et al., (1982a). Table 

4.3-20 reports percent yield reduction as a function of.03 concentra-

tion for a wide range of crop types (Heck et al., 1982b), while Table 

4.3-21 lists crop loss functions for four major species and an "all 

other" category as a function of 0 3  dose. 
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Reference Plant speCies Exposure time, 
03  concentration 

(PPm ) 	03 Dose 
Plant response, percent change from control 

(negative change unless otherwise noted) 

Red kidney beans 

Potato 

Soybean 
(4 cultivars) 

Pepper 

Turfgrass 
(18 cultivars) 

Potato (Norland) 

• 	(Kennebec) 

Cotton  

Soybean 

Radish 

Marigold 

F,  
.e›4 

10.12 ppm) 
27.94 ppm) 
51.61 ppm) 
69.02 ppm) 
83.61 ppm) 

4.98 
16.88 
29.54 
41.40 

ppm) 
ppm) 
ppm) 
lem) 

hr 
hr 
hr 
hr 

avg. 
avg. 
avg. 
avg. 

3 hr/d, 3 d/wk, 11 wk 

6 hr/d, 10 d 

3 hri2 wk, 17-20 wk 

6 hr/d, 2 d/wk, 13 wk 
6 hr/d. 2 d/wk, 18 wk 

4 hr/d, 3 d/wk, 5 wk 
4 hr/d, 3 d/wk, 7 wk 
4 hr/d, 3 d/wk, 9 wk 
4 hr/d, 3 d/wk, 11 wk 

3 hr, 9 times in 3 wk 

71 d 	 Control, 90, charcoal-filtered air, Riverside, CA Oshima, 1978 
71d 	 +8, seed wt 
71 d 	 +2, seed wt 
71 d 	 65, seed wt 
71d 	 78, seed wt 

106 d 	 Control, 90, charcoal-filtered air, Riverside, CA Foster, 1980 
106 d 	 35, no. of tubers; 30, tuber wt 
106 d 	 25, no. of tubers; 16, tuber wt 
106 d 	 37, no. of tubers; 42, tuber wt .  

Bennett et al., ' 

1979 

Elkiey and Ormrod 
1980 

Pell et al:, 1980 

Oshima et al., 19 

Reinert and Weber, 
1980 

Reinert and 
Sanders, 1982 

Reinert and 
Sanders, 1982 

20, no. of tubers; 25, tuber wt; 13 total 
solids ln tubers 
36, no. of tubers; 42, tuber wt; 20, total 
solids in tubers 

52, no. of bolls; 62, dry wt ginned fiber 
55, no. of bolls; 59, dry wtsinned fiber 

WB Ili OR MM 
I 	•  
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Table 4.3-14 EFFECTS OF CHRONIC EXPOSURES TO OZONE IN CLOSED CHAMBERS ON THE GROWTH AND YIELD OF SELECTED CROPS 

0.016 (peak hr avg. 
0.074 (peak hr avg. 
0.148 (peak hr avg. 
0.221 (peak hr avg. 
0.295 (peak hr avg. 

0.03 (peak 
0.08 (peak 
0.18 (peak 
0.27 (peak 

0.03 
0.06 
0.09 
0.12 
0.15 

0.12 
0.20 

0.15 

0.20 

0.20 

0.25 
0.25 

0.25 
0.25 
0.25 
0.25 

0.3 

0.3 

10 d 	 2, shoot fresh wt; 0, root fresh wt 
10 d 	 2, shoot fresh wt; +2, root fresh wt 
10 d 	 . 	4, shoot fresh wt; 4, root fresh wt 
10 d 	 15, shoot  fresh wt; 16, root fresh wt 
10 d 	 16, shoot fresh wt; 24, root fresh wt 

19, dry wt fruit 
50, dry wt fruit 

8, total leaf area (range 27 to +38) 

44, plant dry wt ; 66, no. of nodules 
61, plant dry wt;" 69, no. of nodules 
43, plant dry wt; 49, no. of nodules 
46, plant dry wt; 46, no. of nodules 

96, root fresh wt 

3 hr, 9 times in 3 wk 

6 hr/d, 
6 hr/d, 
6 hr/d, 
6 hr/d, 
6 hr/d, 

20, flower dry wt 

Beagle, 1979b 

a1 ppm 03  = 1960 pg/ff. 
Source: U.S. EPA 1982a 



Reference Exposure •tlme - Plant species 
Plant response, percent change from control 

(negative change unless otherwise noted) 
03  concentration  

(PP111° ) 

0.041 

0.05 

0.05 

0.05 
0.10 
0.15 

• 	I 

4=4 

Ln 

0.05 
0.10 
0.15 

0.05 
0.10 
0.15 

0.05 
0.10 
0.15 

White ash 

12 hr/d, 5 mo 

S hr/d, 28 d 

6 hr/d, 28 d 

6 hr/d, 28 d 

POplar 
(2 cultivars) 

LoblollY pine 
(2 families) 

American sycamore 
(2 'families) 

Loblolly pine 

6 hr/d, 28 d 

6 hr/d, 28 d 

6 hr/d. 28 d 

6 hr/d, 28 d 

6 hr/d. 28 d 

Pitch pine - 

Virginia pine 

Sweetgum 

American sycamore 0.05 
0.10 
.0.15 

0.05 
0.10 
0.15 

1 

Tab1e_4.3-15 EFFECTS OF CHRONIC EXPOSURES TO OZONE IN CLOSED CHAMBERS ON SELECTED FOREST TREE SPECIES 

8, stem dry wt; 61, no. of leaves on stem; 
+1013, no. of dropped /eaves; 3, total dry tct 

5. height growth 

5, height growth 

18, height growth; 14, total dry wt 
27, height growth; 22, total dry wt 
41, height growth; 28, total dry wt 

4, height growth; 8, total dry wt 
13, height growth; 19, total dry wt 
26, height growth; 24, total dry wt 

5, height growth; +2, total dry wt 
11, height growth; 3, total dry wt 
14,height growth; 13, total dry wt 

+9, height growth; 10, total dry wt 
29, height growth; 26, total dry wt 
45, height growth; 42, total dry wt 

+4, height growth; 23, total dry wt 
27. height growth; 61, total dry wt 
21, height growth; 69, total dry wt 

+12, height growth; +22, total dry wt 
9, height growth; 9, total dry wt 
15,height growth; 17, total dry wt 

Moot, 1980 

Kress et al., SS: 

Kress et al., 198 

Kress and Skelly, 
1982 

Kress and Skelly. 
1982 

Kress and Skelly, 
1982 

Kress and Skelly, 
1982 

Kress and Skelly. 
1982 

Kress and Skelly. 
1982 

MI MI MI Me 11111 MI MI MO MI MI MIR MI 	 OM MI 



Reference Exposure time . Plant species 
Plant response, percent change from control 

(negative change unless otherwise noted) 
03  concentration 

(PPmd ) 

8 hr/d, 5 d/wk, 2 wk 

8 hr/d, 5 d/wk, 4 wk 

8 hr/d, 5 d/wk, 6 wk 

7.5 hr/d. 5 d/wk, 6 wk 

7.5 hr/d, 5 d/wk, 6 wk 

4 hr/d, 1 d/wk, 9 wk 

5 hr/d. 5 times in 1 no 

12 hr/d, 24 d 

12 hr/d, 50 d 

4 hr/d. 1 d/wk, 9 wk 

6 hr/d, 28 d 

6 hr/d, 28 d 

6 hr/d, 28 d 

6 hr/d, 28 d 

12 hr/d, 50 d 

12 hr/d, 50 d 

Green ash . 

Willow oak 

Sugar maple 

YelloW péplar 

Yellow poOlar 	0.10 

Cottonwood 

White ash 	0.10 

White ash 

Black cherry 

, Hybrid PoPlar 

Hybrid poplar 

0.2(0.1  to 0.3) 

Hybrid poplar 	0.25 

cn 

0.10 

0.05 
0.10 
0.15 

0.05 
0.10 
0.15 

0.05 
0.10 
0.15 

0.05 
0.10 
0.15 

0.1 
0.2 
0.3 
0.4 
0.1 
0.2 
0.3 
0.4 

0.2 

0.2 

Green  ash 0.5 

Kress and Skelly, 
1982 

Kress and Skelly, 
1982 

Kress and Skelly, 
1982 

Kress and Skelly, 
1982 	- 

Jensen, 1981a 

Jensen, 1981a, 

Jensen, 1981a 

Malenahen, 1979 

McClenahen, 1979 

Harkov and Brennan, 
1982 

Jensen, 1979 

Noble and Jensen, 
1980 

Jensen, 1981b 

1111111 Mill MI III 	MI MI MI MO MI 
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Table 4.3-15 (Continued) 

2, height growth; 14, total dry wt 
24, height growth; 28, total dry wt 
30, height growth; 33, total dry wt 

1, height growth; 2, total dry wt 
4, height growth; 11, total dry wt 
19, height growth; 13, total dry wt 

5, height growth; 3, total dry wt 
+8, height growth; 7, total dry wt 
12, height growth; 41, total dry wt 

+60, height growth; +41, total dry wt 
+8, height growth; +5, total dry wt 
12, height growth; +18, total dry wt 

19, relative growth rate; 16, net assimilation 
rate; 37, relative leaf area growth rate 

59, relative growth rate; 58, net assimilation 
rate; 52, relative leaf area growth rate 

No significant effects 

+13, total height; +7, shoot dry wt 
0, total height; +5, shoot dry wt 
0, total height; 11, shoot dry wt 
0, total height; 14, shoot dry wt 
+16, tétal height; +15, shoot dry.wt 
+5, total height; 4, shoot dry wt 
+3, total height; 4, Shoot dry wt 
28, total height; 15, shoot dry wt 

37, total dry wt; 8, height growth 

5, height; +2, leaf dry wt; 6, chlorophyll 
content 
8, height; 13, leaf dry wt; +224, chlorophyll 
content 

50, no. of leaves; 65, leaf area; 66, 
leaf dry wt 

10, stem dry wt; +3 leaf dry wt; 
14, root starch 
46, stem dry wt; 21, leaf dry wt; 
17, root starch 	- 
43, stem dry wt; 32, leaf dry wt; 
28, root starch 

a l ppm 1960 vg/m3 . 	Source: U.S. EPA 1982a 



Plant species 	 Reference- Model 

Table 4.3-16 	SUMMARY OF MODELS DESCRIBING THE RELATIONSHIP BETWEEN FOLIAR INJURY AND OZONE EXPOSURE 

1. y = a -I- bx 
y = injured leaves, area () 
x = ozone index (ppb x hr) 
a = -3.5 (winter), -0.38 (summer), 

-1.85 (fall) 
b  =0.0037  (winter), 0.0016 (summer), 

0.0015 (fall) 

2. y = a 	bx 
y = probit of % leaves with injury 
x = log of ozone dose (pphm-hr) 

based on 20 pphm concentration 
a = 4.3 e, 
b = 1.3 

LD50 = dose injuring 50% of leaves 372 (pphm-hr) 

• P = P k (1-e
-kt ) 

P = % injured leaves at time t 
Pk = equilibrium % of injured leaves 

k = constant determined by least squares 

4. C = Ao 	A2/t 
C = ozone concentration 
Ao, AI , A2 = regression coefficients 
I = percent fol jar  injury 
t = time of exposure 

Tobacco Bel-W3 	 Goren and Donagi, 1980 

• Tobacco.White Gold 	 MacDowall and Cole, 1971 

Tobacco Bel-W3 	 Naveh and Chaim, 1978 

elected species 	 Heck and Tingey, 1971 

MI MI MI MI 	IIMI 	MS MI IMIll 	Ilali MI UZI UM 



Plant species 	 Reference Mo del 
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Table,4.3- 16(continued) 

5. Z = -ln Mghr/ln Sg - p int/lnSg + 1nC/1nSg 

Z = no. of standard deviations that the 
percentage of injury is from the 
median ' 

C = ozone concentration 
t = exposure duration 
Mghr = geometric mean concentration 
Sg = standard geometric deviation 
p = slope of the line on logarithmic paper. 

. 	6. Model 5 
Probit (y) = 1.3 lnc + 0.49 lnd4 0.77 
where 

C  = concentration in p1/1 
d = duration in hrs 
y = % leaf surface injured 

7. Model 5 	 Black cherry 
PIF = 0.2174 + 2.2457 lnc + 2.1378 lnt 
where 

c = concentration in p1/1 
t = duration in hrs 
PIF = Probit mean proportion of injured foliage/plant 

8. Short-term controlled fumigations 	) 
S = n lnD + K 
where 

D = (Cm 
/n 

x t) and Sis in the range 0 to 1 

S = plant injury degreeb 

C = concentration in ppm 
t = exposure duration in hrs 
m = constant 
n = constant 
K = constant 

S = 0.278 lnD + 0.999 

Morning glory 

. 	 - 

Pratt and Krupa, 1981 

Davis et al., 1981 

Nouchi and Aoki, 1979 

Selected species 	 Larsen and Heck, 1976 

Soybean cv. Hodgson 



MO del Plant species Reference 

9. Ambient conditions 

S = n lnD + A lnD 1  
where 	m/n . D 	E.C. 

-1 

Nouchi and Aoki, 1979 Morning glory 

Table'4.3-16 (continued) 

e. 

S =  plant injury degree 
C .  = hourly average concentration 

ith hour in ppm 

A lnDI = contribution to the injury on 
the day due to the effects of 
oxidant dosage up to the previous 
day 

A = constant 
K' = constant 

S !=  0.278  hp.. A-  0.041 (ln 	+ ln 	+ 1nD
-3 
. ) 4- 1.872 
J 

a half the accumlating sum of average hourly ozone concentration between the first value > 40 ppb and the last 
b  value < 40 ppb. 

plant injury degree = (E% damaged leaf area per leaf)/E area of the leaves that can be damaged to the maximum degree( 

Source: U.S. EPA 1982a 

at the 
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Crop Model Reference 

Mected cmps 

(Field corn, winter wheat, 
soybeans, spinach) 

Heagle and Heck, 1980 

I 	I 	I 	I 	I 	I 	I 	I 	 I 	I 	I • 	 1 	I 	I 	.11111  

Table 43-17  SUMMARY OF MODELS OF OZONE YIELD AND LOSS 

(a - wt)/a x 100 

x • ozone dose (pphm-hr > 10 pphm) 

2. a) Marketable fruit 
y = (sin(-0.0076x + 84.2816)] 2 

x = % fruit marketable USDA minimum size 
x • ozone dose (pphm-hr > 10 pphm) 

1. a) Total fresh wt. function 
y = a + bx . 	 y = fresh wt (g/plant) 
y = 162.4 - 0.015x 	a = intercept 

x = ozone dose 
(pphm-hr > 10 pphm) 

b) Loss function - transformed from la by % loss = 
% Loss = -1.068 x 10-4 + 9.258 x 10-3x  

Alfalfa cv Moapa 69 

Tomato VF 6718 

Oshima et al., 1976 

Oshima et al., 1977 

Ln 
CD h) Yield function 

y = 9.742 - 0.0023x y = container yield based on USDA fruit 
size and packing configuration 

x = ozone dose (pphm-hr > 10 pphm) 

c) Loss function - transformed from lb by % loss = (a - container yield)/a x 100 
% Loss = 0 + 0.0232x x = ozone dose (pphm-hr > 10 pphm) 

3. a) y = a + bx y = yield (varies with crop) 
• ozone exposure in seasonal 7 hr/d 

mean ozone concentration (ppm) 
a = intercept 
b = slope 

, 	. 

	

b) y = a + box + oix2 	y = yield (varies with crop) 
x = ozone exposUre in seasonal 7 hr/d 

mean ozone concentration (ppm) 
a = intercept 
.b0  and b 1 = regression coefficients . 



Model Crop Reference 

4. a) Linear yield function Selected crops Heck et al., 1982 

X 

b"1  = 

f = 
b = 0 

Table 4.3-17 (continued) 

y = b0 - + b ix 	y = crop yield (g/plant) ' 
x = ozone exposure in seasonal 7 hr/d 
• mean concentration (ppm) 

b0  I =ntercept 
- b1 =  slope 

Plateau*- linear yield function 
y  . bo 	, 

y = (1)0  - bi f) + 

if x  <f  
bI x 

if x > f, 

F 
LTI 
I-" 

crop yield (g/plant) • 
ozOne exposure in seasonal 7 hr/d 
mean concentration (ppm) 
threshold 7 hr/d mean concentration (ppm) 
intercept 
slope 

c) Loss function 

y = 100 ---b
I (0.025 - x) 

y = % yield reduction 
b, = regression coefficient from function 4a 
à = predicted yielefrom einction 4à at 0.025 ppm 

7 hr/d mean ozone concentration in g/plant 
x * ozone exposure in seasonal 7 hr/d mean ozone concentration 

5. a) Tuber weight yield 
y =  a+  bx 
y = 1530 - I5.80  

h) Tuber number yield 
y = 34.3 - 0.3180  

function 	 Potato cv Centennial Russet 	Foster et al., 1982 
y = % tuber yield in g/plant 
D = ozone dose in ppm-hr 

function 
y = tuber yield in number/plant 
D = ozone dose in ppm-hr 

c) Plant dry matter function 
DM = 382 - 3.830 DM = total dry matter  in. fflant 

D it ozone dose in ppm-hr 

Source: U.S. EPA, 1982a 
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• Model Loss criteria 

Table 4.3 - 18 SUMMARY OF CROP-LOSS MODELS 

General Model 
1. y  • f 	)... 	 y = proportion of yield reduction , 

Li 	 x i  = dose parameter at time ti  

2. net yield reduction is 

dt time step 
n = maximum number of growing*days 

Functional Models 
I 	 • 

F.." 	• 	 1. Alfalfa 	 - . . 	. Ln 	 . 
INJ Biomass at site (x)  y = ax + bx2 + cx3 	 y  • daily yield loss (Fresh wt) 	 Loss = 1.0. , 	 Biomass at control site 

. 	 . 
. x a E hourly averages for 1 d 	 _ 

• ' a to c = regression coefficients . 	 . . 	 . 

2." Corn 

E ydt 
1 

NA 

NA 

y  • ax1 + bx2 .... 1 x12 y = yield loss based on 100 kernel wt . 	 Loss - 10 - 100 kernel yield for (x)  
X 1 to X12 • ozone summ 	 100 kernel yield for controlary statistic for 	 treatment periods 1 to 12 calculated ' 

as: ' .  

N 
E [ (E hi/024] 

1 = 1  



Table 4.3-18 (continued) 

Model 	 Loss criteria 

where: N is the number of days in a period (7) 
hi = ozone concentrations 
n  z  number of hours for which there are 

ozone concentrations 
a to 1 	regression coefficients 

3. Wheat 

y . axi  + bx2 ...gx7  y = yield loss based on 100 seed 
x 1  to x7 = ozone summary -statistics for 

periods 1 to 7 calculated 
as:  

Loss 	1.0 - 100 seed yield for (x)  
100 seed yield for carbon 
filtered treatment 

- E -[(E hi/n)24] .  
1x1  

e,  
where: N is the number of days in a 

E- 	 period (7) Ln • 	
hi = ozone concentrations 
n . number of hours for which 

there are ozone concentrations 

a to g . regression coefficients 

4 .  Potato 

y = ax i  + bx2  + cx3  + dx4  + ex5  y = yield loss based on tuber wt/plant 

xl  to x5  = ozone summary statistic for 
periods 1 to 5 calculated 
as: 

Loss 	1.0 - tuber wt yield for (x)  
tuber wt yield for 
control treatment 

E 	[ (E hi)] 
1  

Where: N is the number of days in a period (14) 
hi = hourly ozone concentrations in 1 d 

a to e . regression coefficients 

Source: Teng et al., 1982. 

Source: U.S. EPA, 1982a 
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Ozone* 

01 

Ozone/S02  
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Tbb1e,4.3L 19 SUMMARY OF POLLUTANT DOSE -CROP RESPONSE FUNCTIONS DEVELOPED IN 1981 

Pollutants 	 Crop/cv. 	 Location 	 Yield Response to Pollutants (kg/ha) 

Corn/ 	 Argonne, 	 y = 10,836 + t(-78,993 [03  - 0.071]) 
Pioneer 3780 	 Illinois 	 If 03  < 0.071, t = 0 

If 03  > 0.071, t = 1 

PAG 397 	 y =12,221 + t(-105,751 [0 3  - 0.090]) 
If 03  < 0.090, t = 0 
If 03  > 0.090, t = 1 

Soybean/ 	 Ithaca, 	 y = 2628 - 9875 (03 ) 
Hodgson 	 New York 

Davis 	 Raleigh, 	 y = 5,345 - 39,886 (03 ) + 109,600 (03 )2  

Williams 	 Beltsville, 	y = 4,426 - 110,429 (03 ) 
Maryland 

• 
Essex 	 y = 3,901 - 5,038 (03 ) 

Cotton Lint/ 	 Shafter, 	 Normal 
Acala SJ2 	 California 	 y = 2036 - 6884 (03 ) 

Water-stressed 
y =1301 - 2784 (03 ) 

Soybean/ 	 Raleigh, 	 For SO2  = 0.026 ppm 
Davis 	 North Carolina 	y = 5220 - 39194 (03 ) + 109,600 (03 )2  

for SO2  = 0.085 ppm 
y = 4937 - 37624 (03 ) + 109,600 (03 )2 

 for SO2  = 0.367 ppm 
y= 3585 - 30120 (03 ) + 109,600 (03 )2  

Williams & 	 Beltsville, 	 For SO2  = 0.071 ppm 
Essex# 	 Maryland 	 y = 4,503 - 32,798 (03 ) + 164,897 (03 ) 2  

For SO2  = 0.148 ppm 
y = 4,212 - 25,322 (03 ) + 103,541 (03 )2  

For SO2  = 0.334 ppm 
y = 3,863 - 26,153 (0 3 ) +92,033 (03 )2  

* Ozone seasonal 7-hr average concentrations in ppm. 

Combined data.  

Source: heck, et al, 1982a 
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i i 

- 1 
- I 

Crop Linear functionb 

Y = -2.7 + 108 x 

Y = -15.5 + 621 x 

Y = -11.1 + 443 x 

Y = -8.8 + 353 x 

Y = -4.8 -f193 x 

Y = -16.3 + 652 x • 

Y = -17.8 ± 711 xe 

Y=-13.2 + 527 x 

Y = -13.0 + 517 x 

Y = -14.8+ 594x 

Y = -14.9 + 599 x 

Y in -22.1 + 887 xe 

Y = -20.5 + 817 xe , 

n -20.5 + 818 x 

Y = -19.1 + 763 xe 

Y -7.4 + 290 x 

Y = -10.1 + 405 x 

Y = -7 .7.5+ 304 xe 

Y -6.2 + 250 x 

3.83 ± 1.0 	8.1 ± 2.1 

21.7 ± 1.4 

15.5 ± 2.4 

12.3 ± 3.6 

6.8 ± 1.3 

22.8 ± 1.7 

24.9 ± 0.7 

18.5 ± 3.0 

18.1 ± 3.7 

20.7 1 3.1 

20.9  th 3.4 

31.0 2.1 

28.6 ± 2.4 

28.6 ± 2.6 

26.8 ± 4.6 

10.4 ± 1.4 

14.2 ± 1.2 

10.6 ± 1.5 

8.7 ± 1.7 

46.5 ± 2.9 

33.2 ± 5.1 

26.4 ± 7.7 

14.5 ± 2.8 

48.9 ± 3.6 

53.3 ± 1.5 

39.6 ± 6.4 

38.9 1 8.0 

44.4 ± 6.6 

44.8 ± 7.3 

66.4 ± 4.5 

61.4 ± 5.0 

61.4 ± 5.5 

57.4 ± 9.8 

22.3 ± 3.0 

30.4 ± 2.6 

22.6 ± 3.3 

18.6 ± 3.7 
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Table 4.3-20 Percent yield reduction  as a function of 03 concentration.' 

Predicted % yield 
reduction at two 0 3  

conc.d 
(±SE) 

 0.06 ppm 	0.10 ppm 

Corn 
(Coker 16) 

Soybean 
(Corsoy) 

Soybean-1977 
(Davis) 

Soybean-1978 
(Davis) 

Kidney Bean 
(Calif. Light Red) 

Lettuce, Head 
(Empire) 

Peanut 
(NC-6) 

Spinach 
(America) 

Spinach 
(Hybrid 7) 

Spinach 
(Viroflay) 

Spinach 
(Winter Bloomsdale) 

Turnip 
(Just Right) 

Turnip (Purple 
Top White Globe) 

Turnip 
(Shogoin) 

Turnip 
(Tokyo Cross) 

Wheat 
(Blueboy H) 

Wheat 
(Coker 47-27) 

Wheat 
(Holly) 

Wheat 
(Oasis) 

• This includes all data sets. The 03 is expressed as the seasonal 7-h/day mean concentra-
tion. 
. 	00 61 y 1 	/0.025  _ x i 

a 
where Y = predicted percent yield reduction, bi = the regression coefficient from the yield 
model, a = the predicted yield at a seasonal 7-h/day mean 0 3  concentration of 0.025 ppm and 
x = seasonal 7-h/day mean 03 concentration. 
C  These models must be considered with caution. More complex models account for significantly 
more of the variation than these simple linear models. Compare the predicted percent yield 
reductions for the plateau-linear model at 0.06 ppm to get an idea of the differences. 
d  Values may differ slightly from those predicted by the equations due to a rounding of numbers 
in the functions shown. The 0.06 ppm seasonal 7-h/day mean 03 concentration is the maximum 
mean concentration expected in many parts of the U.S. when the one-hr standard of 0.12 ppm 
is just met; the 0.10 ppm was arbitrarily used as a maximum 7-h/day mean 03  concentration 
for comparison. 

Source: Heck et al, 1982b 



Table. 4.3-21 Crop loss functions for four major species and an "all other" category as a 
function of 03  dose.* 

Predicted % yield reduction at 
seasonal 7-h/day mean 0 3  

concentrationsd  
Crops 	 Linear model 	 0.06 	0.08 	0.10 

Soybeanh 	 Y = —1L8 +  472x 	16.5 	26.0 	35.4 
Winter Wheat') 	 Y = —7.8 + 313 x 	 11.0 	17.2 	23.5 
Corn 	 Y = —2.7 + 108 x 	 3.8 	5.9 	8.1 
Peanut 	 Y = —17.8 + 711 x 	24.9 	39.1 	53.3 
All Otherbe 	 Y = —13.0 + 519 x 	18.1 	28.5 	38.9 

• All equations give yield ( Y) as a % reduction; they were developed from data in Table V. 
b There is no real statistical legitimacy for these combination models. This is just an averaging 
of a number of heterogeneous data from Table VII. However, the technique permits the de-
velopment of reasonable yield reduction models that approximate the change in yield as a 
function of 03 dose. 
e This model is only a guide in estimating crop losses for all species not specifically listed. It 
is intended for use with broad groups of crops and should not be used for estimating losses to 
any single species (e.g., radish or carrot). 
d  Values  may differ slightly from those predicted by the equation due to a rounding of numbers 
in the functions shown. The 0.06 ppm seasonal 7-h/day mean 03 concentration is the maximum 
mean concentration expected in many parts of the U.S. when the one-hour standard of 0.12 
ppm is just met. The 0.08 ppm seasonal mean 03  concentration would be found in some areas 
of the U.S. where the one hour standard of 0.12 ppm is often exceeded. The 0.10 ppm seasonal 
mean 03 concentration was arbitrarily used as a maximum concentration for comparison. 

Source: Heck et al, 1982b 
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The crop loss functions developed from the NCLAN programme appear to 

be the most promising method of developing quantitative estimates of 

oxidant effects to agricultural crops in Canada. The simple crop loss 

functions listed in Tables 4.3-20 and 4.3-21 would be useful as a first 

approximation for those crops in high ozone areas for which sufficient 

input data are available on a regional basis. These have the advantages 

of being easy, inexpensive and fast. NCLAN is now in the process of 

reviewing and calibrating existing crop growth and process models, so 

that a more effective predictive capability may be available in the 

next few years (Heck et al, 1982b). 

Numerous studies have examined interactions between 03 and other air 

pollutants, principally SO2 (Flagler and Younger, 1982a,b; Hofstra and 

Ormrod, 1977; Foster et al., 1983; Garrett et al.,1982; and Larsen 

et al., 1983). Greatér.than additive, negative effects have been . 

noted for soybeans eXpoSéd tO S02 . and 03 (Heggestad and Bennett, 1981) 

and for red kidney'beans  (Oshima, 1978): No interaction was noted 

by Foster (1980) for potato tuber ,yield. 

The U.S. EPA (1982a) has summarized recent literature which reports 
greater than additive.effebts On yiéld on growth for SO 2  and 0 3  in 
soybean; less than additive effects for cottonwood, yellow poplar, 
hybrid poplar, apple, marigold, and soybean; and strictly additive 
effects for petunia, begonia, radish and soybean. 

Larsen et al. (1983) described an 03 -SO 2  leaf injury mathematical 
model that expresses percent leaf injury as a function of simultaneous 
exposures to 0 3  and SO 2  for soybean data. They conclude that the two 
pollutant model should be used when the ambient SO 2  concentration for 
an hour is about 5 times the 0 3 level. When SO 2 concentrations are 
above the two-pollutant model limits, a one-pollutant SO 2 model 
should be used. Below the limits, a one-pollutant model for 0 3  is 
used. Daily injury is determined by summing, by hour, impact cal-
culated from the appropriate model. 



4.3.4 	Acid Precipitation 

Direct Effects on Vegetation 

Various types of injury may result from direct exposure of plants to 

acidic deposition (MOI, 1983; Cowling, 1979; Cowling and Dochinger, 

1980; Tamm and Cowling, 1977). These include: 

- damage to protective surface structure such as cuticle 

- interference with normal functions of guard cells 

- poisoning of plant cells, after diffusion of acidic sub-
stances through stomata or cuticle 

- disturbance of normal metabolism or growth processes, with-
out necrosis of plant cells 

- alteration of leaf-and root-exudation processes 

- interference with reproductive processes 

- synergistic interaction with other environmental stress 
factors 

- accelerated leaching of substances from foliar organs 

- increased susceptibility to drought and other environmental 
stress factors 

- alteration of symbibtic associations 

- alteration of host-parasite interactions 

Studies for the Memorandum of Intent (MOI, 1983) note that in contrast 

to results with 0 3' experimental studies with simulated acidic deposi-

tion have produced both positive and negative results, since increases, 

decreases and no change situations have been reported. Results appear 

to depend on concentration of acids, plant species and cultivars, 

pattern and timing of rain applications, and soil, environmental and 

cultural conditions. The reviewers noted that each species may thus 

have unique patterns of physiological and genetic responses to the 

potentially beneficial and detrimental components of acidic deposition. 

. 44158 



tvan  s et al. (1981) defined acidic injury to,terrestrialyegetation as 

follows: 

- loss of crop yield and/or quality 

- visible injury which would reduce market value 

- loss of forest yield or long-term growth of trees 

- visible injury to ornamental plants that would reduce their 
aesthetic value 

- substantial alterations of plant community composition leading 
to ecosystem simplification 

- changes in herbivore populations or communities leading to 
any of the above 

- altered sensitivity to other air pollutants and/or plant pathogens 

Due to the variability in species response noted previously, it has 

been necessary to study effects on a species by species basis, so that 

an overall picture of which plant groups are sensitive and the types 

of effects possible is only now becoming aPparent. 
- 

Evans (1982) concluded that there ls little .unequivocareidence that 

acidic precipitation, at ambient levels, is having deleterious effects 

upon terrestrial:vegetation  in the  United States, based upon a lack 

of concrete information rather than an evaluation of a large data 

base. 

Loss of Crop Yield: Since managed soils are less subject to acidifica-

tion than are natural systems due to fertilization and lime application 

(McFee, 1979) ill effects of acid precipitation on plants wCpuld likely 

result, if at all, from exposure to foliage (Evans et al., 1981). 
Simulated acid rain applied only to wet the foliage caused significant 
reductions in soybean yield and quality under experimental field con-

ditions using standard agronomic practices (Evans et al., 1980). 

Agricultural practices, in another sense, however, may substantially 
increase the potential for crop damage in the field  from  acidic de-
position  (MOI,  1983). Economic constraints in any given area and year 
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tend to result in the exposure of extensive areas of a give crop in a 

relatively uniform state of plant development. The onset of the cycle 

of flowering physiology, pollen dispersal and fertilization, and photo-

synthetic partitioning, could all be potentially susceptible to 

damage over large areas. 

Visible Injury and Reduced Market Value: If the foliage or fruits of 

some crops exhibit blemishes, market value is reduced. Simulated acidic 

rain has induced lesions on leaves and reproductive structures, un to a 

pH of 4.0 (Evans et al., 1981; Lee et al., 1980). No relationship 

between crop yield and foliar injury has been established, and there 

is no direct evidence that acidity levels of current rainfalls injure 
field or forest plant foliage (Evans et al., 1981). Field-grown plants 

may be less susceptible to the development of foliar symptoms than , 

plants grown under controlled conditions (MOI, 1983; Jacobson, 1980) 

but the synergistic effects with 0 3  and other pollutants are not yet known. 

Loss of Forest Yield or Long-term Growth:. Evans et al. (1981) noted 

conflicting reports as to whether acidic precipitation can influence• 

forest productivity. Presumably, leaf injury in sufficient quantity- 	, 

might lead to a reduction in yield but this has not yet been ascertained. 

Benefits to trees may also occur throùgh more rapid transfer of elements 

to the soil which provides opportunities for enhanced uptake and re-

cycling. The amount of nitrate, and to a lesser extent sulphate and 

other elements, in acidic preciliitation is unlikely to enhance agri-

cultural yields, but may represent a significant nitrogen source to 

forests (Evans et al., 1981) 

Foliar Injury to Ornamental Plants: Little research interest has been 

shown. Evans et al., (1981) noted that there is no evidence showing 

visible foliar injury to ornamental plants due to realistic precipita-

tion acidities (excluding point source studies) that would reduce 
market or aesthetic value. 

Alterations to Plant Communities: Evans et al. (1981) discussed the 
possibility that if one or more plant species were to be preferentially 
affected by acid precipitation so they become reduced or eliminated, 



then ecosystem simplification would result, eventlially perhaps affect-

ing overall ecosystem productivity. Ferns were cited by those authors 

as being sensitive, but ,the inhibition of ferns or other plants have 

not yet been related to ecosystem simplication. 

Alterations in Herbivores: In the case that acidity may directly 

or indirectly alter populations of herbivores, change might be re-

flected in crop or forest productivity, but no data are currently' 

available on such effects if they occur (Evans et al, 1981). 

Altered Sensitivity of Vegetation: Epidermal cells may be injured 

upon exposure to rain at pH of 3.4 and below (Evans and Curry, 1979) 

perhaps altering gas exchange and therefore,sensitivity to other 

air pollutants. Further specific work on combinations of ambient 
acidity levels on host-plant pathogen interactions are unknown, but 
if rainfall acidity were to change, the degree to which plant patho-
gens affect either crop on forest plants may have economic impacts 
(Ridgway et al., 1978; Shaw, 1979). 

4.3.5 	. 	Summary of Quantifiable Effects 

Nitrogen Oxides 

There is little evidence to demonstrate that exposure to  NOx  alone at 
low levels will lead to significant growth and yield reductions for 
commercially important crops and indigenous vegetation. 

A predictive model (Heck and Tingey, 1979) is reported for foliar 
injury from acute NO 2  exposures. From this, Table 4.3-4 pregents 
projected exposure concentrations and duration estimates required to 
produce foliar injury on susceptible, intermediate and tolerant plants 
at the threshold injury level. This information, in combination with 
specific  NOx  concentration data and an inve.ntory of sensitive vegeta-
tion types, could be used to assess injury to_ornamental or garden 
plants in urban settings, as well as rural agricultural crops or 
natural ecosystems. 



Photochemical Oxidants 

Studies suggest that reponses to ozone are highly species dependant, 

and that a much more complex predictive modelling approach is required 

for damage assessment. Unlike NO x , damage to natural ecosystems and 

crops is being experienced due to 0 3 . 

There does not appear to be a functional methodology for assessing 

the effects of 03 on forests or 
other natural ecosystems. 

With regard to agricultural crops, we feel that yield is a better 

measure of adverse effects of 0 3 than is foliar injury. Regression 

models for selected crops have been developed and tested to an extent 

as part of the National Crop Loss Assessment Network (NCLAN) in the 

United States that appear to be useable, with verification, in 

Canadian settings where 03 data and some yield loss data are avail- 

able. These were reported by Heck et al. (1982a, b) and are summarized 

in Tables 4.3-16 and 4.3-17 for foliar injury and crop yields/losses 

respectively. 

Information in Tables 4.3-19 to 4.3-21 provides pollutant dose/crop 

response functions, percent yield reductions as a function of 0 3  con-

centration, and crop loss functions for major species which provide 

a basis for evaluating oxidant effects on several prominant crops. 

Reviews by Ormrod et al. (1980) and Pearson (1983) suggest that crop 

injury in Ontario due to oxidants was of prime concern for the follow-

ing crops: white bean, tobacco, potato and tomato, with injuries to 

grape leaves and onions also being cited. 

Unfortunately, for the most part, these crops have not been subjected 

to rigorous examination in the NCLAN programme in the United States. 

As reported in Tables 4.3-20 and 4.3-21, crop loss functions have been 

developed for soybean, winter wheat, corn and peanut. Additional 

yield reductions have been examined for kidney bean, head lettuce, 



spinach, turnip and wheat. While many of these are important crops 

in parts of Canada, they do not coincide well with the Ontario data 

base for oxidant-related crop damage. 

We recommend, for the purposes of this SEIA study, that the "all other" 

crop loss function, developed by Heck et al. (1982b) and reported in 

Table 4.3-21, be used as a first approximation of change of crop 

yield as a function of 03 dose. The linear model is as follows: 

Y = 13.0 + 519x 

where 	= yield as % reduction 

x = seasonal 7h/da y mean 03 
concentration (ppm) 

and is intended as a broad guide in estimating crop losses for all 
species not specifically listed. It is intended for use with broad 

groups of crops and should not be used for estimating losses to any 

single species (eg. radish or carrot) (Heck et al. 1982b). As a 

first rough approximation, derived on a regional basis where the 

ambient 03 data.base is sufficient, this approach appears to be the 
most valid and cost effective approach to estimating crop losses due 

to ozone. 

In portions of the country where wheat and corn are widely planted, 

the specific crop loss functions for those species (Table 4.3-21) can 

be utilized, at least on a tentative basis. We note that the back-

ground research used to derive these models was undertaken in the 

United States, and such factors as climate, soils and the genetic 

make-up of the Canadian vs U.S. crops should be examined prior to 
estimation of yield loss. 

The 0 3 /S0 2 leaf injury model reported by Larsen et al. (1983) was 
developed using data for soybean, but interactions among these pol-
lutants have shown wide variation in the literature, even for soybean 
so that use of this model in Canada is perhaps premature. In any 
event, it uses foliar injury as a measure of effect rather than yield 
reduction. 



Acid Precipitation 

No documented losses of agricultural crops, forests, or horticultural 

plants appear to have been clearly identified with acid precipitation 

in North America. No methods exist which either identify or quantify 

adverse effects on terrestrial ecosystems, although we have listed a 

number of potential effects in the text. 



4.4 	Aquatic Environment 

4.4.1 	Introduction 

This section examines the effects of automobile emissions on the 

aquatic environment. Of the emission components being examined at this 

time, only nitrogen oxides (N0 x ) appear to have any potential for 

widespread or significant adverse effects on aquatic systems. Through 

atmospheric transformations of NO x  to  nitrate (NO 3- ) and the formation 

of nitric acid (HNO3) in wet depoSition, these emissions are con- - 

tributors to the phenomenon known as acidic precipitation. In the 

section which follows, we will describe the known effects of acidic 

precipitation on the aquatic environment, and discuss the relative 

importance of NO 3 -  and HNO 3  to the direct and indirect acidification 

of Canadian freshwaters. The role of airborne nitrogen compounds as 

nubrients in aquatic ecosystems will also be considered. 

AcidiC precipitation has a pH less than 5.0-5.6; the upper pH value 
is the average value of uncontaminated precipitation in equilibrium 

with ambient carbon dioxide (see Chapter 2). Harvey et al. (1981) 
reported that  in  most cases; the parameter of interest is the de- 
position of acidic and acidifying substances rather than precipitation 

pH. Acidic substances include strong acids (e.g. sulphuric, nitric 

and hydrochloric acids), whereaà acidifying substances are protolytes 

which can act as acids under certain conditions. 

Substances transported through the atmosphere come to earth as wet 

deposition (precipitation) and dry deposition. Current knowledge 

suggests that wet and dry deposition are of approximately equal im-

portance on a regional basis in Canada (Harvey et al., 1981). The 

low pH is explained by the presence of the strong acids H2SO4 and HNO3, 

with weak acids probably being relatively unimportant (Galloway et al., 

1976). The relative abundance of these two acids varies considerably 

across Canada (MOI, 1983), as do concentrations of the four ions 

• usually of most importance to rainfall acidity: hydrogen (H + ), 
ammonium (NH4+ ), nitrate (NO ) and sulphate ( $04 2- ). A portion of the 
nitrogen and sulphur-containing pollutants is oxidized to nitric and 

sulphuric acids,-so that the acid content of precipitation can be 
considered a secondary result of the primary anthropogenic emissions 
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(Whelpdale, '1980; Logan, 1982). 

4.4.2 	Water Quality 

Of the ions which largely account for acidic deposition, most studies 
now suggest that based on documented effects, wet and dry deposition 

of sulphur compounds dominate in long-term acidification (MOI, 1983). 

As well, Agnew et al. (1982) have reported there is strong evidence 

to show that S02 2-  dry deposition is not only the most important 

contributor to snowpack pollutant mass, but also the major contributor 

to snowpack acidity. Thus, sulphur compounds appear to be of im-

portance in both long-term and short-term acidification of surface 

waters. 

The primary nitrogen compounds in wet deposition are NO3 -  and NH 4 + . 

Of the two, only NO3-  is associated with the acidity of wet deposition 

(Galloway and Dillon, 1982). Dry deposition of nitrogen oxides appear 

to be of equivalent magnitude to wet deposition of these compounds 

(Logan, 1982; Galloway and Dillon, 1982). 

n 

In terms of acidification of receiving waters, concerns relate to 

pollutants which contribute H+  to the systems or which cause the 

release of hydrogen ions once in the systems (Harvey et al., 1981). 

These include sulphur and nitrogen oxides and ammonium ion. 

The transformations and fate of nitrogen compounds affecting the 

acidification of surface waters have been summarized by McLean (1981) 

and Galloway and Dillon (1982). Much of the atmospheric N falls within 

the terrestrial portion of the watershed, so that biological and geo-

logical processes affect water quality prior to reaching lakes or 

streams. 

As noted earlier, the deposition of NH4 + , NOx , and NO3 -  affects the 

acid-base balance of the receiving system. Galloway and Dillon (1982) 

noted that since the dry deposited  NO x  is probably rapidly oxidized 

to HNO3, it is reasonable to limit the discussion of the effect of 
atmospheric N on terrestrial ecosystems to only NH4 +  and NO3 - . Those 
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Hi 

H1  

1 

authors determined that once in the terrestrial ecosystem, NHe has 

three potential fates: 

- NH4+ may be oxidized to  NO 3 ,  producing two equivalents of acidity 

for every equivalent of NH4+  oxidized 

- it may be taken up by a plant, producing one equivalent of acidity 

for each equivalent of NH 4+  taken up 

- NH4 may be discharged from the soil solution into the lake 

Galloway and Dillon (1982) noted that the last of these possibilities 

is least important since watersheds retain most NHe deposited, so 

that atmospheric deposition of ammonium always has an acidifying 

effect on the terrestrial system. 

Similarly, Galloway and Dillon (1982) examined the fate of deposited 

NO3 -  in terrestrial systems and found it may be retained through: 

- assimilatory (uptake) reduction which will produce a maximum of one 

equivalent of alkalinity for each equivalent of NO3-  assimilated 

by the plant - 	 , 

- dissimilatory (denitrification, ammonification) reduction which will 

produce a maximum of two equivalents of alkalinity for each equiva-

lent of NO3 -  reduced 

- discharge from the soils solution to the surface waters 

The authors noted that the first process mentioned consumes strong 

acids and releases OH- , but that the amount consumed may be less than 

the amount of NO 3 - "taken up (Raven and Smith, 1976), 
so that the 

nitrate assimilated and the alkalinity generated may only in part 

counter the strong acids associated with the nitrate. 

Both McLean (1981) and Galloway and Dillon (1982) point out that in 

the reduction reactions of nitric acid, HI-  is used up, with the amount 

depending on other conditions, but in general, the more nitrate that 

is utilized, the more acid is consumed. If the terrestrial system 

were a perfect sink and NH4 +  deposition were greater than or equal 

to NO3-  deposition, the system Would become acidified. If, on the 

other hand, NO3 -  deposition were greater, acidification by NH4 4" may 
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be partially or totally offset by the NO3 -  and, in fact, net 

alkalization may even occur. 

Since in most of eastern North America, more nitrate is deposited than 

ammonium (Scheider et al., 1979), the impact of the NH 4 +  may be 

largely offset by the NO3 -  if the NO3 -  is retained in the terrestrial 

ecosystem (Galloway and Dillon, 1982). If the cation accompanying 

the deposited NO3 -  is 11 4- , then this alkalization of the terrestrial 

system would be lessened. It should be noted that alkalinity production — 

depends upon uptake of NO3 -  

— II Galloway and Dillon (1982) noted that terrestrial systems are not 
_ 

sinks for all the NH4
+ and NO3, and during winter and spring snow- 

 melt, large amounts of NO3 -  are released from the terrestrial system 

to the surface waters. If the accompanying cation is 11 .1- , then  acid- 

ification of the aquatic system will result, and if a base cation, then -- 

a loss of nutrients from the terrestrial system will occur. 

Since soils and plants are not passive reservoirs through which the 

N passes (Galloway and Dillon, 1982; MOT, 1983), the longer the acidic 

deposition stays in contact with soil, the smaller the possibility 	
1 

of the N being transported to a lake, and therefore, there is a 

reduced chance of a direct effect on the aquatic system due to the 

atmospheric deposition of N. In general, only during periods of high 

flow, such as spring melt or large rainstorms, or during winter, would 

a significant portion of the deposited N falling in the terrestrial 

portion of the watershed reach a lake or stream. 

It should be noted that current evidence suggests that NO3 -  generally 

has a net alkalizing effect on terrestrial and aquatic systems, while 

NH4 has a potential acidifying effect. 

The sensitivity of surface waters to acidification relatesnot only 

to the above biological factors, but also to geochemical and hydro-

logical characteristics of watersheds. Natural weathering processes 
+ consume H so that,in a sense, the acidification process may be 

viewed as an acceleration of this weathering process in that le con-
centrations are greater, reaction rates are faster, and surface waters 
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may receive elevated inputs of 	cations, and other substances 

(Harvey et al., 1981). Position in the watershed and relative pro-

portions of surface to ground water inputs may affect the acid 

neutralizing capabilities of lakes in similar geographic locations. 

The degree of sensitivity of aquatic ecosystems to acidification by 

external loading of H-1-  can be determined by the base saturation 

component of the total exchange capacity and by direct buffering. 

capacity within the hydrologic system associated with lakes and 

streams. Harvey et al. (1981) and MOI (1983) described sensitivity 

mapping of Canadian surface waters based on bedrock and soil 

characteristics prepared by RCG (1979), Elder (1980) and Shilts (1980) 

Additional sensitivity mapping for eastern Canada based upon this 

work, as well as Lucas and Cowell (1982) and Olsen et al. (1982) for 

the eastern portions of Canada and the United States, were prepared 

by Impact Assessment Work Group I for the United States-Canada Memor-

andum of Intent on Transboundary Air Pollution (MOI, 1983). Complete 

agreement on the validity of this sensitivity was not reported by 

Canadian and American contributors to that study at the time of 

writing. 	_ 	 • 

Based upon the major ion chemistry of surface waters, many areas in 

Quebec and the Atlantic Provinces are sensitive to acidic deposition 

(Harvey et al., 1981), while for much of Ontario, the glacial over-__ 
burden is heterogeneous,with the result that significant variation 

in sensitivity occurs. Those authors also noted that numerous areas 

in eastern Canada that are classified as sensitive are also located 

in areas of elevated acidic deposition. 

With respect to N deposition, Galloway and Dillon (1982) concluded 

that as long as the terrestrial system acts  as .a  sink for atmospheric 

nitrogen compounds and therefore prohibits their release to the aquatic 

system, there will be no intermediate or long-term effects of nitric 

acid on aquatic systems. The authors noted that if the terrestrial 

system were to become saturated with nitrogen, then nitrate would 

begin to be released to the surface waters along with an equivalent 

amount of cations. If the cation is HI- , then acidification would 

result, whereas if it is Ca++ , Mg 	then the soil will lose 
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nutrients. At this time, Galloway and Dillon (1982) reported that 

it is unknown if forests will become saturated with respect to 

nitrogen, or how long this process would take. 

In terms of short-term effects of N deposition, McLean (1981) reviewed 

North American and Scandanavian studies and found that nitric acid 

tends to accumulate in the snowpack over the winter, and during rapid 

melt runoff, could have much higher than normal amounts of nitric 

acid, during a time of particular sensitivity to the life cycles of 

many aquatic species. McLean's assessment was that nitric acid con-

tributes 'Slightly less than sulphuric acid to the observed drops in 

stream and lake pH following snowmelt. 

Galloway et al. (1980, 1982) found that in their study of lakes, the 

alkalinity decreased during snowmelt because of dilution of base 

cations in the lake epilimnion by snowmelt water and an increase in 

NO3 -  in the epilimnion, and concluded that the source of NO3 -  was the 

snowpack. Galloway and Dillon (1982) noted that although S O42-- con- 
2- centrations changed only slightly during snowmelt, SO4 still con- 

tributes to the acidification in an indirect manner by causing-long-

term as opposed to episodic alkalinity reductions. Thus, the short-

term reduction of alkalinity due to NO 3 -  is added to the long-term 

reduction in alkalinity due to SO4 2 7 As a general rule of thumb, 

Galloway and Dillon (1982) reported that in lakes with alkalinities 

near 0 peq/L, increases in NO3 -  are the most important reason for 

acidification during snowmelt. Since the hydrological pathway that 

the snowmelt follows, and the volume of the lake that interacts with 

the runoff have rarely been investigated, considerable effort would 

be needed in these and other areas before a model could be constructed 

and verified which would predict the impact of these episodic events 

on aquatic ecosystems by determining the probability of chemical 

change of specific magnitude in a lake or stream for a specified 

duration. 

In addition to the direct effects of acidification and N deposition 

discussed above, other aspects relating to water quality require some 

consideration. Nitrogen is a major plant nutrient, the lack of which 
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limits growth in nature particularly in terrestrial ecosystems. Evans 

et al. (1981) reported that inputs of N in polluted rain, while they do 

not fulfill forest N requirements, do appear to make a significant positive 

contribution as a fertilizer although N inputs of this magnitude were 
thought to be insignificant relative to crop needs. NO 3-  inputs to 
freshwaters also are utilized as nutrients by aquatic vegetation, but 
no quantitative analysis of the importance of N deposition to aquatic 
productivity appears to have been reported in the literature. However, 
uptake of nitrate ions by algae and aquatic plants results in the 
production of alkalinity in surface waters (Goldman and Brewer, 1980; 
MOI, 1983). 

The U.S EPA (1978) has reported that phosphorus and nitrogen are the 

most important nutrients that stimulate eutrophication, and in most 

lakes, phosphorus is considered the more critical of the two. In coastal 

and estuarine ecosystems, however, nitrogen is often the limiting nutrient 

and inputs of this element may control eutrophication. The authors noted 

that in many already-eutrophic lakes, biotic productivity is controlled 

by nitrogen, because the N/P ratios of pollutants from many cultural 
sources (e.g. domestic sewage) are far below the ratios needed for plant 
growth. 

The average atmospheric input of 10 to 20 kg/ha-yr that is typical for 
most of the United States was though.t tobe a sufficient nutrient loading 
to support a moderate increase in biotic productivity in some lakes, 

especially shallow, oligotrophic lakes that may be nitrogen-limited (EPA, 

1978). Those authors felt that atmospheric nitrogen fluxes may contri-
bute to slight eutrophication in such cases, but that it is unlikely that 
these inputs alone would induce serious water quality problems. 

Andren et al. (1977) summarized atmospheric loadings to the Great Lakes, 
and reported the following values for nitrogen (g/ha/yr): 

Michigan 	Superior 	, 	Huron 	 'Erie 	2 	Ontario  

no data 	 6,800 	 -8,700 	 . 13,600 	 10,800 



The authors noted that the dominance of ipulk sampler data resulted in a 

conservative estimate due to loss of NH 3  from the samples before analysis. 

The distribution of deposition rates indicates a strong north to south 

gradient which was believed to relate to emissions from transportation 

and other combustion sources and from the more intense agricultural act-

ivities. 

Bennett (1982) noted that most of the nitrogen input to Lake Superior 

originates outside of the lake drainage basin and is by way of at-

mospheric deposition directly onto the lake surface. The calculated 

trend in loading parallels that of emissions of anthropogenic nitrogen 

oxides in the industrial Midwest and Great Lakes areas of North America, 

although evidence is circumstantial. The author noted that Lake Superior 

is outside the zone of highest nitrogen emissions, but that loadings still 

amount to about 40 percent of the highest rates, which are in the Lake 

Erie region. The 1973 nitrogen budget for Lake Superior showed that of 

the 95,000 tonnes total input, 56,000 tonnes (60%) was due to precipita-

tion directly on the lake surface. Of the 86,000 tonnes falling in the 

terrestrial portion of the watershed, much was utilized by terrestrial 

vegetation, but 36,000 tonnes still reached the lake via tributaries., 

According to Bennett (1982) it is clear that atmospheric loading provides 

most of the nitrogen input to Lake Superior and that the trend of nitrogen 
concentration in the lake should reflect long term trends in atmospheric 

loading. He noted that eutrophication is an unlikely problem for Lake 

Superior because its present oligotrophic state is due to a low con-
centration of total phosphorus, independent of the nitrogen intent. 

Another aquatic effect relates to changes in dissolution of soil and 
bedrock components in acidic conditions. Watersheds containing 
carbonate minerals (e.g. calcite, dolomite) appear to have an almost 
unlimited capacity for buffering H+ input, with cations such as Ca2+ 

and Mg 24.  being exported at an increased rate (Harvey et al., 1981). 
However, in watersheds dominated by aluminosilicate minerals, adsorption 
and dissolution reactions at lower pH values may result in increased 
concentrations of aluminum and other metal species which may interact 
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with aquatic organisms and nutrient cyclihg leading to indirect 

impacts. Similarly, some concerns have been raised over acidification 

liberating increased amounts of mercury and other metals which may 

build up in the food chain or affect drinking water supplies (see 

Section 4.2, Health Effects). 

4.4.3 	Fish and Aquatic Organisms 

Numerous workers have examined aspects of the effects of acidic 

precipitation on aquatic biota within the last decade. To a great 

extent, these investigations have centred in Scandinavia, Canada and 

the United States, where impacts were first recognized and found to 

be of major importance. Recent reviews by MOI (1983), Harvey et al.. 

(1981), Evans et al. (1981), Flett (1981), Haines (1981) and Beamish 

(1976) summarize the known impact data base. Wiener (1983) has pre-

pared a recent selected annotated listing of information sources re-

lated to acidic precipitation. The discussions which follow are 

derived principally from these reviews. 

Microorganisms 

Harvey et al. (1981) noted that very little information is available 
on the role of microorganisms in ecosystems affected by acidic de-
position. Sulphur cycle bacteria may in some circumstances contribute 
to the neutralizing capacity of surface waters  by sulphate reduction. 
The authors also noted that some studies indicated that microbial 
decomposition of organic matter is markedly reduced at pH levels 
encountered in acidic lakes. Harvey et al. (1981) noted that it is 

believed that such disruptions of detrital trophic structure would 
affect nutrient cycling and hence other trophic levels. 

In a laboratory study, Bick and Drews (1973) demonstrated that as pH 
was lowered, the number of protozoans and bacteria decreased, popu-
lations of fungi increased, and the rates of decomposition and nitri-
fication were reduced. Rao et al. (1982) observed reduced numbers 

of nitrifying bacteria and sulphur cycle bacteria in low pH lakes and 
streams. 



Planktonic Communities 

The biomass of phytoplankton in acidic lakes is not significantly 

different from non-acidic lakes with similar phosphorus concentrations 

(Harvey et al.,  1981), and  productivity is not reduced although the 
distribution of biomass among the algal classes differs. The authors 

noted that whereas chrysophytes or diatoms normally constitute most 

of the biomass in oligotrophic Shield lakes, these classes are re-

placed by dinoflagellates under acidic conditions. Within each class 

of phytoplankton, the number of species is found to decrease with 

declining pH in Shield lakes. Species diversity was markedly reduced 

in those LaCloche Mountain lakes (central Ontario) having pH's below 

5.6 (Kwiatkowski and Roff, 1976). Nicholls et al. (1981) found that 

foul odours developed in acidic recreational lakes, apparently due to 

the growth of the planktonic Chrysochromulina breviturrita.  

Acidification apparently results in reduced zooplankton biomasses, 

as both the numbers and average size of community numbers are reduced 
(Yam. and Strus, 1980; MOI, 1983). As a result, food availability 
to higher trophid levels may be decreased. Harvey et al. (1981) 
reported that in lakes having pH's below 5.0, the occurrence and 
relative abundance of several crustacean species were reduced, subh 

as species of cladocerans and cyclopoid copepods. The dominance of 
Bosmina longirostris  and Diaptomus minutis  becomes even more evident 
in oligotrophic Shield lakes which are acidic, perhaps related to a 
reduction in invertebrate predation. Harvey et al. (1981) noted that 
reduced abundance and diversity of planktonic rotifers have been 
observed in Swedish and Canadian lakes. Little information is avail- 
able on the effects of acidification on aquatic insects or protozoans. 

While it is often assumed that the direct cause of changes in the 
zooplankton community is related to differences in tolerance among 
species to increased 11 4-  concentrations, other factors may contribute. 
Acidification increases the transparency of lakes, increases the con-
centration of potential toxicants, and produces quantitative and 
qualitative changes in zooplankton predator and prey species (MOI, 
1983; Harvey et al., 1981). Therefore, the actual causes of observed 
changes in community structure may be quite complex. 
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Benthic Communities 

Harvey et al. (1981) noted that with the exception of some Swedish 
field studies, there is little information available on the effects 
of acidification on benthic macrophytes. Sphagnum  has been identified 
in European acidified lakes, but this has not been a major phenomenon 
in Ontario Shield lakes. Sphagnum  coverage of littoral areas creates 
a unique habitat that is considered unsuitable for other macrophytes 
and many invertebrates (MOI, 1983). Harvey et al. (1981) noted that 
acidic Ontario Shield lakes had diversified plant communities which 
included most of the rosulate and isoetid species common to Canadian 
Shield lakes. Acidified lakes and streams are often characterized by 
increased growth of filamentous algae which may compete with other 
plant forms and cause some depreciation of shoreline recreational 
values and activities, particularly swimming (MOI, 1983). 

Aquatic invertebrate species are known to be affected by low pH , 

conditions (MOI, 1983) with molluscs being highly sensitive (require 
>pH 5.8 to 6.0) and oligochaetes being found in reduced densities in 
acidic waters (Wiederholm and Ei.iksson, 1977). Orders of insects " 
have varying sensitivities, with the number of species of Ephemeroptera 
and Plecoptera appearing to be positively correlated with pH, while 
larvae of Chironomidae (Diptera), Hemiptera and Megaloptera are often 
abundant in acid lakes (MOI, 1983; Aimer et al., 1978). 

No casual relationship between H+ concentration and effects on 
invertebrate communities has yet been identified (MOI, 1983). 
Other factors varying with pH include nutrients, bicarbonate and 
several metals, and it appears that molluscs and moulting crustaceans, 
with their sizeable calcium requirements, may be the macroinverte-
brates most sensitive to low pH. The relationship between the 
benthos and benthic feeding fish in acidifying lakes is not known 

(Harvey et al., 1981). 



Fish Communities 

Harvey et al. (1981) have provided the most detailed summary of the 

affects of acidification on Canadian fish populations. The authors 

noted that affected areas of Canada include the LaCloche Mountains, 

the Sudbury region, the Wawa area, south-central Ontario and eastern 

Nova Scotia. Lakes exist from which all fish have been lost, while 

from others, individual species populations have disappeared. Those 

surviving in acidifying waters are reduced in abundance, altered in 

age composition, or are under physiological stress. No systematic 

tally exists of lakes with lost or acid stressed fish populations. 

Beamish (1976) identified the approximate pH at which fish in the 

LaCloche Mountain lakes stopped reproducing (Table 4.4-1). Prized 

game species such as smallmouth bass, and walleye (pickerel) had 

reproductive failure between pH 5.5 and 6.0, suggesting low tolerance 

of acidifying conditions. More tolerant species, even to pH 4.5 to 

4.7, included lake herring, yellow perch, and lake chub. 

An estimated 140. Ontario lakes,' many located in the Sudbury area, ' 

have lost all fish populations (OME, 1979), while seven former salmon 
rivers in Nova Scotia are unsuitable for successful reproduction 
of Atlantic salmon due to low pH (Farmer et al.,1980), while 
additional waters were identified as being threatened. Additional 
losses have been documented in the United States (Evans et al., 1981), 
Norway and Sweden. 

In acidifying lakes which still contain fishes, the populations may 
be reduced in abundance (Harvey et al., 1981; Harvey, 1979). Fish 
populations close to their pH tolerance limit are usually very small 
and probably are in their last stage prior to extinction. Figure 
4.4-1 summarizes frequency of occurrence of fish species in relation 
to pH for LaCloche area lakes, identifying unaffected, stressed, and 
extinction levels. 



Family and species 

Apparent pli ai  which population ceased 
reproduction, declined, or disappeared 

(reference)" 

TABLE 4.4.-1 

—Species of fish that ceased reproducing, declined, or disappeared from natural populations as a result of 
acidecation from acidic precipitation, and the apparent pH at which this disappearance occurred. 

Salmoniciae 
Lake trout Salvelinus namaytuth 
Brook trout Salvelinut fontinalit 
Aurora trout Salvelinut fontinalis timagaminuis 
Arctic char Salvelinus'alpinus , 
Rainbow trout  Saisis  gainineri 
Brown trout  Salins trulla • 
Atlantic sahnon Salmo solar 
Lake.herring Coregonw artedii 
Lake whitefish Coregonw clupeaformit 

Esocidae 
Northern pike Esox lutitm 

Cyprinitlae 
Golden shiner Nolemigonus erysoleuent 
Common shiner Nolropit cornutut 
Lake chub Couesiux plumber's 
Bluntnose minnow Pimephales notatut 
Roach Rutilut maw 

• 
Catostomidae 

White sucker Calostomut commemoni 

Ictaluridae 	 • 
Brown bullhead /etaturus tie/Minus 

Percopsidae 
Trout-perch Per-L.11mM omitcorna.Neus 

Gadidae 
Burbot  Loto  Iota 

Centntrchiclae 
Smallmouth bass Micropterut dolomieui 
Largemouth bass Micro/Ilene .vilmoille 
Rock bass Ambloplites rupestrit 
Putnpkinseed Ltrpomit gibboxus 
Bluegill Lepomit matrix-hint% • 

Percidae 
Johnny darter Etheationta nigrum 

• Iowa darter Etheastoma exile 
Walleye Stixostedion  a. vitreum 
Yellow perch Perca flave.u-ent, , 
European perch Perca fluviatilit 

5,2-5.5(1); 5.2-5.8 (2); 4.4-6.8 (3) 
4.5-4.8.(4); -5 (5) 
5.0-5.5 (6) 
-5(7)  
5.5-6.0 (4) 
5.0 (4); 5.0-5.5 (8); 1.5-5.5 (9) 
5.0-5.5 (4) 
4.5-4.7 (I); <4.7 (2); 4.4 (3) 
<4.4 (3) 

4.7-5.2 (2); 4.2-5.0 (3) 

4.8-5.2 (3) 
<5.7 (3) 
4.5-4.7 (I) 
5.7-6.0 (3) 
5.3-5.7 (7) 

4.7-5.2 (1,2); 4.2-5.0 (3) 

4.5-5.2 (1,2); 4.6-5.0 (3) 

5.2-5.5 (1) 

5.5-6.0 (1);  5.2-5.8(2)  

5.5-6.0 (1); >5.5 (2); -5 .8 (10); 4.4-5.0 (3) 
4.4-5.2 (3) 
4.7-5.2 (1.2); 4.2-5.0 (3) 
4.7-5.2 (1); <4.2 (3) 
<4.2 (3) 

5.0-5.9 (3) 
4.8-5.9 (3) 
5.5-6.0 (1); 5.2-5.8 (2) 
4.5-4.8 (1); <4.7 (2); 4.2-4.4 (3) 
5.0-5.5(11)  

" References; (1) Beamish 1976; (2) Beamish et al. 1975; (3) Harvey 1980; (4) Grande et al, 1978; (5) Schofieid 1976; (6) 
Anonynmus 1978: (7) Altner et al. 1974; (8) Jensen and Snekvik 1972; (9) Wright and Snekvik 1978; (10) Pfeiffer and Fessa 

 1980; (II) Runn et al. 1977. 

Source: Haines (1981) 
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Figure 4.4-1 

Frequency of occurrence of fish species in six or more La 
Cloche Mountain lakes in relation to pH. Vertical bar, 
lowest pH recorded; dashed line, stressed populations; 
solid line, populations which appear unaffected (from 
Harvey 1979). , 

, 	 NUMBER OF LAKES 
SPECIES 	 CONTAINING SPECIES 

YELLOW PERCH 	, 	I    40 

PUMPKINSEED 	 « . ' ' s 	 . 	37 

ROCK BASS 	 t—    29 

WHITE SUCKER ' 	. 	I--    25 

NORTHERN PIKE 	 - t    20 

LAKE HERRING 	 23 , 
BLUEGILL . 	 _ t 	6 

LAKE WHITEFISH 	 : 	1 	  6 

SMALLMOUTH BASS 	_ 	i 	 19 

LARGEMOUTH BASS 	 t—    7 

LAKE TROUT 	 F 	 9 

BROWN BULLHEAD 	" 	s—   7 

GOLDEN SHINER 	 t   10 

IOWA DARTER 	 I -   20 

JOHNNY DARTER 	 t  	 " II 

COMMON SHINER 	 I 	  6 

BLUNTNOSE MINNOW 	 1— 	  9 
1 	I 	I 	I 	I  

PH 	 4.0 4.5 5.0 5.5 6.0 6.5  70 

NUMBER of LAKES 	II 	19 	13 	8 	10 	0 
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The mechanisms of fish injury are still being clarified, but the 

most obvious one is the failure of recruitment of new age classes into 

the population. Several studies have shown failure to spawn, im-

paired hatching, and larval sensitivity at the critical stages of 

early life history where lower pH may have severe negative impacts 

(Harvey et al., 1981; Evans et al., 1981). Osmotic regulatory 

difficulties seem to be responsible for many observed effects with 
altered Na+ , Cl - , and K+  levels being observed in plasma and muscle 

tissues. 

Increased metal levels appear to be implicated in fish mortality, 

particularly in the case of concentrations of toxic aluminum species 

related to increased solubility at reduced pH. Elevated levels of 

aluminum in waters have been shown to have serious effects on fish 

within the pH range normally considered not harmful to aquatic biota 

(Baker and Schofield, 1980). The aquatic chemistry of aqueous 

aluminum has been described by Spry et al. (1981). Toxic aluminum 

concentrations have been associated with disturbed ion exchange over 

gills and with respiratory distress. Low pH has also been associated 

with the formation of methyl- mercury, a stable and soluble form which 

readily bioaccumulates, but evidence suggesting mercury toxicity being 

a widespread cause of fish stress is lacking. The public health 

implications of increased mercury concentrations in food species of 
fish due to increased methylation at low pH are now receiving some 

consideration (Harvey et ai. ,1981; Scheider et al., 1979). 

Effects on altered fish food supply, especially in the pH range of 
5.0 to 6.0, on fish condition or community composition have not been 

studied (Evans et al., 1981), even though lake acidification may 

cause drastic alterations of plant and invertebrate communities in 

lakes. The authors noted that, although there is little doubt that 

physiological effects of 11+  and Al are the principal causes of 

complete elimination of fish from most acidic waters, slight effort 

has gone into investigating the consequence of changing food quantity 

or quality at intermediate acidity levels (pH-5.0 to 6.0), which may 

be a critical factor to survival and growth of newly hatched fish. 



Other Semi-aquatic Organisms 

Harvey et al. (1981) noted that the importance of amPhibians in aquatic 

and terrestrial ecosystems tends to be ignored, although recent work 

has done much to clarify the sensitivity of this group of herptiles. 

Clark and Fischer (1981) ranked susceptibility of breeding habitat 

to pH depression for amphibians in northeastern North America whose 

ranges overlap areas receiving acidip deposition (Table 4.4-2): Nine 

species were classified as highly susceptible due to their use of 

acidic meltwater pools as breeding habitat (Harvey et al., 1981). 

Another dozen species were categorized as having moderate potential 

for acidification of egg laying habitat. 

Certain mammals and. birds may.be .subject to effects,of. lake acidi-

fication, priMarily due to alteration of habitat conditions, or dis-

ruption of their food supply, either through species changes or pro-

ductivity decline. Table 4.4-3 summarizes findings from MOI (1983) 

regarding potential impacts of this nature. 

4.4.4 	Relative Importance'of Sulphur and Nitrogen Compounds  te 	1 
Acidification. . 

Only recently have the relative roles of , sulphur and nitrogen com- 

pounds been examined. .Section 4.4.2 describéd how four major ions 

(1-1 4*, - .NH4 17 , NO3 - ,' and SO4
2. 

have some potential for altering sur-

face water acidity., Studies - by Galloway and Dillon (1982) and 

McLean (1981) suggest that interaction of nitrate ions with soils 

and vegetation allows nitric acid to be largely assimilated by the . 

terrestriar-portion of the Watérshed (MOI, 1983). Similarly, 

nitrate falling directly on 'a lake would be easily, assimilated by 

aquatic vegetation under most conditions. Since there are few 

comparable terrestrial •inks for'sulphur,'SO4 2- is a conservative 

ion whose export to Surface waters is'direCtly related to deposition 

in precipitation.. 

Impact Assessment Work Group 1 Of the United States-Canada Memorandum 

of Intent on TranSboundaryAir Pollution (MOI, 1983) has listed 

additional aspects to the issue.of the dominant anion associated 

with the acidification of surface waters, including: 
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high 

- moderate 

1. 

logs and 
stumps 

Plethedon cinereus - Red-backed 
salamander 1 

1 
1 
1 

1 

TABLE 4.4-2 

SUSCEPTIBILITY OF BREEDING HABITAT TO pH DEPRESSION 
FOR THOSE AMPHIBIANS IN NORTHEASTERN NORTH AMERICA WHOSE RANGE 
OVERLAPS AREAS RECEIVING ACIDIC DEPOSITION (modified from 
Clark and Fischer 1981) 

Potential for 
acidification 
of egg-laying 
habitat  Habitat Species 

meltwater 	Ambystoma maculatum - Yellow-spotted ' 
pools 	 salamander 

Ambystoma laterale - Blue-spotted 
salamander 

Ambystoma tremblayi - Tremblays 
salamander 

Bufo'americanus - American toad 
Pseudacris.  triseriata - Chorus frog 
.Rana sylvatica r Wood frog • 
Rana pipiens - Northern leopard frog 
Hyla crucifer - Northern spring peeper 
Hyla versicolor - .Gray tree frog 

permanent 	Necturus maculosus - Mudp4py,  
ponds 	- 	' 	Notophthalmus virideScens 7  Red-spoteed.: 1 

néwt  
Bufo americanus - American'tdad 	 - - 

	

. 	.... 
Hyla versicolor - Gray tree frog 	— . , 

Pseudacris triseriata - Chorus frqg  
Rana catesbeiana - Bullfrog . . 
Rana clamitans -  Green  frog 	- 

Rana pipiens - Northern leopard frog 	. . 
Rana septentrionalis 	Mink frog . 	, • 

Eurycea'bislineata - Northerrutwo-Uned .. 
salamander 	. . 

Necturus maculosus - Mudpuppy 

lakes 	 Rana catesbeiana - Bullfrog 

streams 

1. low 	 bogs 	 Hemidactylium scutatum - Four-toed 
salamander 

1. 
Source: MOI (1983) 
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Species 
Susceptible 	 Feeding Habitat. 

Food Resources 	During the Breeding Season 
Alternate Food 

Re sources  

Fish, aquatic 
invertebrates 
amphibians 

Lakes, Rivers 

Littoral zone 

Aquatic 
invertebrates 

Littoral zone 

1\-) 

Aquatic plants 

Aquatic 
invertebrates 

Riparian zone 

Wetlands 

Wetlands and 
Riparian Zone 

none 
none 
none'. 

some terrestrial 
invartebrates 

some aquatic plants 

some aquatic plants 
none 

small mammals, birds 
small mammals 

fish 
fish' 

aquatic plants 
aquatic plants 
aquatic Plants 
aquatic'plants 
aquatic.  plants 

none 

aquatic 
invertebrates 

some terrestrial 
invertebrates 

TABLE 4.4-3 

AVIAN AND MAMMALIAN SPECIES MOST LIKELY TO BE INFLUENCED BY A REDUCTION IN FOOD RESOURCES DUE TO 
ACIDIC DEPOSITION, FEEDING HABITAT DURING THE BREEDING SEASON AND ALTERNATE FOOD RESOURCES 

Common Loon --.(Gavia imuner) 
Ospl:ey (Pandion haliaetus) 
:Great Blue Heron (Ardêa herodius) 
Belt'ed. Kingfisher (Megaceryle  alcyon) 

Hooded Merganser - 	- 

	

(Lophodytes culeullatus) 	• 
Ring-necked Duck (Aythya collaris) 
:Common Merganser (Mergus merganser) 
'American Sink (Mustelayison) 
'River -Otter (Lontra-canadensis) . ' 

:Common Goldenéye (Bucephala changula) 
.Red-breasted Merganser 

(Mergus -Serrator) 
Black Duck (Anas tubripes) 
Green-winged Teal (Anas carolinensis) 
Mallard (Anas platyrhynchos) 
Northern Pintail (Anas acuta) 
American Wigeon (Anas americana) , 
Spotted Sandpiper (Actitis macu/aria) 

Muskrat (Ondratra zibethicus): 
Common Shrew (Microsorex hoyi) 

Common Yellowthroat 
(Geothylpis  trichas) 

Bank Swallow (Riparia riparia) 
Myrtle Warbler (Dendroica coronata) 
Eastern Kingbird (Tyrannus tyrannus) 
Blackpoll Warbler (Pendroica straita) 
Northern Waterthrush (Seiurus boracensis) 
Alder. Flycatcher (Empidonax alnorum) 
Wilson's Warbler (Wilsonia pusilla)• 
Lineoln's Sparrow (Melospiza lincolnii) 

• Srviirr-e - TvIn' (1 gs33) 
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I. 

1 

1 

1 
1 

• 
• 

- - the relative magnitude of 804 2  and NO3 -  in the rain and snow 
inputs, their variation during the year, and long-term trends 

- the relative magnitude of the biological interactions of both 
anions in watersheds, as they are affected by biological activity 

•at different seasons or by changes in biomass over long periods 
- the production of alkalinity in terrestrial and aquatic systems 
when NO3 is assimilated by plants 

- the contact time of precipitation inputs with the watershed 

Data examined  (MOI,  1983) indicated that acidic sulphur inputs 
exceed acidic nitrogen inputs over eastern North America on an 

annual basis and the net yield of these anions to streams and lakes 
- 

is predominantly SO4
2 
 on an annual basis (Harvey et al., 1981). 

The authors concluded that since nitrate reaches surface waters in 

small amounts relative to its loadings on an annual basis and does 

not accumulate in surface waters, its influence on long-term sur-

face water acidification is less than sulphate. 

Studies by the Ontario Ministry of the Environment (cited in MOI, 

1983) show that as acidity increases, the relative importance of 

NO3 -  declines, and the acid concentration can be explained by the 

presence of sulphuric acid. 

McLean (1981) and Galloway and Dillon (1982) have hoted that nitric 

acid may play a more significant role in short-term acidification 

associated with spring melt of nitrate-containing snowpack. Thus, 

nitrate might be important on an episodic basis by adding to the 

existing pH depression caused by sulphate. Studies of this pheno-

menon by Galloway et al. (1980) found that sulphate concentrations 

still exceeded nitrate on an equivalent basis, even during spring 

runoff (MOI, 1983). 

The evidence and conclusions of published sources (Harvey et al., 

1981; Overrein et al., 1980) lead to the conclusion (MOI, 1983) 

that for surface water systems, most of the increases in acidity 

observed was due to the changes noted in S0 	concentration • 
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attributed to sulphate and sulphuric acid deposition. Both 

sulphuric and nitric acids contribute acidity to surface waters 

during periods associated with pH depressions and fish stress. 
However, the authors felt there was no strong evidence at present 

for anticipating any appreciable reduction in long-term lake or 

stream acidification from a reduction in nitrate inputs. 

Automotive emissions represent one source of nitrate deposition, 

but are not related to the dry deposition of ammonium ion (NH4 -1 ) 

which is the other main atmospheric nitrogen component. As noted 

in Section 4.4.2,  assimilation of nitrate by vegetation produces 

a net surplus of alkalinity, while the oxidation of NHe to NO 3 -  

and the taking up of NH4 +  by plants are net producers of acidity. 



4.5 	 Man-Made Materials 

4.5.1 	Introduction 

Material damage related to air pollution has been recognized for 

well over 300 years (Yocom et al.,1982). Table 4.5-1 based on a 

review by Yocom and Upham (1977) summarizes the types of damage that 

may be caused by air pollution. The important points to be brought 

out from Table 4.5-1 are: 

1. A variety of materials are damaged by .air pollutants. 

2. Air pollution is only one of many environmental factors that 
can cause damage.to ma#erials exposed to.outdoor atmospheres. 

3. Sulphur oxides figure prominently  as an air pollution type 
which may  cause  damage  • o materials. 

There are several fundamental problems in quantifying the extent of 

damagè to materials form specific pollutants (Yocom et al ,1982).  

1. Types of damages associated with air pollutants tend to occur 
in clean atmospheres and cannot be distinguished from those 
caused or enhanced by air pollution. 

- 2. Laboratory studies are not representative of real life exposure. 

3. Damage measured today may have been the result of higher air 
pollution levels in the past. 

4. Changes in types of materials and protective coatings due to 
technological change have occurred. 

5. Determination of the quantities of materials  in place in re- • 
lation to air pollutant exposures is difficult. 	• 

This chapter relies heavily upon materials effects section of U.S. 
criteria documents (EPA 1982a; EPA 1982b; EPA 1978) and review 
articles (Yocom et al., 1982; Lodge et al., 1981). 	In view of the 

foregoing; there is no ambient air standard in place today that has 

used the effects on materials as its basis. 



Materials 

Metals 

TABLE 4.5-1 

AIR POLLUTION DAMAGE TO MATERIALS 

Paint 

Textiles 

Textile Dyes 

Rubber 

Ceramics 

TYRÊ.L.2LEMA22 
Corrosion, tarnish-
ing 

Surface erosion 
and discolouration 

Reduced tensile 
strength, soiling 

Fading (  colour 
change 

Cracking 

Changed-:-surface 
appearance... 

Principal Air 
Pollutants 

sulphur oxides 
•

and Other'acid 
gases * 
sulphur oxides, 
and other acid 
gases,  parti-
culate matter 

sulphur.oxides, 
ozone,  parti- 
culate matter 

sulphur oxides, 

particulate 
 reatter 

nitrogen oxides,  
ozone 

ozone 

acid gases, 
}Ir & HF 

Other Environmental., 
Factors  

moisture, air, salt 
microorganisms 

moisture, temperatuz-e 
salt, vibration, 
microogranisms,CO2 

moisture, sunlight 
mdcroorganisms 

moisture, sunlight 
physical wear 

sunlight 

sunlight, physical 
wear - 

moisture, micro-
organisms 

Building stone 	Surface erosion 
and discolouration 

underlined air pollutants of relevance to this study 

Adapted from Yocom and Upham, 1977 

a gas when combined; or reacted with water forms an acid 
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4.5.2 	Nitrogen Dioxide 

Nitrogen oxides (principally NO 2 ). are capable of damaging several 

types of materials. The most significant effect is on certain types 

of fabric dyes. NO 2  is also involved in the weakening of some 

fabrics, causing deterioration of certain types of plastic materials, 

and in the corrosion of metals.Nitrogen oxides also play an indirect 

role in material damage by other pollutants such as 03  and SO2 . 

Participation of NOx  in photochemical reactions results in the form-

ation of ozone and in the photooxidation of SO 2  in the presence of 

reactive hydrocarbons to produce sulphuric acid aeroàols (NAS, 1976). 

The role of nitrogen dioxide in damaging fabrics and fabric dyes 

must be considered in conjunction with their exposure. Most gar-

ments spend most of their useful lives in indoor environments where 

NO 2 levels are different than in ambient air. In homes with no gas 

appliances NO 2  levels indoors are less than outdoors. Yocom et al. 

(1977) showed that concentrations of NO 2 inside homes with gas 

cooking can be several times outdoor concentrations, but that the 

concentration gradient from the kitchen to other parts of the home 

is extremely steep because of the short half life of NO2 in homes. 
In fabric and clothing warehouses,indoor levels of NO2 could be 

elevated if unvented heaters and combustion powered fork-lift 

trucks are used. Yocom et al. (1982) also caution against the use of 

chamber data to establish dose/reponse relationship because the com-

plicating effects of other pollutants and wide variations in other 

environmental factors such as temperature  •and humidity are neglected. 

Thus chamber studies designed to determine the effects of a pollutant 

on material in which the presumed outdoor concentrations are being 

depicted tend to be misleading. 
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Dye Fading: Textile dye fading attributed to  NOx  action includes 

fading of dyes on cellulose acetate, cotton, viscose rayon, and nylon; 

colour changes on permanent press garments; and yellowing of white 

fabrics. 

The NO2 fading of 
acetate dyed blue, or in shades in which blue is 

a component, results in pronounced reddening. The susceptible blue 

dyes are derivatives of anthraquinone. Blue dyes, such as Disperse 

Blue 3, are commonly used to test for the presence of NO 2 . The 

fading on this dye is caused by the formation, 	through oxidation, 

of nitrosamine or phenolic groups, both of which have a red colour. 

Salvin et al (1952) found that cellulose acetate is an excellent ab-__ 
sorber of NO 2' Absorption characteristics are believed to play an 

important role in dye fading mechanisms. Dye fading associated with 

NO 2 exposure of cellulose acetate and cellulosics 
summarized by US 

EPA (1982) is given in Table 4.5-2. Chemical changes, such as those 

cited in consumer complaints of dye on cellulose acetate, cotton and 

rayon, can take place within 3 months at NO 2  concentrations of 380 

pg/m3 (0.2 ppm) (Hemphill, 1976). Also, as shown in Table 4.5-2, the 

addition of SO 2  aippears to acCelerate the fading by NO 2  even thâugh 

SO 2 by itself produces 
no change. 

The investigations by Beloin in the field (1972) and laboratory 

(1973) show that at NO 2  concentrations of about 94 pg/m
3 (0.05 ppm) 

representative dyes for cotton and rayon will suffer serious fading 

(Table 4.5-3). Other fading effects noted on cotton/rayon fabrics 

are also summarized in Table 4.5-2. Upham et al (1976) carried out 

a chamber study of the effect of atmospheric pollutants on selected 

drapery fabrics. Fabrics were exposed to 0.05 and 0.5 ppm each of 

SO 2 (130 and 1300 pg/m3 ), 0 3 (100 and 1000 pg/m 3 ) and NO 2 (94 and 940 

pg/m3 ) under xenon arc irradiation at various humidities. The effect 

of NO 2 was pronounced, especially to vat- dyed drapery fabric. The 

most noticeable colour changes were at 940 pg/m 3 (0.5 ppm) and 90% 

relative humidity for a vat-dyed drapery fabric. 
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3,7.60 

3,760 

Acetate NO2-0 3 

	

2.0 	N/A 	Fading 	Rowe and 
Chamberlain, 1937 

	

2.0 	16 hr 	Fading 	Seibert, 1940 

6 mo 	Fading 	Salvin and 
Walker, 1955 

Acetate 	Gas heated 	NO
2 • rooms 

Acetate 	Chamber 	NO2 

Pittsburgh-
Urban, 
Ames-Rural 

3,760 	2.0 	16 hr 	Fading 	Salvin, 1969 

	

54 hr 	çading 	Ajax et al., 1967 

• 

	

24 mo. 	Fading 	Beloin, 1972 

	

0.05 to 12 wk 	Fading 	- 0eloin,,1973 

0.26 

	

0.21 	120 

	

0.95 	days 

9.22 

0.005 

0.25 

Fading 	Salvin, 1964 30 to 

11/A 

N/A 

91 to 
940 0.5 

489 

412 

131 

414 

là 

655 

TABLE 4.5-2 

FADING OF DYES ON CELLULOSE ACETATE AND CELLULOSICS * 
(COTTON AND RAYON) 

Concentration 
• of Pollutant 

Dyed Fiber 	Exposure 	Pollutant pg/m3  . 	PPm 	Time 	Effect Reference 

Acetate 	Chamber 140
p2 	

3,760 	2.0 	16 hr 	Fading 	Salvin, 
et al., 1952 

Cotton-Rayon 	Clothes'  dryer NO2  1,12 8 - 	0.6- 	1 hr 	Fading 	McLendon and 	. 

3,760 	2.0 	cycle 	 Richardson, 1965 

Los Angeles a 	NO 
r 

u3  

' s02  

Acetate-
Cotton, Rayon 

Cotton-Rayon 

' Cotton-Rayon 

Range of 
Fibers 

Range of 
Fibers 

Range of 
Fibers 

Acetate-
Cotton, Rayon 

Acetate-
Cotton, Rayon 

Chicago a  

Chamber 

Chamber 

Field-Urban, 
Rural 

Chamber 

Chamber 

Chamber 

Survey 

NO2 
,0 3  

' 

 
CO 

 

S0 2 - 1402 

SO 2 - NO2 
and 03 

SO2
-NO2 103 

NO2  

. 

NO 
SO2'  11 2 5   2'  

0.5 	'0 to 	Fading 
dO hr 

.0.05 to N/A 	Fading 
..940 

Service 	N/A 	Fading 
Complaints 

• 

Hemphill 
et al., 19/6 

Upham 
et al., 19)6 

Upham and 
Salvin, 1915 

NO,  • Xenon 	940 
art radiation' - 

• .- 
NO 	 . 94 to 

2 

* Reproduced from EPA (1982a) 



MA 	:22.3 

12.6 11.0 

9.7 	 7.6 

t 	 1 	 1 	 T 

1 	 1 	 1 	 1 

21.5 	 2 7.9 	 24.) 	25.1 

1 	 I 	 f 	 I 

T . 	1 	 T 	1 

6.1 	 7.1 

1 
	

,2 	 T 
. 

14.1 	 17.7 	 14.2- 	11 1 . 

86.9 	 75.6.. 	 88.0 	74.4 

39.6 	45.5 . 

20.5 	 26.8 

14.0 	51.1 

' PA 	'29.6 

38 1 

18.4 

41.1 

11.7 

TABLE 4.5-3 
AVERAGE FADING OF 20 DYE-FABRIC COMBINATIONS a 

AFTER 12 WEEKS EXPOSURE TO NITROGEN DIOXIDE 
Hunter Color Unite 

1 	- 	. 

	

. 	 . 	 94 pg/m 1  807     940  11SILM__ e'07 	  - 
- 1g... 	 High 	 low • 	High 

LOW  hep. 	Nigh Temp. 	Humidity 	Humidity 	tow Temp, 	high  bey. 	Ilwidity 	Humidity 
Average 	. Average 	Average 	Averaye 	Avetage 	Average 	AVC,119C 	Average 

	

Material 	Dye 	 . Color Index Mo. 	12.18 C 	32.22 C 	. (502 Rn) 	(lui  RH) 	12.2 1E C 	32.22 C 	(b0I Rit) 	(901 Rit) 

Cotton 	 Direct 	 Red 1 	 8.0 	 7.4 	 78 

Rayon • 	Direct • 	Red 1 	 3.4 	 I 	 1 	 T 

Wool 	 . 	Acid 	. Red 151 	 Y 	r 	 : • 1 	 I 

- 
Cotton 	 Re 	 . aCtivc 	Red 2 	 1 	. 	.1 	1  

18.0 	 20.1 

13.4 	 16.3 

• 1 

10.4 	 6.9 

, CD 

A,rylic 	 fiesic 	 Red 14 . 	 T • 	 1 	 , e 1 	 -.1 

Cotton 	 AtoiC C 	' Red '  . 	 1 	 . 1• 

Nylon 	 Acid 	 Orange 45 	 SM• 	PA 	- MA 	.9'› 

wool 	 Acid 	 Yell.. 65 	"I! 	 r 	 I 
,. 

AtryliC 	 baslc 	 Yellow 11 	 I 	 1 	 '1 	 1 

Cotton • • 	Sulfur 	Lreen 2 	 1' 	 3.3 	 f 	 T 

wool 	' 	Acid 	 Violet I 	 1 	 T 	 t 	T 
' 

Cotton 	 Direct 	' 	Slue 86 	 5.9 	 9.5 	 9.4 

Cellulose 	Disperse 	Blue 3 	 29.0 	 42.3 	, 37.7 	33.6 
Acetate 

Nylon 	 DiSperse 	Blue 3 	 5.5 	 14:7 	 5.9 	 14.2 

Cellulose 	Disperse 	Blue 27 	 6.4 	 4.9 	 3.8 	 7.5 
' Acetate 	 . 

Polyester 	Disperse 	Blue 2 1 	 1 . 	 1 

Cotton 	 Reactive 	Blue 1 	 3.9 	 11.6 

Cotton 	 Reactive 	Blue 2 	 6 4 	 10.6 	 8.2 

Cotton 	. 	Vat 	 Ohre 14 	 6.3 	 6.7 . 	 3.) 

Acetate 	 AA1CC  Ozone 	I • 	 T 
Ribbon 

1 	 1 	 1 	 r 	t , 

9.6 	 7.9 	 31.8 	 41.7 	 31.4 

8.9. 	 30.5 	 41.6 	 31.8 	_ 

9. 1 	 34.3 	 30.4 	 21:4 

T 	 I 	 5.7 	 11.7 	 5. 7  

	

ach averaue. c g the lov temprratuse 	ye. vas calculated by averaging the color change of duplicate samples  froc  both the low 
tenperature.lov humidity and  In...  ( emperature-high 1...idity e apusure periods. 

	

b I., trace (less than 3 units of fading) 	ihe higher the number. the i,lreater the fading. Hunter Color Unit, approximate the rim. color ic.1.. 

c6,,,,1,1 
	Lomponen( 2. Axulc Olaf° toaponent 12 

dC.1 Disperse alue 21. C.I Oispers-e Red 35, C I Disperse Yell... 37. 

* Reproduced from EPA (1982a) 
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Test procedures for NO 2  which demonstrated the vulnerability of 

disperse dyes used on acetate, showed little change when the same 

dyes were used on nylon (Table 4.5-4). The fading of disperse blue 

dyes were shown to be due to ozone in the presence of high humidity 

(Salvin, 1974; cf Section 4.5.3). Acid dyes which are more resistant 

to 0 3 were substituted as a remedial measure (US EPA, 1982). The 

vulnerability of acid dyes on nylon to NO2 was noted (Imperial 

Chemical Industries, 1973) and dye manufacturers pointed out the 

importance of dye selection in carpets and home furnishing where high•

NO
2 

levels might be expected. 

The introduction of permanent press and double-knit garments, made of 

polyester were accompanied by cases of fading attributed to either 

NO 2 or 0 3 (Table 4.5-4). The use of zinc nitrate catalyst instead 

of magnesium chloride has minimized migration of dyes to permanent 

press garment surfaces and made garments less susceptible to dye 

fading (Urbanik, 1974). 

Yellowing of White Fabrics: -In à number of circumstances, air - 

pollutants have caused yellowing of white fabrics; NO2 was established 

as the responsible pollutant. Table 4.5-5 presents a summary of the 
yellowing effects and concentration of NO2. In all cases, yellowing 

occurred at a NO 2 concentration of 0.38 mg/m
3 ( 0.2 ppm), usually with 

high relative humidity. 

Fabric Damage: Cotton and nylon fibre strengths are reduced by the 

hydrolytic action of acid aerosols. This problem assumes economic 

importance because industrial fabrics comprise a large end use of 

fibers, many of which are used in the production of cordage, belts, 

tarpaulins, and awnings (U.S. EPA, 1982). The products are exposed 

to air pollutants over long time periods outdoors. However, it has 

not been possible to isolate the effects of nitrogen oxides from that 

of sulphur oxides in field studies which have shown cotton fibre 

strength loss (Brysson et al., 1967; Brysson et al., 1968; Morris, 

1966; Travoricek, 1966). The results for nylon are also inconclusive 

(Zeronian et al., 1971). 
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TABLE 4.5-4 

be> 

UD 

EFFECT OF NITROGEN DIOXIDE ON FADING OF DYES ON NYLON AND POLYESTER * 

Concentration 
• 

' 	of Pgllutant 	. 
Dyed fibers 	 Exposure 	Pollutant pg/m 	ppm 	lime 	-Effect 	Reference 

* Nylon . 	Chicago 	 ND 	188 	. 0.1 	30 to 120 days 	Fading 	Salvin, 1964 
Los Angeles 	2 -* 	282 : 	0.15 	30 ta 120 days 

Polye*ster . 	Chicago 	 - NO2 	376 • 	0_2 	30 to 120 days 	Unchanged  Ibid. 	. 
Los Angeles 	 282 	0_15 	30 to 120 days 

Nylon 	- . 	Urban Sites 	NO2  ' 	316 	' • 0_2 	3 to' 24 months 	Fading 	Beloin, 1972 
• 

Polyester 	Urban Sites 	NO2 	376 • . 0.2 	3 to.24 Months 	Unchanged  Ibid. 
.  

' Nylon 	 Chamber 	 NOz 	11.38 to 	0.1 	12 weeks 	' 	Fading 	Eleloin, 1973 
High Humidity 	 1.880 	to 1 

Polyester 	. Chamber 	 NO 1881_0 	0.1 	12 weeks 	 -Unchanged  ibid. 
2 High Humidity 	 • 	1,880 	.to 1 	 • 

, 

Nylon 	 . Chamber. 	 NOz 	376 	0_2 	48 liours 	Fading 	Imperial Chemica/ 
High Humidity . 	 InduStries, 1973 . 	

. 

' 

Nylon 	 , Chamber 	 li°2 	• 940 	0_5 	30 to 120 hours More • 	Hemphill et al., 1976 
.. 

High Hirmidity 	 fading than 
Xenon  Arc - 	NO

2 
.: 

Polyester 	Chamber 802 	940 	0.5 	16 hours 	 Fading 	Salvin, 1966 
Permanent  

• Press 

Polyester 	Chambe n- 	 NO2 	940 	- 0.5 	16 hours 	 Fading 	Urbanik, 1974 
lextured. 
Double Knit 

nnn • 

* Reproduced from US EPA (1982) 
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TABLE 4.5-5 

YELLOWING OF WHITES BY NITROGEN DIOXIDE 

Concentration 

	

of  Pollutant 	 • 

fiber 	Exposure 	Pollutant 	pg/m
3 	- 

	

PPm 	Time 	Effect 	Reference 

' Survey 	Service 	 N/A 	 N/A 	Yellowing 	Upham and 
Complaints 	 Salvin, 1975 

Rubberized 	Chamber 	 NO2 	376 	0.2 	16 hr 	Yellowing 	Burr and 
Cotton 	 tannefeld, 

1914 

Rubberized 	Chamber NO
2 	

376 	0.2 	16 hr 	Yellowing of 	Salvin, 1974c 

Cotton 	 anti-oxidant 
.> 
i 	 3 76 	0.2 	8 hr 	Action on 	Ibid. 

1--:2 	 Spandex 	Chamber 	 NO
2 . 	 ,fiber "U› 

(Jo 
Acetate 	• 	Chamber NO

2 	
376 	' 	0.2 	8 hr 	Yellowing 	Ibid. 

Optical  
brightener 

NO2  Nylon 	Chamber 	 376 	0.2 	16 hr 	Yellowing 	Ibid. .  
Optical 	High Humidity 	 . 

. 	 nrightener 

Nylon 	Chamber NO 2 ' 	
376 	0.2 	16 hr 	Yellowing ' 	Ibid. 

Anti-stat 	High Humidity 
finish 

Cotton 	Chamber 	 SO2 	, 	376 	0.2 	16 hr 	Yellowing 	Ibid. 
Cationic 
softener 

Reproduced from US EPA (1982) 



Corrosion of Metals: Nitrogen oxides, as potential precursors to 

acid pollutants are implicated in several types of corrosion: pitting, 

selective leaching, and stress corrosion. However, it is believed 

that their role in outdoor corrosion of metals is much less import-

ant than sulphur oxides (Yocom et al.,1982). The US EPA (1982) has 

summarized the principal research results of nitrogen oxides and 

nitrates in qualitative terms (Table 4.5-6). 	The rusting process 

is the formation of an iron oxide which acts as a protective film. 
When an acid aerosol is present, this protective layer can be broken 

down and new surfaces exposed to corrosion. A liquid film or the 

presence of a hydrated salt plays an important part in corrosion. 

Unfortunately in assessing the effects of air pollution on metals, 

work has stressed SO 2 as the major causative agent (Gillette, 1975) 

although NO 2  is abundant in urban atmospheres. Sulphur oxides and 

relative humidity have been documented as the most important factors 

for producing corrosion (Haynie et al, 1976; Yocom and Grappore.et  al 

1976). Investigations in California did find that the cause of pre-

mature failure of nickel/brass springs in telephone equipment was due 

to a dust rich in nitrates (Hermance et al., 1971). Nitrate de- __ 
position correlated with relay failure, but no relation to the con-
centration of NO2 in air was established. The important finding in 
this study was that nitrate salts were found to be more hygroscopic 
than chloride and sulphate salts. Consequently, nitrates may lower 
the threshold humidity requirements for formation of a liquid film 
which can promote corrosion. Hermance (1966) also reported on the 
failure of telephone switches by "creeping green corrosion" in 
various United States cities. It was found that nitrate deposits 
greater than 15.5 pg/cm 2  were formed on the nickel bases of palladium-
capped contacts and that these deposits gradually crept over the 
contact. This corrosion effect may be a result of lowering of the 
threshold humidity requirements (NAS, 1976) by nitrates. 

• 
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TABLE 4.5-6 

tri 

CORROSION OF METALS BY NITROGEN DIOXIDE *  

Exposure 	 Pollutant 	 Effect 	 Reference Metal 

Mechanics of Corrosion - function of Nitrates 	 National Academy of 
Sciences. I976a 

Nickel Brass 	Los Angeles 	Nitrates 	 Strength 	Hermance et al.. 1971 
Loss 

Nickel Brass 	Los Angeles 	Nitrates 	 Strength 	McKinney and 
toss 	. 	 Hermance.1967 

Nickel 	 Los Angeles 	 Nitrates 	 Corrosion 	Hermance. 1966 
New York 

Tungsten 	 Chamber 	. 	NO
2  
	 Change oxide 	Lazaresta. 1973 

surface 

Field . 	 NO
2. 
 -SO

2 2 
 -HS 	 Corrosion 	Chiaranzelli and 

film 	 ' JOba. 1966 
• 

Field 110 2  S02 =0 3 	 failure 	Gerhard.ànd Haynie.:I974 

fconomic Costs of Corrosion 	 Fink et al.. 1971 

* Reproduced from'US EPA (1982) 
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Gerhard and Haynie (1974) examined the causes of' catastrophic failure 

of metals leading to loss of life as well as collapse of the metal 

structure. Their conclusion was that air pollutants were a probable 

partial causative factor but they did not determine the relationship 

between levels of particular air pollutants and metal failure. All of 

the above studies are sUmmarized in Table 4.5-6. 

The National Academy of Sciences (1976) concluded upon their review 

of the literature that eVidence exists that nitrogen can affect the 

rates of oxidation of metals and alloys and that nitrate absorption 

of water moisture assists in the formation of a liquid film which 

promotes corrosion. 	However, ,there is no direct relationships be- 

tween NOx or NO 3 levels in ambient air and corrosion behaviour. 

Other Effects: Chamber exposures of polyethylene, polypropylene, 

polystyrene, polyvinyl chloride,'polyacrylonitrile, Polyamides and 

polyurethane plastics to combinations of SO2 ,  NO2, and 03 have re-

sulted in deterioration. NO2 alone has caused chain scission, which 

results in lower strength in nylon and polyurethane at concentra-, 	, 
tions of 1.88 to 9.40 mg/m3  (1.0 to 5.0 ppm). 

In summary, the damaging effects of NO 2  on fabric dyes have been 

well established for a number of textile and dye combinations. Yellow-

ing of white fabrics by NO2 has also been established. In applying 

the damage level concentrations for dye-fading and yellowing, one must 

take into account indoor exposure as discussed at the beginning of 

this section. Information as to the contribution of NO 2  to textile 

degradation is incomplete as is the data on metal corrosion. In the 

latter case, the extensive data available relate corrosion data to 

SO 2  levels, although NO 2  may have an effect by lowering the humidity 

threshold for corrosion. 

1 
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4.5.3 	Photochemical. Oxidants (Ozone) 

This section addresses ozone effects on fabrics, dyes, elastomers 

(rubber products), as well as some possible other effects. The material 

was adapted mainly from the U.S EPA critera document (1978), the 

National Academy of Science review document (1977), the review of 

air pollutant effects on materials by Yocom et a1 (1982), and is suP' 

plemented by recent publications (citations supplied by B. Tilton, US 
EPA, 1978). 

Fabrics: In general the degradation of fabrics has not been well 
quantified. Bogarty et al (1951) concluded that effects of other 
factors such as sunlight, heat, wetting and drying, and micro organ-
isms far outweigh the effects of ozone on cotton duck and print 

cloth. Kerr et al. (1969) do indicate that a synergistic effect of 
moisture and ozone may be a contributor to cotton material degradation 
but these experiments were at ozone levels of 2 mg/m3  (1000 ppb) far 
above ambient levels in Canada. Zeronian (1971) indicates little 
if any effect of ozone on synthetic fibres. Based on these studies 
the National Academy of Sciences (1977) expressed the view that ozone 

actually has little if any effect on textiles, fibres, and synthetic 
cloth exposed outdoors. 

Dye Fading: In Section 4 •5. 2  it was indicated that NO 2  may cause 
dye fading. Ozone can produce similar effects. The same points 
about indoor exposure made in that section (from Yocom et al:, 1982) 

about indoor exposure also apply to 0 3 . In addition for ozone, there' 
are few indoor sources, and since  ozone  reacts rapidly with indoor 

surfaces, inside concentrations are usually a very small fraction of 

those outdoors. The effects of ozone on dye-fading have been termed 

0-fading. For dye-fading, the colour change is a complex function 

of ozone and other gaseous pollutants, moisture, dye composition, 

fibre composition, compactness of the fibre structure, and the 

accessibility of dye to ozone. In the past, permanent press 
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garments made of polyester and cotton as .well as nylon capacity were 

the main products affected (Salvin, 1969). Remedial measures to cor-

rect the permanent press problem have included selection of dyes more 

resistant to reaction with 0 3  and NO 2  .and replacement of the magnesium 

chloride catalyst used in the permanent press process with a zinc nitrate 

catalyst. Ozone fading most affected disperse dyes of the anthraquinone 

series, but not the azo series of dyes. Ozone concentrations of 200 pg/m
3 

(100 ppb) produced marked . fading in most of the blue disperse dyes and in 

some reds and yellows. The choice of catalyst plays an important role as 

the migration of disperse dyes increases significantly when magnesium 

chloride is used rather than zinc nitrate. - 

Haylodk a-nd Rush (1976) studied ozone fading of anthraquinone dyes on 
nylon fibres (carpet yarn) in controlled environments. The fading 

curves were highly consistent with Upham et alls (1976) assumed 
relationship for NO2 : . 

- Ae 	AEm (1 	ra.t ) 

where àE •= amouàt of fading ., fading units 
àEm = maximum fade 
t = time in years 
a = constant containing the effects of environmental factors 

Regression equations on the Haylock and Rush (1976) data account for 
99 percent of the variability. For exposures at 40°C and 90% RH, the 
results are as follows: 

Olive 1 anthraquinone dye: a = 0.384.3.65x10 -503 
Olive II anthraquinone dye: a = 0.00107+1.18x10 -603  

C.I. Disperse Blue 7 dye : a = 0.212+5.35x10 -60 3  

where 0 3 is in ilgim3  (e.g. 2 x ozone concentration in ppb). Per-
centage life lost can be expressed by the following: 
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Olive 1 1 Percent Life Lost = . 0A96  .03  

1 + '0.000960 03 

Olive 111 Percent Life Lost = 1.1  .03  

1 + 0.011 03 

C.I. Disperse 
Blue 7: Percent Life Lost = 0.025,0 3 

1 + 0.00025 0 3 

These relationships curve only slightly kclow - ozone levels of 100 

pgim 3  (50 ppb). The costs of early replacements can be assumed 

to be directly proportional to ozone lives. Kamath et al. (1982) 

also studied the effect of 0 3 on dye fading (C.I. Disperse Blue Dye 

3) on nylon fibres. The fibres were exposed to ozone concentrations, 

of 400 pg/m3 (200 ppb) at 40°C and relative humidities of 90 percent, 

85 percent and 65 percent. The results of their laboratory studies 

indicated that relative humidity has a significant effect on fading, 

that destruction Of the dye begins near the fibre surface, and that 

with long exposure penetration into the fibre may be an important 

mechanisms in ozone fading. At 65 percent relative humidity, the 

fading rate dropped to very low levels. Thus Haylock and Rush's (1976) 

relationships are only applicable to 90% ralative humidity. 

Nipe (1981) summarized the results of a 3-year study designed to 

establish the relationship between in-service atmospheric contaminant 

fading by ozone of carpets in a home. Test carpets consisted of nylon 
6 and 66 dyed with two disperse and two acid dye formulas. Statistical 

analyses of the data showed no correlation between outside weather 
conditions and in-house fading by ozone or NO2' For all samples, 

much greater fading did occur during the summer than in winter. 

Typically ozone levels are higher during summer months, and doors 

and windows are open more during this seasons thus allowing a greater 

exchange between inside and outside air. 



No general conclusions can be made about ozone fading other than that 
there is an effect for certain fibres and dyes under selected conditions 
(e.g. Haylock and Ruàh's relationships). Each dye has 'its own 
sensitivity to ozone effects and other - environmental factors and 
no correlation appears to exist between indoor exposure and outdoor' 
ozone concentrations. The replacement of the permanent press magnesium 
chloride catalyst with zinc nitrate probably prevents dye deteriora-
tion sufficiently to not decrease the useful life, of clothing items. 

Elastomers: Natural rubber and some synthetic elastomers account for 
the bulk of outdoor exposed elastomeric products (Mueller and Stickney, 
1970). It has long been known that certain types of rubber com-
pounds, especially natural rubber, are particularly susceptible to 
ozone attack (Cotton, 1937; Bradley and Hagen-Smith, 1957). At 
pollutant concentrations and stress levels normally encountered in 
outdoor environments, the elastomer hardens or becomes brittle and 
cracks propogate through it resulting in a loss of physical integrity. 
Several factors influence the action of ozone on elastomers: 

(i) nature .of the elastomeric material 
(ii) degree of stress 	 • 

(iii) .ozone,concentration and exposure 
(iv) temperature and pressure - 
(y) 	presence of inert-fillers and-antiozonants 

Elastomers 'sensitive to - ozone attack contain'olefin structures 
(Barley, 1958). Natural rubber, 'styrene-butadiene, polybutadiene, 
and polyisoprene contain these chemical structures. Styrene-buta-
diene lattices'are used for tire-cord dipping and styrene -butadiene 
rubber is used - to manufacture.products such as wire and cable coatings, 
footwear, tires, and belts and hoses (CPI Product Profiles, 1981). 
Polybutadiene is used in the manufacture of tires (ibid, 1981). 

Polyisoprene is.the synthetic equivalent of natural rubber and is used 
in the manufacturing.of tires, footwear, wire and cable covering, and 
footwear (ibid, 1981). One of the major applications of natural 
rubber and polyisoprene has been in the building and recovery of 
truck and off-road tires. A typical bias-ply passenger tire uses 



78% synthetic and only 22% natural rubber. In contrast, radiais 
 employonly 52% synthetic but 48% natural rubber. 

Two effects can occur as a result of the ozone-olefin reaction. 

One is chain scissioning which decreases the molecular weight and 

the tensile strength. The other is crosslinking which causes the 

elastomer to become brittle. 

Items mentioned such as wire and cable, hose, footwear, tires are 
under stress and in fact any elastomeric object that is flexed or 
folded produces a stress. If no stress is applied, elastomers can 
be exposed to high ozone concentration without the formation of 
cracks. However, when natural rubber stressed as little as 2-3% in 
extension is exposed to 22 pg/m 3 (11 ppb) of ozone, surface cracks 
are observed at right angles to the stress direction (Crabtree and 
Malm, 1956). 

The initiation of cracking is controlled by the dose of ozone (con-

centration x time). Bradley and Hargen-Smit (1951) found that when 

strained natural rubber strips - were exposed to 40,000 mg/m 3 (20,000 

ppm) ozone, specimens cracked within 1 second. When the rubber was 

exposed to lower concentrations of ozone, longer time periods were 

required to develop cracks. 

Various research indicates that the rate of ozone attack is approx-

imately doubled with every 10 ° C increase in temperature (Braden and 

Gart, 1960; Crabtree and Malm, 1956; Jaffe, 1967). Many laboratory 

experiments are conducted at a temperature of 30° C or higher. Veith 

and Evans (1980) found that a change in pressure due to elevation 

will increase the rate of cracking by as much as 16% at higher 

pressure. 

There are two main approaches to avoiding ozone damage - addition of 

antiozonants and use of waxes or other protective coatings. The anti-

ozonant action is not well understood chemically, but probably in-

volves formation of a protective film which slows crack growth rates. 

The more extensively used antiozonants are located in Table 4.5-7. 
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:PABLE . 4.5-7 

ELASTOMER ANTIOZONANTS 

N,N 1 	Diphenyl-p-phenylenediamine 

N,N' 	Di.(2-Octy17)-p-Thenylenedimine. 

N,N' - Di-2-(5-Methylhepty1)-p-phenylenediamine 

N,N 1 bis(1,4-°Dimethylphenty1)-p-Thenylenediamine 

N,Wbis(1-Ethyl-3-methylpenty1)-p-phenylenediamine 

N,N'bis(1-Methylhepty1)-p-phenylenediamine. 

Dose-reponse relationships for exposed elastomeric materials have 

been developed, unfortunately most of the work has involved high ozone 

levels and rubber formulations without antiozonants. Hence most of the 

results do not apply to urban environments. Some relatively recent 

studies examine tire products protected by antiozonants. 

Haynie et al: (1976) conducted tests on white sidewall specimens from 
a steel-belted radial tire. The level of ozone was found to be a stat-
istically significant factor in' the rate of cracking of the white Fide-4 
wall rubber. Haynie concluded that even at 160 pg/m 3  (80 ppb) average 
ozone concentration it would take 2i years for a crack to penetrate to 
cord depth. Therefore, it is unlikely that sidewall failure from ozone 
damage would cause reduced time life. 

Gandslandt and Svensson.(1980) tested the decrease of isoelastic force 
on exposure to ozone ten different mixtures rubber compounds, composed 
of natural rubber (NR), and 2 synthetic rubbers. The samples were ex-
posed to concentrations of 10 mg/m 3 (5000 ppb) at 30°C. The compounds 
with antiozOnant protection showed greatest resistance to effects of 
ozone while those compounds protected only by paraffin wax, demonstrat-
ed the least resistance to ozone attack. 



Davies (1979) evaluated the effects of ozone and sunlight on interply 

adhesion on uncured rubber. Excellent adhesion of plies is essential 

in the manufacture of tires, otherwise product strength is reduced. 

Prior to cure, Davies test results indicate that adhesion of Styrene- 

butadiene rubber (SBR) compounds is unaffected by exposure to ozone con-

centrations of 30 mg/m3 (15 ppm), while an NR/SBR blend showed a 30 per-

cent decrease in adhesion. Large reductions in adhesion, on the order 

of 70%, occurred with NR compounds. Davies also examined the role of 

antioxidants, antiozonants and waxes. Only the fast blooming waxes were 

found to afford protection against ozone. After exposure to sunlight 

alone, the antioxidants, in general, functioned properly in maintaining 

good adhesion, while the waxes gave only fair protection. Davies con-

cluded that toprotect NR from 0 3  attacks as mell as sunlight, both wax 

and antioxidants or antiozonants are required. Similar effects of poor 
adhesion of resorcinal-formaldehyele latex dipped tire cords were noted 

by Wenghoefer (1974). 

For air pollutant induced damage to be economically important, the 

useful life of the product must be significantly affected by ozone 

exposure. The useful life of most rubber products is probably 

determined by normal use rather than pollutant damage (EPA, 1978). 

Vehicle tires have been identified as the only major use of rubber 

where economic costs result from the effects of ozone (Stankunas 

et al., 1982). The additional costs are mainly attributed to anti-__ 
ozonant protection. 

Paints: The primary effect of ozone on paint is accelerated erosion 
of the paint film. Weight loss converted to thickness loss over a 
specified exposure period is the usual method of measuring this effect 
on test panels. This enables a prediction of the life of the panel 
through extrapolation of exposure data. 
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In the laboratory work of Campbell et al. (1974) exposures, both shaded 
and unshaded at 2000 ug/m 3  (1000 vpb), produced measurable effects 
with oil based paint showing the greatest effect. Exposure at 200 ug/m 3 	II 
(100 ppb) did not produce statistically significant erosion rates. Spence 
et al. (1975) developed a damage function for acrylic coil coating which 

11 is somewhat academic because at an average level of 100 pg/m 3 (50 ppb) 0 3  
the relation predicts a 20 pm film would last over 80 years. Mansfield's 
(1980) work indicates that there may be a statistically significant re- — 11 
lationship between the erosion of latex paint and relative humidity and 
ozone; however, further studies are ncessary before a cause and effect 	11 
relationship can be established. Also there are no available data to 
address potential synergistic effects of ozone in conjunction with other , 
pollutants such as nitrogen dioxide and/or sulphur dioxide. 

Effects on Other Materials': The NRCC (1975) review of the effects 
-- of photochemical smog on other materials included possible effects 

on plastic and asphalt. However, these effects have little direct 
applicability since they were recorded in a laboratory environment 	 11 
at ozone levels . extremely higher than ambient concentrations. - Haynie 
.and Upham (1971) 'reported a -poesible , beneficial effect of photo- 	 -- 11 
-chemical oxidants on inhibition  of steel  corrosion -in the field but 
laboratory studies and theory did not confirm . the effect. Polyethylene, 	II 
an electric insulating material, may be adversely effected.by ambient 
ozone (NAS, 1977) but quantitative data is . lacking; there is no 
evidence that the chemical reactions go far beyond the surface. 	 — 
The NAS document cites that expert opinion believed that ozone effects , 
on polyethylene insulation and other polyethylene products are 
'negligible compared with thé embrittlement of polyethylene by a 
combination of oxygen and solar ultraviolet radiation. 

1 
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In summary the only demonstrable and potentially quantifiable effects 

of ozone at ambient levels are associated with tire products. Here 

the measure of the effect is the amount of antiozonant substance 

that must be added by a manufactûrer to prevent degradation of the 

product. There are effects on dye fading and possibly erosion of 

latex house paint. but these effects are presently not quantifiable, 

except in controlled circumstances under a very limited range of 

environmental factors. 

4.5.4 	Diesel Exhaust Particulates 

Diesel exhaust particulates are composed mainly of soot (Amann and 
Siegla, 1982) in the fine particle size range. Damage to building 

materials by airborne particles is basically by soiling; however no 
statements of acceptable particulate levels with regard to soiling 
have been documented (Lodge et al, 1982). Damage to paints or ap-
pearance degradation by particulate pollutants is suspected, but other 

factors such as improper surface preparation and exposure to sun-
light are probably more important. A loss of function of high-
voltage insulators due to particles (both natural and man-made) is. 
a problem (Gijalva and Talamas, 1979) but is mitigated by over-
insulation, greasing, cleaning, and other measures. The physical 
processes involved and the composition of deposits are far from 

being understood. 

Reidere (1974) indicated that much serious destruction of stone 

monuments in Germany is due to natural weathering rather than to 

air pollutants. He did also cite examples of serious damage to 

sculptured stone by soot. Thick crusts of soot form in areas pro-

tected from the washing of rain. Although this effect has been 

documented no quantitative dose-response exist. 

In summary, there is no scientific data base available for quant-

itatively determining the effects of particles on materials in 

general and consequently no data applicable to fine particle soot 
fractions. 



4.5.5 	Summary 

Damage to Man-made materials by ozone and nitrogen dioxide have 

been documented at levels experienced in the ambient atmosphere. 

Fading of garments must consider indoor exposurepor levels given 

in this chapter may be miscOnstrued. 

Cellulosic fibres (cotton and viscose rayon) dyed with direct dyes, 
vat dyes, and fibre reactive dyes, suffer severe fading on chamber 
exposures to 940 pg/m 3 (0.5 ppm) NO 2  with high humidity (90%) and 
high temperatures (30°C). Significant fading is observed in 12 weeks 
exposure to 94 pg/m3 (0.05 prm) under the same high humidity and 
temperature conditions. Acid dyes on nylon fade on exposure to NO 2 

 at levels of 188 pg/m3  (0.1 ppm) under the same environmental con- 
ditions. Yellowing of white fabrics for polyurethane segmented fibres, 
rubberized cotton, optically brightened acetate, and nylon have been 
documented in chamber studies using 376 pg/m 3  (0.2 ppm) NO 2  for ex-
posures of 8-hours. Nylon may suffer chain scission when exposed to 
1.88 to 9.4 mg/m3  (1.0 to 5.0 ppm) NO 2 . 

n 

Nitrates have been implicated in the cracking of wires made of nickel 

brass alloy used in telephone equipment but no other evidence exists 

for metal corrosion. Since nitrate salts are more hygroscopic than 

chloride or sulphate salts, nitrates may lower the threshold require-

ments for wet metal corrosion. 

The only quantified effects of ozone_on materials are for tire pro-

ducts. Stressed natural rubber cracks at ozone concentration as low 

as 40 pg/m 3 (20 ppb). Tires are protected from ozone degradation by 

the addition to antiozonants which inhibit ozone reactions. There are 

effects of ozone on textile dye fading under select condition which 

cannot be generalized to the urban environment. All effects occurred 

at high temperatures and high relative humidities. Some recent work 

by Mansfield (1980) has indicated there may be a significant associa-

tion between the erosion of latex paint and relative humidity and 

ozone but further ,  work is required to provide a definitive dose-

response  damage  function. 
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4.6.1 

• Visibility  

Introduction 

4.6 

Visibility may broadly be defined as the degree of clarity of the 

atmosphere. The World Meteorological Organization (1971) defined 

meteorological visibility as "the greatest distance at which a black 
object of suitable dimensions, situated near the ground, can be seen 
and recognized, when observed against a background of fog orsky". 

Although visibility is commonly expressed in terms of visual range as 
above, it is really more than being able to see a black target at a 
certain distance. Visibility also includes seeing targets àt shorter 

distance than the visual range and being able to appreciate the target 
details such as colour and texture. People comment on how hazy it looks 
or how cleàr it is, the brightness of colours or the brownish or bluish 
colour of air. For example, the City of Calgary on occasion has a 
shroud of brown or white haze which occasionally covers the city and 
obscures the view of the Rocky Mountains (Harrison and Mathai, 

1980). Thus, visibility is in the most part an aesthetic value, 

although atmospheric parameters - may be used to obtain a physical 	, 

measure of visual air quality such as range or colour. One clear 

effect of reduced visibility is the transistion from visual 

flight rules (VFR) to instrument flight rules (IFR) by aircraft 

when the visual range decreases below 1.6 kilometres in uncontrolled 

airspace and below about 5 kilometres in controlled airspace. One 

of the criteria used in setting the Canadian maximum air quality 

objective for suspended particulates was visibility reduction be-

low 8 km (Subcommittee on National Air Quality Objectives, 1976). 

Visual air quality is probably the first indicator by which an average 

person becomes aware of air pollution. Preliminary .studie,s of social , 

awareness/perception and the economic value of visibility in cities 

and rural areas indicate that visibility is an important aesthetic 

value in both settings (EPA, 1982; MOI, 1983). A study by Flachs-

bart and Phillips (1980) in Los Angeles indicated only two air quality 

indices, ozone and visibility, were consistently significantly related 

to perceived air quality. While air pollution has its greatest visibility 

effect near its source, it can affect visibility,hundreds of kilometres 



away. In this respect, visibility degradation from the natural 
state, like acid precipitation, may be considered as a potential 

problem arising from the long range transport of pollutants (MOI, 1983). 

Evidence of extensive hazy air masses (>10 5  km2 ) over land and sea 

have been observed from satellites (Lyons and Pearse, 1976). The 

widespread dispersion of man-made emissions and visibility reduction 

has prompted the United States to consider visibility related standards. 

There are five broad categories of visibility impairment which can 

be ascribed in all cases to the presence in air of particles, aerosols, 

or gases: 

(i) visible plumes (plume blight) from large industrial sources 
(ii) urban scale visibility impairment characterized by loss of 

contrast, decreased.visual range and a "whitening" or "browning" 
effect. 

(iii) regional scale (several hundred kilometres) low to medium 

relative humidity hazes 

(iv) wind blown dubt in agricultural areas 

(v) fog and high . relative.humidity haze which may be of natural - 
origin or may be induced by the presence of man-made emissions 

Precipitation, drifting snow, and sky cover which limit visibility have 
not been mentioned in the above categories because they are strictly 
of natural origin. In each of the giVen categories, visibility limita-
tions could occur naturally; but air pollution can aggravate the 
problem. For the purposes of this report on the effects  of 
automobile emissions, categories (ii), (iii) and (v) are especially .  
relevant. Visibility impairment or degradation will be considered as 
any visually perceptible change in visibility from that existing in 
clean air. The emphasis is on both distance through the atmosphere 
at which objects can be seen and discolouration. 

Variations in visibility are basically governed by the concentration 
and nature of particles in air. Gaseous NO2 plays a minor role, but 
it may be of importance in colouration of a polluted atmosphere. 
Particles in air reduce visibility by scattering and absorbing light, 
while gases such as NO2 absorb light. Light scattering by particles is 
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dominated by the size range 0.1 to 2.0 pm diameter. Secondary particle 

products (formed through chemical reaction), such as SO4 and NO3 

are especially important because they tend to accumulate in this size 

range and attract water vapour into the aerosol phase. Elemental 

carbon (black soot) is the most important type of light absorbing 

particle. The emissions of most relevance to visibility are sulphur 

dioxide (precursor of SO4),NOx  (precursor of NO3 particles and gaseous 

NO2), HC (precursor of secondary organic particles), and soot. 

Before discussing the effects on visibility of the various constituents, 

the various mathematical relationships describing visibility are pre-

sented. 

Atmospheric visibility depends on light transmission through air and 

the eye's ability to identify an object by its contrast with the back-

ground. Contrast is mathematically defined as the ratio of object 

brightness minus horizon or background brightness to horizon (back-

ground) brightness: 

- 
C=  Bo - Bh 

Bh 

Scattered and absorbed light reduces the contrast of an object with its 

background (Figure 4.6-1). The combined effects of scattering and 

absorption are referred to as extinction and are represented by an 

extinction coefficient, b ext  . This coefficient is further broken ,  
down into absorption and scattering components: 

b ext =b  ag +b  rg +b  ap +b 	 (2) sp 
where 	bag = absorption by gases (usually small in rural areas) 

ba= particle absorption coefficient (units in inverse 
aP 	distance; e.g. km- 1 may be large in urban areas) 

b rg =  Rayleigh or blue sky scattering (0.12 km -1 ) 

b 	= particle scattering coefficient (always fairly sp large in urban and rural settings) 

(1) 

Some indication of the relative importance of each of the coefficients, 



Figure 4.6-1 Contributions to luminosity seen by an observer. BH iS 
background brightness, Bo  is target brightness and BA iS 
"airlight" brightness. 

Adapted from NRCC (1982) 
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which specify the rate at which a beam of light is attenuated as it 

travels through air, has been given in the description of the four 

parameters in equation (2). 

Through the Koschmeider equation, with b ext  measured or estimated from 

fine particle concentrations, visual range may be estimated by: 

V=  K  
bext 

(3) 

where V 	= visual range (distance at which black object is 
just visible against the sky) 

ext as defined in equation (2) 

=a function of the intrinisic target brightness and 
observer threshold contrast which is a function of 
the observer and target size 

For a contrast threshold of 0.02 and a typical observer, K is usually 

assumed to be 3.9. The scattering portion of extinction has typically 

been correlated on the order of 0.9, with visual range (EPA, 1981). 

Empirical determinations involving the Koschmeider relation have yielded 

lower values than the assumed 3:9. The most complete analysis- 	- 

(Ferman et al., 1981) reported a value of 3.5 for well mixed periods; -- -- 
other researchers' values  have ranged from 1.7 to 3.6. 

4.6.2 	Gases - Nitrogen Dioxide 

This section has largely been adapted from the final draft U.S. EPA 

NOx  criteria document (1982). Nitrogen dioxide absorbs light particu-

larly at the shorter wavelengths - violet, blue, and green, reducing 

the brightness and contrast of distant objects and causing the sky 

horizon and white objects to appear reddish-brown (NAS, 1977). The 

discolouration of the horizon sky due to NO2 absorption is determined 

by the relative concentrations of NO2 and light-scattering particles. 

Independent of NO2 absorption, wavelength-dependent scattering by small 

particles can also produce a noticeable brown colour (Husar and White, 

1979). In addition, particle light scattering is known to be the 

primary cause of visibility reduction in photochemical smog situations 

with NO2 light absorption playing a minor role  (Chanson et. al., 
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Bh + bs _ 	bsp  
Bho be 	b 	b xt 	sp 	ag 

= 	1  
1 bag 

sp 

(4) 

1969;Wolffct al., 1982). 

The brightness of the horizon sky in the presence of NO2 and light 
scattering particles can be described by the following relationship 
(Robinson, 1977): 

where Bh  and Bho are the brightness of the horizon sky with and without 
NO2, and bag  refers to absorption by NO2. At 550 nm, ba  x 10 is equal 

to 3.3 x NO 2  where NO2 is in units of ppm and bag  in km,  

1966). As previously indicated, visual range is inversely proportional 

to bext' which in many  cases  is dominated by particle scattering • 
(b ). Since b ag'is  proportional to the concentration of NO2 in air, sp  
the ratio bag/bsp is proportional to the product of NO 2 concentration and 

visual range. The calculated alteration, contributed by NO 2 , to 

horizon brightness in the presence of particle scattering is given in 

Figure 4.6 - 2. This calculation neglects the wavelength dependence of 

scattering, which can be substantial in relatively clean air and mitigates 
the discolouring effects of NO2. In the diagram, a concentration- 
visual range product of 0.3 ppm-km NO2 corresponds to a colour shift 
which should be detectable in a polluted layer viewed against a re-
latively clean sky (EPA, 1982). At a visual range of 10 kilometres, 

564 pg/m3 (0.03 ppm) NO 2  might be required to colour the horizon 	• 
noticeably, while at a visual range of 50 kilometers, 11 pg/m 3  
(0.006 ppm) might be sufficient. However, the U.S., EPA (1982) 
cautions that calculation of human perception of NO 2 is not fully 
developed and that experimental observations are needed to evaluate 
the effect. 

to dominate 

Los Angeles 

In four examples, particle optical properties were shown 
NO 2 absorption in producing coloured hazes in Denver and 
(Chanson et al. 1972; Husar and White,. 1976; Waggoner, 

1977; Groblicki et al., 1981). Thus, particle optical effects are 
alone capable of imparting a reddish-brown colour to a haze layer 
when viewed in backward scatter (sun in back of the observer), al-
though sufficient NO 2  could increase the degree of colouration 
(Chanson et al. 1978). When the sun is in front of the observer, 
forward scatter by particles tend to wash out the trasmitted brownish 
light, i.e. particles diminish haze colouration. 
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FIGURE 4.6-2 	Relative horizon brightness for selected values 
of the concentration-visual product, assuming 
b =3/(visual range). (Adapted from Hodkinson, 1966) 
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4.6.3 	Particle Products of Photochemical Reaction 

In northwestern Europe, northeastern United States, southern Canada, 

and western Canada, California, Tokyo, and Sydney, visibility re-

duction is an important effect of photochemical pollution episodes 

(OECD, 1979; Vickers and Munn, 1977; Harrison and Mathai, 1980). 

Photochemical reactions lead to the oxidation of sulphur dioxide 

and nitrogen dioxide to aerosol species which cause dense summer 

hazes over large areas. The aerosol in polluted photochemical air 

masses has been observed to reduce solar radiation to one-tenth of its 

incident value (OECD, 1979). In California, a close relation between 

visibility reduction and photochemical smog was observed when b sp 
was measured during periods when ozone concentration was at its 

maximum (Grosjean and Friedlander, 1975). 

The secondary particle products of photochemical reaction include 

sulphates, nitrates, and organic particulates. Soot or elemental 

carbon (a primary pollutant) and its effects on visibility will be 

mentioned in this section, but receives more extensive treatment in 

Section 4.6.4 on diesel exhaust .particulates. The important causes-of , 

visibility reduction in conditions conducive to photochemical reaction 

include man-made sources of sulphur oxides, nitrogen oxides, volatile 

organics, while soot and other particles also play an important role 

in all atmospheric conditions (EPA, 1979). The following discussions 

in this section are largely adapted from the U.S. criteria document 

on particulates (1982) and the Canadian criteria document (NRCC, 

1982) supplemented by more recent information on the chemical com-

position of particles contributing to visibility impairment and po-

tential effects on fog formation. 

Particles below, 0.1 pm are sufficiently small compared with the wave-
length of light to obey approximately the same laws of light scattering 
as do gas molecules (so-called Rayleigh or blue sky scattering) and 
have an inconsequential effect on visibility. Particles larger than 
about 2.5 pm intercept or scatter light in proportion to their cross-
sectional area. Particles in the intermediate size range are of the 
same dimension as visible wavelengths. As a result of interference 
phenomena, this is the particle size range which is most effective in 



light scattering and thus may have a major effect on visibility. 

Natural soil particulates emissions in the prairie provinces have 

been shown to be significantly greater than amounts emitted in other 

provinces (EAG, 1982). Since soil eroded particles have an average 

size range of 5 to over 100 pm, they would not contribute to the fine 

particulate fraction. LaDochy and Annett (1982) do indicate that 

slightly higher total particulate levels in Alberta, Saskatchewan, and 

Winnipeg are associated with soil eosion during drought conditions. 

However, Harrison and Mathai (1980) showed that visibility in Calgary 

is related to fine particle scattering. 

The bulk of the population of particles below 2 pm arise by condensation 

from a vapour phase followed by coagulation. In most cities, the pre-

dominant aerosol that obscures visibility is a mixture of sulphate, 

organic compounds,  and in some western U.S. cities, nitrate, all in the 

fine particle size range (Wolff et al., 1982). 

a 
it  

Humidity has a very important effect on visibility because of the 

presence of hygroscopic particles such as sulphates and nitrates which , 

have been particularly cited in this respect. Hygroscopic particles 

tend to absorb atmospheric water and thus increase the amount of light 

scattering. Tuomi (1975) developed relationships for the growth of 

particle size as a function of relative humidity, and has shown that 

when relative humidity rises from 40% to 80%, particle size will increase 

40%. In addition, the imaginary index of refraction decreases because 

of the absorbed water. This combination of factors and results causes 

increased scattering. Covert et al.'s (1980) measurements suggest that 

extinction due to relative humidity will increase by a factor of two 

as relative humidity increases from 70% to 90%. 

The relationship between dry particle scattering extinction and fine 

particle mass concentration (FMc) is sufficiently stable over a wide 

range of areas that reasonable quantitative estimates of visibility can 

be made with the Koschmeider relationship (cf. Section 4.6.1) where 

relative humidity is lower than 70% (MOI, 1983). Waggoner and Weiss 

(1980) showed that for various sites in the western United States, 
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(5) 

that b /FMC = 3.1 m2/g with a correlation coefficient of 0.95. sp 
The relatively high correlation suggests (assuming K=3.9 and 0.02 
contrast threshold) that: 

V = 1250 
FMC 

where visibility (V) is in kilometre units, and FMC in units of pg/m3 . 
This relation holds only for conditions of relative humidity less than 

70% and where b ap' particle absorption, is minimal (typical of non-

urban areas; Waggoner and Chanson,  1976). The plotted values in 

Figure 4.6-3 also illustrates results of the:extension of the Koschmeider 
relationship considering relative humidity (RH) and particle absorption. 

The U.S. EPA criteria document (1982) indicates that to correct for 

the humidity effect the scattering efficiency, y = (b ap  + b )/FMC, sp 
should be increased by a- factor of.  1.5 at 80% RH, and about 2 at 90 9e 
RH. The effects of humidity and particle absorption on visibility are 
significant for agiven particle.-concentration.  For  example, when the 
fine mass concentration is 25 pg/r0 with RH <50% (Case 1), visual 
range is about 50 km; at 90% ,  RH (Case.2), this drops to about 25 km; 
and when there'is high particle absorption (Case 3) and high RH, visual 
range is about 15 km. 

Trijonis (1982a) has estimated the natural background levels of visibility 

and fine particles in rural eastern United States. Under natural back-
ground conditions, he estimates that there is a fine aerosol concentra-
tion of 51/2 + 21/2 pg/m 3 . The largest components would be organics 

(2 + 2 pg/m7 ) and water (11/2 + 1 pg/m 3 ), sulphates (about  ½ pg/m3 ) 
resulting in an average visual range of about 100 + 50 km. 

Representative values of measured scattering efficiency for U.S. urban 
areas are (Wolff et al.,1982): 
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11 Figure 4.6-3 show that the impact of a given increase in FMC is greater 

at high visibilities than at low ones. Thus, it is harder to maintain 

visibility in a high visibility area than to prevent noticeable change 

in visibility in an area of high particle concentration. 
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FIGURE 4.6-3 Visual range as a function of fine mass concentration 
(determined from equilibrated filter) and Y, assuming 
the "standard" K=3.9. Because K is commonly lower in 
nonideal application, results from this relationship 
should not be compared directly to airport visibility data. 
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Reproduced from MOI, 1983 

CASE 1. Y= 3 m2/g; representative of a dry aerosol, (USEPA 1981) at 
<50%2RH. Absorption may be 107.' of extinction where 

a /unit mass = . 2.7 m2 /g. This is close to typical sp 
measurements in western  areas but below Most eastern data (USEPA 
1981). 	 . 

CASE 2. 	Y= 6 m 2/g;  représentative of the same aerosol as in 1) at 90 7.  
humidity, a sp  increased by a factor of 2. 

CASE 3. 	Y= 10 m 2 /g; representative of the similar aerosol, but with 
absorption accounting for 407. of extinction. Such high 
absorption (predominantly associated with carbon) is likely only 
in urban areas. 



Detroit 	 4.8 m2/g 

Denver 	 3.1 m2/g 

Louisiana 	4.7 m2/g 

Virginia 	5.8 m2/g 

1 

- 

- 

- 

- 

- 

suggesting that values in pastern Canada of about 4.5 m2/g may be 

appropriate. 

Each case may be representative of a variety of aerosols. Wolff et al. 

(1982) conclude from a series of regional and urban studies that 

sulphates are the most  efficient  light scattering fine particle per 

unit mass of dry weight. Thus, the scattering efficiency of dry fine 

particles is not constant because it depends upon the relative amount 
of sulphate. Using regreasion analyses, Wolff and his co-workers have 
established relationships between extinction and chemical composition 

which are given in Table 4.6-1. Wolff et al. (1982) suggest that the 

values obtained for specific . scattering coefficients (for each species) 

have physical significance since they are essentially the same at all 

sites: From the four studies, they obtained the dry particle relation 

:Ën - 7.32 (%S/100) 	2.26 FMC 

where %S refers to the portion of the total fine particle mass that is 
sulphur. In Detroit, thé contributors to the observed light extinction 
were: sulphate and its associated water,65%; carbon,20%; Rayleigh 
scattering, 7%; NO2, 4%; and other fine particulate species, 4%. 

However, Denver's haze included significant contributions from nitrates 
as well. In Denver, most of the nitrate was in the fine particle mass 
fraction, and accounted for 30% of the observed light extinction, while 
in Detroit, the majority was in the coarse particle fraction and con- 
tributed negligibly to the extinction budget. Organic fine particulates, 

and elemental carbon also are important contributors to the extinction 
budget. In the Detroit study (Wolff et al., 1982) 20 percent of the 
observed light extinction was from carbon, the majority of which was 
organic compounds. In the rural eastern United States, light scattering 
by carbon accounted for an average of 13% of total extinction (Ferman 
et al., 1981). Again most  • f the carbon (80%) was organic with some 
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Multiple regression coefficients 

OC 	 TC SO4 /(1-RH) NO3-/(1-RH) 

Simple 
Coefficient 

FPM Site SO4L- NO3-  

œr 11111 Iff 	Mil Ilee 	18 I  Mae 11  fa all as alb 	II. !It 

TABLE 4.6-1 

COMPARISON OF THE REGRESSION COEFFICIENTS AND STANDARD ERROR AT 4 SITES 

All values are in m2/g 

Denver 	3.07 	8.1 + 0.6 	3.2 + 0.4 	2.8 + 1.2 	4.7 + 1.1 	 1.5 + 0.3 	2.1  ±0.2 	1.7 + 0.2 _ 	 _ 	 _ 	 _ 	 _ 	 _ 	 _ 

Louisiana 	4.73 	8.8 + 0.6 	a 	 b 	 b 	5.0 + 1.5 	1.6 + 0.6 	c 	 c 

Virginia 	5.80 	7.4 + 0.6 	a 	 bb 	5.6 + 2.8 	1.8 + 0.8 	d 	 a • 

Detroit 	4.80 	8.5 + 0.5 	a 	 b 	• 	b 	3.6 + 1.6 	1.7 + 1.0 	3.2 + 0.3 	 a 

1-3 up 	a - Values too low to include in regression 	 EC - elemental carbon 
b - EC and OC combined in TC because EC values near lower limit of detection 	OC - organic carbon 
c - No hsw  measurements 	 TC - total carbon 
d - Could not be determined 

Source: Wolff et al., 1982 

relationships: 

bext = A 504 + BNO3 + cEC + dOC + eR 

or in special cases where sulphate is present primarily as (NH4)2SO4 

	

bext = aSO4 	bNO3  
+ c EC + d OC + e R 

	

I-RH 	1-Ra 



I  

indication of being derived from natural sources. Organic particles 

formed in photochemical smog have been studied and it has been found 

that oxygenated organic materials are important ingredients in the 
size range between 0.1 and 2 pm (Schuetzle et al., 1975). The 
elemental carbon portion is addressed in the following section on 
diesel exhaust particulates. 

Condensation or particle growth due tOE water absorption begins at low 
relative humidities (<70%) as previously indicated. As relative 
humidity increases to 90%, the initial haze droplets can grow to 
become fog droplets with a resulting decrease in visibility (Petterssen, 

1958; cf. Figure 4.6-3). Thick "London type" fogs or smogs.can be 
generated at relative humidities less than 100 percent if there is a 
high concentration of hygroscopic particles which serve as efficient 
condensation nuclei (NRCC, 1982). 

Hung and Liaw (1981) indicate that the condensation nuclei (particles 
— 11 with diameter equal to or greater than 0.1 pm) associated with a 

polluted atmosphere provides more favourable conditions to produce 
dense fog than condensation nuclei associated with a clean atmosphere.  
They also noted that condensation nuclei with high hygroscopicity 
(e.g. sulphate, nitrate) provide more superior conditions for the forma- 	— 
tion of dense fog than condensation nuclei with lower hygroscopicity. 
The visibility in the fog will depend upon the concentration and size of 	

11 the resulting droplets. These fogs may also be highly acidic (Wisniewski, 

1982; Hileman, 1983). 
— I/ 

4.6.4 	Diesel Exhaust Particles 

Emissions of soot (elemental carbon) from light duty diesel vehicles 
are of potential significance to visibility as indicated in the previous. 
section. Approximately 70 to 90% of the particulate matter emitted from 
light duty diesels is soot (Amann and Siegla, 1982). Soot strongly 
absorbs light in addition to scattering light; Trijonis (1982b) indicates 

that fine soot particles havé a light extinction efficiency of 3 to 4 
times that of other fine particles. The extinction coefficient for 

I 
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fine elemental carbon is 12 + 3 m 2/g (Waggoner and Weiss, 1980; 

Groblicher et al., 1981) with 9 m2/g absorption and 3 m 2/g scattering 

(compared with 6-7 m 2/g for dry sulphate cf. Section 4.6.3). 

The effect on carbon particle absorption on light extinction has been 

measured in U.S. urban and rural areas (Weiss and Waggoner, 1981). 

In five urban areas, the absorption ranged from 0.35 to 0.50 of total 

extinction and in six rural areas, it varied from 0.13 to 0.27. The 

dramatic effect on visual range by light absorption by carbon is 

illustrated as Case 3 in Figure 4.6-3. The scattering portion of light 

extinction due to elemental carbon has been measured to range from 

6% during summer to 35-36% during winter in various U.S. cities 

(Wolff et al. 1981). 

Trijonis (1982b) investigated the impact of light duty diesels on 

California visibility for a future scenario of 20% "dieselization' 

of the automobile fleet. His haze budget calculations indicate that 

increased soot emissions by diesels would possibly reduce visibility 

about 10 to 25%. Another potential side effect of increased elemental 

carbon concentrations is the possible increase in SO4 loadings becallSe 

soot is suspected to be a major catalyst for SO4 formation (Wolff, 

1981; Chang and Novakov, 1981). Sulphate has been demonstrated to be 

one of the dominant light scattering species. 

4.6.5 	Summary 

Visibility is recognized as being important to perceived air quality 

by people in general and by government agencies. One of the criteria 

used to establish the Canadian maximum air quality objective for 
suspended particulates was protection against visibility impair-
ment. Recently both the U.S. EPA (1982) and the Canadian NRC (1982) 
have recommended that standards (objectives) be established for fine 
particles with visibility as a criteria on the basis of the relatively 
well defined relationship between visual range and fine particle mass. 

The basis for estimating visual range from fine particle mass con-

centration has been provided in Section 4.6.3. The importance of 

sulphate in visibility reduction is firmly established, while nitrates, 



organic compounds, carbon (soot) are more site dependant. The semi-

empirical relationships developed by Wolff et al. (1982) may be used 

as an indicator of the relative importance of the various chemical 

species present in the fine particle mode to visibility impairment. 

The Memorandum of Intent document (MOI, 1983) concluded that "available 

data suggest that nitrates exit  predominantly in the vapour phase 

and are for the most part of little consequence to visibility in 

eastern North America." Production of aerosol nitrate instead of 

nitric acid vapour may require neutralization by ambient ammonia 

(NAS, 1977). In the western United States particulate nitrate has 

been shown to be of substantial importance in visibility reduction on 

a local scale (Trijonis, 1982; Groblicki et al, 1981). 

The contribution of nitrogen dioxide to reduction of visual range is - 
small, but it may cause a brownish haze in some circumstances; however, 
in the majority of cases, brownish haze has been attributed to particle 
scattering. 
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Abscission: The process whereby leaves, leaflets, fruits, or other , 
plant parts become detached from the plant. 

Acid: A substance that can donate hydrogen ions. 

Acute toxicity: Any poisionous effect produced by a single short-term 
exposure, that results in severe biological harm or death. 

Acid rain: Rain having a pH less  than 5.6, the minimum expected from 
atmospheric CO 2 . 

Acute respiratory disease: Respliatory infection, usually with rapid 
onset and of short duration. 

Adsorption: The adhesion of molecules in an extremely thin layer to . 
the surfaces of solids or liquids with which they are in contact. 

Air pollution: A substance present  in the  ambient atmosphere, reSulting 
from the activity of man or from natural processes, which may cause 
damage to human health or welfare, the natural environment, or 
materials or objects. 

Alkali: A salt .of sodium or potassium capable of neutralizing_acids. , 

Alveolàr: Pertaining to the alveoli or small air pockets of the lungs. 

Alveolar macrophages (AM): Larger mononuclear, phagocytic cells found 
on the alveolar surface, reponsible for the sterility of the lung. 

Alveolar oxygen partial pressure (PA02): Partial pressure of oxygen 
in the air contained in thé air sacs of the lungs. 

Ambient air: The sùrrounding, well-mixed air. 

Anaemia: A reduction below normal in the number of erythrocytes (red 
blood cells) per cubic millimeter, in the quantity of hemoglobin, 
or in the volume of packed red cells per 100 milliliters of blood. 

Anaerobic: Living, active or occurring in the absence of free oxygen. 

Angina pectoris: Severe constricting pain in the chest which may be 
caused by depletion of oxygen delivery to the heart muscle; usually 
caused by coronary disease. 



Angiosperm: A plant having seeds enclosed in an ovary; a flowering 
plant. 

Anoxia: Absence or lack of oxygen; reduction of oxygen in body tissues 
below physiologic levels. 

Anthropogenic: Relating to the impact of man and his activities on the 
natural world. 

Aromatic: Belonging to that series of carbon-hydrogen compounds in 
which the carbon atoms form closed rings containing unsaturated 
bonds (as in benzene). 

Asthma: A term currently used in the context of bronchial asthma in 
which there is widespread narrowing of the airways of the lung. 
It may be aggravated by inhalation of pollutants and lead to 
"wheezing" and shortness of breath. 

Atheromatous: Pertaining to fatty degeneration or thickening of the 
wall of the larger arteries. 

Atmosphere: The body of air surrounding the earth. Also, a measure of 
pressure (atm.) equal to the pressure of air at sea level, 14.7 
pound per square inch. 

Atmospheric deposition: Removal of pollutants from the atmosphere onto 
land, vegetation, water bodies or 'other objects, be àborption, 
sedimentation. Brownian diffusion, impaction, or precipitation in 
rain. 

Background measurement: A measurement of pollutants in ambient air 
due to natural sources; usually taken in remote areas. 

Benthos: Organisms living on or at the bottom of a body of water. 

Biomass: That part of a given habitat consisting of living matter. 

Bronchi: The first subdivisions of the trachea which conduct air to 
and from the bronchioles of the lungs. 

Bronchiole: One of the finer subdivisions of the bronchial (trachea) 
tubes, less than 1 mm in diameter, and having no cartilage in its 
wall. 

Bronchitis': Inflammation of the mucous membrane of the bronchial tubes-
It may aggravate an existing asthmatic condition. 
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Bronthoconstrictor: An agent.that causes a reduction in the caliber 
(diameter) of a bronchial tube. 

Carbon monoxide: An odourless, colourless, toxic gas with a strong 
affinity for haemoglobin and cytochrome; it reduces oxygen ab-
sorption capacity, transport and utilization. 

Carboxyhaemoglobin: A fairly stable union of carbon monoxide with haemo- 
globin which interferes with the normal transfer of carbon dioxide 
and oxygen during circulation of blood. Increasing levels of car- 
boxyhaemoglobin results in various degrees of asphyxiation, including-  II 
death. 

Carcinogen: Any agent producing or playing a stimulatory role in the 
formation of a malignancy. 

Carinogenesis: The development of a carcinoma,a malignant new growth 
of epithelial cells. 

Cardiac output: The volume of blood passing through the heart per unit 
time. 

Cardiovascular: Relating to the heart and the blood vessels or the 
circulation. 

Cation: A positively charged ion. 

Cellulose: The basic substance which is contained in all vegetable 
fibres andin certain man-made fibres. It is a carbohydrate anel 
constitutes the major substance in plant life. Used to make cel-
lulose acetate and rayon. 

Cellulose acetate: Commonly refers to fibres or fabrics in which the 
cellulose is only partially acetylated with acetate groups. An 
ester made by reacting cellulose with acetic anhydride with SO 4  
as a catalyst. 

Cellulose rayon: A generated cellulose which is chemically the same 
as cellulose except for physical differences in molecular weight 
and crystallinity. 

Central nervous system (CNS): Brain and spinal cord together. 

Chamber study: Research conducted using a closed vessel in which 
pollutants are reacted or substances exposed to pollutants. 

Chlorosis: Discolouration of normally green plant parts that can be 
caused by disease, lack of nutrients, or various air pollutants, 
resulting in the failure of chlorophyll to develop. 
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Chromosome: One of the bodies (46 in man) in the cell nucleus that is 
the bearer and carrier of genetic information. 

Chromatid: Each of the two strands formed by longitudinal duplication 
of a chromosome that becomes visible during an early stage of cell 
division. 

Chronic Obstructive Lung (Pulmonary) Disease: Disease process which 
causes decreased ability of the lungs to perform their function 
of ventilation e.g. chronic bronchitis, pulmonary emphysema, 
chronic asthma, chronic bronchiolitis. 

Chronic respiratory disease (CRD): A persistent or long-lasting in-
termittent disease of the respiratory tract. 

Cilia: Motile, often hairlike extensions of a cell surface. 

Ciliary action: Movements or cilia in the : upper respiratory tract, which 
moves mucous and foreign material upward. 

Claudication: Limping or lameness; a complex of symptoms frequently 
associated with occlusive arterial diseases of the limbs. 

Coefficient of haze (COH): A measurement of visibility interference 
in the atmosphere. 

Community exposure: A situation in which people in a sizeable area 
are subjected to ambient pollutant concentrations. 

Conifer: A plant,  generally evergreen, needle-leafed, bearing naked 
seeds singly or in cones. 

Coronary: Pertaining to the arteries and veins of the heart. 

Corrosion: Destruction or deterioration of a material because of re-
action with its environment. 

Crevice corrosion: Localized corrosion occurring within crevices on 
metal surfaces exposed to corrosives. 

Cultivar: An organism produced by parents belonging to different species 
or to different strains of the same species, originating and persist-
ing under cultivation. 

Cytochrome: A class of haemoproteinwhose principal biological function 
is electron and/or hydrogen transport. 

Leukemia: A usually fatal cancerous disease characterized by excessive 
production of white blood cells. 
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Pancytopenia: A reduction in all cellular elements of the blood. 

Dark adaptation: The process by which the eye adjusts under reduced 
illumination and the sensitivity of the eye to light is greatly 
increased. 

Deciduous plants: Plants which drop their leaves at the end of the 
growing season. 

Degradation (textiles): The decomposition of fabric or its components 
or characteristics (colour,strength, elasticity) by means of light, 
heat, or air pollution. 

Detritus: Loose material that results directly from disintegration. 

Diffusion: The process by which particles of gases, liquids, or 
solids intermingle as a result of their spontaneous movement • 
caused by thermal agitation, and move from a region of higher 
concentration to a region of lower concentration. 

DL • The diffusing capacity of the lungs for carbon monoxide. The CO" ability of the lungs to transfer carbon monoxide from the alveolar 
air into the pulmonary capillary blood. 

Dose: The quantity of a substance to be taken all at one time or in 
fractional amounts within a given period; also the total amount 
of a pollutant delivered or concentration per unit time times time. 

Dose-response curve: A curve on a graph based on responses occurring , 
in a system as a result of a series of stimuli intensities or doses. 

Double blind technique: A method of investigation in which neither the 
subject nor the investigator working with the subject or data knows 
what treatment, if any, the subject is receiving. 

Dry deposition: The processes by which matter is transferred to ground 
from the atmosphere, other than precipitation; includes surface 
absorption of gases and sedimentation, Brownian diffusion and im-
paction of particles. 

Dyspnea: Shortness of breath; difficulty or distress in breathing; rapid 
breathing. 

Ecosystem: 	The interacting system of a biological community and its 
environment. 

Edema: Pressure of excess fluid in cells, intercellular tissues or 
cavities of the body. 
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Elastomer: A synthetic rubber product which has the physical properties 
of natural rubber. 

Electrocaridogram (EKG): A tracing made by an electrocardiograph which 
measures changes of electrical potential occurring during the heart-
beat. 

Emphysema: An anatomic alteration of the lung, characterized by abnormal 
enlargement of air spaces distal to the terminal bronchioles, due 
to dilation or destructive changes in the alveolar walls. 

Endogenous: Originating within the organism. 

Epidemiology: The study of the relationships of the various factors 
determining the frequency and distribution of diseases in a human 
community. 

Epilimnion: The uniformly warm upper layer of a lake when it is thermally' 
stratified in summer. The layer above the metalimnion. 

Erosion corrosion: Acceleration or increase in rate of deterioration or 
attack on a metal because of relative movement between a corrosive 
fluid and the metal surface. Characterized by grooves, gullies, or 
waves in the metal surface. 

Ethanol: Ethyl alcohol. 

Eutrophication: Elevation of the level•of nutrients in a body of water, 
• which can ,  contribute to accelerated plant growth and fill ing. - 

Expiratory (maximum) flow rate: The maximum rate at which air can be 
expelled from the lungs. 

Exposure level: Concentration of a contaminant to which an individual 
or a population is exposed. 

Fibre-reactive dye: A water-soluble dyestuff which reacts chemically 
with the cellulose in fibres under alkaline conditions; the dye 
contains two chlorine atoms which combine with the hydroxyl groups 
of the cellulose. 

Fibrillation (cardiac): Rapid, irregular contractions of the muscle 
fibres of the heart. 

Forced expiratory flow (FEF): The rate at which air can be expelled 
from the lungs; see expiratory flow rate. 

Forced expiratory flow, 25% - 75% (FEF, 50  _75o ). The mean rate of 
expiratory gas flow between 25  an e 75 pei'cent of the forced ex-
piratory vital capacity. 
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Forced expiratory volume (FEV): The maximum volume of air that can be 
expired in a specific time interval when starting from maximal in-
spiration. 

Forced vital capacity (FVC): The greatest volume of air that can be 
exhaled from the lungs under forced conditions after a maximum in-
spiration. 

Functional residual capacity: The volume of gas remaining in the lungs 
• at the end of a normal expiration. It is the sum of expiratory re-
serve volume and residual volume. 

Gas exchange: Movement of oxygen fromthe alveoli into the pulmonary 
capillary bloOd as carbon dioxide enters the alveoli from the blood. 

Globin: The protein constituent of haemoglobin. 

Haemoglobin (Hb): The red, respiratory protein of the red blood cells, 
haemoglobin transports oxygen from the lungs to the tissues as oxy-
haemoglobin (Hb02) and returns carbon dioxide to the lungs as haemo-
globin carbamate, completing the respiratory cycle. 

Haldane constant: Ratio of the stability constant for carboxyhaemoglobin 
to that for oxyhaemoglobin;a measure of the relative affinity of 
haemocrlobin for carbon monoxide as compared to its affinity for oxygen. 

Herbivore: A plant-eating animal. 
, 	. . 	 _ 

Hydrocarbons: A vast family of compounds containing carbon and hydrogen 
in various combinations; found especially in fossil fuels. Some 
contribute to photochemical smog. 	 — 

Hydroxyl radical: Unstable, electrically neutral fragment of a molecule 
containing one oxygen atom and one hydrogen atom. It is formed by 	.... disruption of a water (or other hydroxyl-containing) molecule, as 
a result of exposure to far ultraviolet light or other high-energy 
radiation such as X-rays. 

Hygroscopic: Pertaining to a marked ability to accelerate the condensa-
tion of water vapor. 

Hyperplasia: Increase in the number of cells in a tissue or organ ex-
cluding tumor formation. 

Hypolimnia: Portions of a lake below the thermocline, in which water is 
stagnant and uniform in temperature. 

Hypoxemia: Deficient oxygenation of the blood; hypoxia. 
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Hypoxia: Low oxygen content or tension. Anaemia hypoxia is due to re- 
duction of the oxygen-carrying capacity of the blood  as a result 

, of a decrease in the total haemoglobin or an alteration of the 
haemoglobin constituents. 

Infarction: Sudden insufficiency of arterial or venous blood supply 
due to emboli, thrdmbi, or pressure. 

Interstitial pneumonitis:.. A chronic inflammation of the interstitial 
tissue of the lung, resulting in compression of air cells. 

In vitro: putside the living organism. 

In  vivo:  Within the living organism. 

Ischemia: Local anaemiadue to mechanical obstruction (mainly arterial 
narrowing) of the blood supply. 

Isopleth: On a map, a line connecting points at which a particular 
variable has a specified constant value. 

Lesion: A wound, injury or other more or less circumscribed pathologic 
change in the tissues. 

Leukocyte: Any of the white blood cells. 

Lipids: A heterogeneous group of substances including.fats, waxes, - 
- 

	

	phOsphatides cerebrosides end related or derived compounds which 
occur widely in biological Materials. They are characterized  as ' 
a group by their extractability in nonpolar organic-solvents.• 

Lymphocytes: 	White blood-cells formed in lymphoid tissue throughout 
the body, they comprisè about 22 - to 28 percent of the total .number 
of leukocytes in the. circulating blood . and function in immunity. 

Macrophage: Any large, ameboid, phagocytic cell having a nucleus without 
many lobes, regardless or origin. 

Mean (arithmetic): The sum, of observations divided by sample size. 

Median: A value in a collection of data values which is exceeded in 
magnitude by one-half the entries in the collection. 

Mesophyll: Thin-walled cells in the interior of a leaf; rich in 
chloroplasts. 

Metastasis: The shifting of a disease' from  .one  part of the .body to an-
other; the appearance of.neoplasms in parts of the body remote from 
the seat of the primary tumor. 



Methylene chloride (Dichloromethane; CH2C12): A compound which causes 
an elevation of carboxyhaemoglobin ;a commercial solvent. 

Microequivalents per litre (peq/L): A unit of concentration measur-
ing relative acidity. 

Milligrams per cubic meter (mg/m 3 ): A measure of concentration of a 
substance. For example, the weight in milligrams of CO contained 
in one cubic meter of the ambient air, which may be converted 
to "parts per million" at one atmosphere by multiplication by the 
factor 0.873 at 25°C, or by the factor 0.800 at 0°C. At pressures 
other than one atmosphere (760 torr) such a factor should be mul-
tiplied by an additional factor of 760/p, where p is the ambient 
pressure in torr. 

Mitochondria: Organelles of the cell cytoplasm which contain enzymes 
active in the conservation of energy obtained in the aerobic part 
of the breakdown of carbohydrates and fats, in process called res-
piration. 

Mobile sources: Automobiles, trucks and other pollution sources which 
are not fixed in one iodation. 

Morphological: Relating to the form and structure of an organism or any 
its parts. 

Mucociliary clearance: Removal of materials from the upper respiratory 
tract via ciliary action. 

Mutagenic: Having the power to cause mutations. A mutation is a change 
in the character of a gene (a sequence of base pairs in DNA) that 
is perpetuated in subsequent divisions of the cell in which it 
occurs. 

Myocardial infarction: A necrotic (dead) area of the heart muscle,•

usually as a result of occlusion of a coronary artery. 

Myocardium: Muscle of the heart. 

N/P Ratio: Ratio of nitrogen to phosphrous dissolved in lake water, 
important due to its effect on plant growth. 

Necrosis: Death of cells that can discolourareas of a plant or kill 
the entire plant. 

Necrotic: Pertaining to the pathologic death of one or more cells, 
or of a portion of tissue or organ, resulting from irreversible 
damage. 
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Neonate: A newborn. 

Nitrate: A salt or ester of nitric acid (N03- ). 

Nitrogen oxide: A compound composed of only nitrogen and oxygen. Com-
ponents of photochemical smog. 

Nitrosamine: A compound consisting of a nitrosyl group connected to the 
nitrogen of an amine. 

Oligotrophic: A body of water deficient in plant nutrients; also generally 
having abundant dissolved oxygen and no marked stratification. 

Oxidant: A chemical compound which has the ability to remove electrons 
from another chemical species, thereby oxidizing it; also, a sub-
stance containing oxygen which reacts in air to produce a new sub-
stance, or  one  formed by the action of sunlight on oxides of ni-
trogen and hydrocarbons. 

Oxyhaemoglobin: Haemoglobin in combination with oxygen. It is the form .of 
haemoglobin present in arterial blood. 

Ozone layer: A layer of the stratosphere from 20 to 50 km above the , 
earth's surface characterized by high ozone content produced by 
ultraviolet radiation. 

Ozone scavenging: Removal of 03 from ambient »air or plumes by.reaction 
with NO, producing NO2 and 02." 

Particulates: Fine liquid or solid particles such as dust, smoke,.mist, 
fumes or smog, found in the air or in emissions. 

Parts per million (ppm): A measure to concentration of a substance. For 
example, the volume in liters of CO contained in 1,000,000 
liters of the ambient air, which may be converted to "milligrams per 
cubic meter" by multiplication by the factor 1.145 at 25°C, or by 
the factor 1.250 at 0°C. At pressures other than one atmosphere 
(760 torr) such a factor should be multiplied by an additional factor 
of p1760, where p is the ambient pressure in torr. Parts per hundred 
million: pphm. 

Pathogen: Any virus, microorganism, or other substance causing disease. 

Pathology: Study of the structural and functional changes produced by 
diseases, e.g. abnormalities. 



Pathophysiological: Derangement of. function, seen in disease; alteration 
in function as distinguished from. structural defectà. 

Peribronchiolitis: Inflammation of area around the bronchioles. 

Perinatal: Occurring in the period preceding during, or after birth. 

Permanent-press fabrics: Fabrics in which Applied resins contribute 
to the easy care and appearance of the fabric and to'the crease' 
and seam flatness by reacting with the cellulose on pressing after 
garment manufacture. 

Peroxyacetyl nitrate (PAN): Pollution created by action of sunlight on 
hydrocarbons and NOx  in the air; an ingredient of photochemical smog.- 

pH: A measure of the acidity or alkalinity of a material, liquid, or 
solid. pH is represented on a scale of 0 to 14 with I being a 
neutral state, 0 most acid, and 14 most alkaline. 

Phagocytosis: Ingestion, by cells such as macrophages, of other cells, 
bacteria, foreign particles, etc.; the cell membrane engulfs solid 
or liquid particles which are drawn into the cytoplasm and digested. 

Phlegm: Viscid mucous secreted in abnormal quantity in the respiratory 
passages. 

Photochemical oxidants: Primary ozone, NO2, PAN with lesser amounts of 
other compounds formed as products of atmospheric reactions involv- - 
ing organic pollutants, nitrogen oxides, oxygen, and sunlight: 

Photochemical smog: Air pollution caused by chemical reaction of various - 
airborne chemicals in sunlight. 

Photolysis: Decomposition upon irradiation by sunlight. 

Photosynthesis: The process in which green parts of plants, when exposed 
to light under suitable conditions of temperature and water supply, 
produce carbohydrates using atmospheric carbon dioxide and releasing - 
oxygen. 

Phytoplankton: Minute aquatic plant life. 

Phytotoxic: Poisonous to plants. 

Planktonic communities: Community of microorganisms, consisting of. plants -- 
 (phytoplankton) and animals (zooplankton), inhabiting open-water 

regions of lakes and rivers. 
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Plume: 	Emission from a flue or chimney, usually distributed stream- 
like downwind of the source, which can be distinguished from the 
surrounding air by appearance or chemical characteristics. 

Point source: A single stationary location of pollutant discharge. 

Precipitation: Any of the various forms of water particles that fall 
from the atmosphere to the ground, rain, snow, etc. 

Precursor: A substance from which àhâther  substance  is, formed; specif-
ically, one of the anthropogenic or natural emissions or atmospheric 
constituents which reacts under sunlight to form secondary pollutants 
compris ing  photochemical smog. 

Psychomotor: Pertaining to motor effects of cerebral or psychic activity. 

Pulmonary: Relating to the lungs. 	. 

Pulmonary edema: An accumulation of excessive amounts of fluid in the 
lungs. 

Pulmonary resistance: Sum of airway resistance and viscous tissue re-
sistance. 

Radicals: Unstable fragments of molecules which have an unpaired elec-
tron and tend to react or change rapidly into more stable substances. 

of-thg 
angle 
cos 2  0 

Rayleigh scattering: Coherent scattering in which the intensity 
light of wàvelength À, scattered in any direction making an 
with the incident direction, is directly proportional to 1 + 
and inversely proportional to 0. 

Reactive dyes: Dyes which react chemically with cellulose in fibres under 
alkaline conditions. Also called fiber reactive or chemically re- 

. active dyes. 

Residual capacity: The volume of air remaining in the lungs after a 
maximum expiràtory effort; same - as residual ,volume. 

Residual volume (RV): The volume of air remaining in the 
maximal expiration. RV = TLC - VC. 

lungs after a 

Rotifer: One of a division of many-celled, microscopic, 
usually found in stagnant fresh water. 

aquatic *organisms 

Sequela (ae): A lesion or affection following or caused by an attack 
of disease. 



Stomatal: Pertaining to the minute opening On the 'surface of a leaf, 
surrounded by a'pair of guard cells that regulate the size of the 
opening. 

Stratosphere: An upper region of the earth's atmosphere, above about 
10 to 16 kilometres, in which clouds are rare and there is little 
change of temperature with altitude. 

Sink: An absorber of a substance, or a process which acts as a removal 
or dissipation mechanism. 

Stress corrosion cracking: Cracking caused by simultaneous presence of 
tensile stress and a specific corrosive medium. The metal or alloy 
is virturally unattached over most of its surface, while fine cracks 
progress through it. 

Sulphur dioxide (S02): Colourless gas with pungent odour released 
primarily from burning of fossil fuels, such as coal, containing 
sulphur. 

Synergistic: A relationship in which the combined action or effect  of 
 two or more components is greater than that of the components acting 

separately. 

Teratogenesis: The disturbed growth processes resulting in a deformed 
fetus. 

Teratogenic: Causing or relating to abnormal development of the fetus. 
- 	1 

Threshold: The level at which a physiological or psychological effect 
begins to be produced. 

Threshold limit valve (TLV): Airborne concentration of a substance re- 
presenting occupational conditions under which the American Con-
ference of Governmental Industrial Hygenists believes that nearly 
all workers may be repeatedly exposed day after day without adverse 
effect. 

Threshold limit valve - time weighted average (TLV-TWA): The time- 
weighted average concentration of a substance in a workplace for 
a normal 8-hour workday and a 40-hour workweek, to which nearly 
all workers may be repeatedly exposed, day after day, without ad-
verse effect. 

Thyrotoxicosis: Toxic condition due to hyperactivity of the thyroid 
gland. 



Total lung capacity (TLC): The sum of all the compartments of the lung, 
or the volume of air in the lungs at maximum inspiration. 

Total suspended particulates (TSP): Solid and liquid particles present 
in the atmosphere. 

Trachea: Commonly known as the windpipe, a cartilaginous air tube ex-
tending from the larnyx (voice box) into the thorax (chest) where 
it divides, serving as the entrance to each of the lungs. 

, 
Transpiration: The process of loss of water vapour from plants. 

Troposphere: The portion of the earth's atmosphere which extends from 
the surface out to an altitude of about 7 to 10 miles or 10 to 16 
kilometers. 

Vascular: Of or pertaining to the blood vessels. 

Vasodilation: Dilation of a blood vessel, increasing the blood flow. 

Vigilance: A stage of alertness requiring continuous attention over 
long periods of time. 

Viscose rayon: Filaments of regenerated cellulose coagulated from a 
solution of cellulose xanthate. Raw materials can be cotton linters 
or chips of spruce, pine, or hemlock. 

Visual range: The distance at .which an object can be distinguished from 
background; 

Vital capacity: The greatest volume of air that c an  be exhaled from the 
lungs after a maximum inspiration. 

Wet deposition: The process by which atmospheric substances are returned 
to earth in the form of rain or other precipitation. 

Zooplankton: Minute animal life floating or swimming weakly in a body of 
water. 
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