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This book is dedicated to two Canadian air quality champions, Ken Maybee
and David Pengelly, who each in their own unique way worked tirelessly to
raise awareness of the health risks of air pollution and to improve air quality
in Canada through the application of the latest science

to air quality management.



Preface

A World Clean Air Congress of the International Union of Air Pollution Prevention and Envi-
ronmental Protection Associations (IUAPPA) was held in Vancouver, British Columbia in
September 2010, and contained a number of sessions on air quality management. This book
originated in a session that Eric Taylor organized on Canadian Air Quality Management. Seven
people presented information at this session on topics ranging from a history of air quality
management in Canada to the fledgling Air Quality Health Index. Dr. Alan Gertler, technical
chair of the World Clean Air Congress, attended this session and recommended that its seven
presentations be brought together into a book. This was the spark that ignited this project.

The scope and depth of the original idea has since mushroomed, with the book now having
a much expanded scope. Of the original seven presenters, only three ended up contributing a
chapter to this book. As we discussed the project, we soon realized that Canadian approaches
to air quality management are unique. This offered an opportunity for a team of authors to
document the Canadian approach with all its quirks and promise. As a result, the final tally of
chapters has blossomed to twenty and the number of authors to forty-three. We wholeheartedly
thank these authors for their enthusiasm and generosity in contributing to this book.

One of the key principles that Alan Gertler stressed in sending us on this long and unfamil-
iar journey was that the book should be written in a way that would help developing countries
in planning an air quality program. It was this approach that persuaded us to take on this proj-
ect. It has shaped the style and content of the book, and required us to make it readable by a
wide audience. Hopefully the result of this long project has gone some distance in achieving
Alan’s vision.

May 2013 Eric Taylor
Ann McMillan
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Introduction

Steven Sakiyama and Randolph P. Angle

Abstract

Air quality management in Canada is comprised of several inter-related processes and tools
that are introduced in this chapter, thus providing the foundation for a more detailed treat-
ment of these aspects in the following chapters. The Canadian approach involves an adap-
tive process that starts with problem recognition and then proceeds through goal setting,
plan design, plan implementation, tracking of progress and if necessary, making adjust-
ments to achieve the goals of the program. Stakeholders are involved throughout the pro-
cess using a variety of informational, consultative and collaborative techniques. The entire
management process is supported by scientific and technical knowledge gained from air
quality monitoring, emission inventories, air quality modelling, socio-economic analysis,
air quality research and technological development. Implementation of air quality manage-
ment plans relies on prescriptive regulations, social marketing and outcome regulations that
may employ economic instruments. The mix of tools depends on the nature of the problem,
its spatial scale, and jurisdictional preferences.

Keywords

Air quality management - Air quality scales - Air quality goals - Air quality management
tools - Air quality monitoring - Air quality modelling - Emission reductions - Stakeholder
engagement - Air quality plan implementation - Air quality research and development

1.1

Managing Air Quality

lenges in identifying and controlling the emissions from an
array of contributing sources.

Air quality management in Canada has rapidly evolved from
the control of a few pollutants emitted from industrial stacks
to a complicated web of management approaches that ad-
dress a host of new, inter-related air quality issues. These
issues can be local to global in nature, have time scales that
range from seconds to decades, and involve multiple pol-
lutants emitted by a wide variety of sources. Some of these
pollutants can transform into other pollutants, posing chal-

S. Sakiyama (D<)
BC Ministry of Environment Victoria, British Columbia, Canada
e-mail: steve.sakiyama@gov.bc.ca

R. P. Angle
R. Angle Consulting, Edmonton, Alberta, Canada
e-mail: rangle2009@gmail.com

The development of air quality management has been
driven by the accumulation of scientific evidence on the
negative effects of air pollution on the natural environment
and human health. For example, hundreds of peer-reviewed
studies from around the world over the last several decades
show that exposure to outdoor air pollutants not only poses
a risk to human health, but the very young, the very old
and those with chronic cardio-pulmonary disease are more
vulnerable to its harmful effects. In addition, there is emer-
gening evidence that these risks occur at lower air pollut-
ant concentrations than previously thought. This awareness
is pushing Canadian regulatory agencies to develop more
comprehensive management approaches in order to acheive
more stringent air quality goals.

This book is built on the collective wisdom and experi-
ences of Canadian and American professionals who have

E. Taylor, A. McMillan (eds.), Air Quality Management, DOI 10.1007/978-94-007-7557-2 1, 1
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worked for many years in their respective fields to improve
air quality in Canada. It describes our present understand-
ing of the impacts of air pollutants on health and visibility,
the state of knowledge of pollutant concentrations across
Canada and how they move, disperse and transform in the
atmosphere. It also assesses how Canada has developed
management systems to reduce the environmental and public
health risk of air pollutants in a wide variety of sectors and
details how emissions from important sectors are managed.
Although there is considerable diversity in management ap-
proaches across Canada, the book will feature many com-
mon elements that are employed across different jurisdic-
tional, geographic and source sectors.

This Introductory chapter provides an overview of the
process and tools used for air quality management in Can-
ada and provides some Canadian examples. As such, it pro-
vides the ground work for the following chapters that cover
each of the topics introduced here in-depth and provides the
framework to link the pieces to the larger process that is set
to acheive goals.

Air Quality Management is defined as the organization
and coordination of human activities for the achievement
of air quality goals. Air quality goals are end results for the
relative amounts of substances in the atmosphere or the con-
ditions of valued biological and physical resources affected
by those substances. Goals are usually set for some undeter-
mined time in the future, with a number of observable and
measureable intermediate objectives to be achieved within
fixed timeframes.

In general the goals of Air Quality Management in Cana-
da are twofold (Mennell and Bhattacharrya 2002):

e Protect human health and the environment

e C(Clean “dirty areas” and keep “clean areas clean”

Under these general goals, air quality programs and air qual-
ity management systems within various jurisdictions often
have more specific goals:

e Minimize, reduce or prevent emissions

e Meet ambient air quality standards

e Maintain good visibility

e Reduce acid deposition to reverse ecosystem damage

(e.g. Canada-Wide Acid Rain Strategy)

e Reduce the risk of adverse health effects (e.g. Canada-

Wide Standards for Particulate Matter and Ozone)

These goals are typically translated into standards for am-
bient air quality (or a related parameter) and standards for
emissions from industrial processes, common equipment or
consumer products. These will be discussed in a later sec-
tion. Air quality goals may also be part of larger management
plans for energy, sustainability, climate change, land use, or
community involvement.

Although there are differences in geographic extent, pol-
lutant focus and control emphasis, the most successful air
management programs would be described as:

e Multi-pollutant, considering several pollutants together

e Optimized, ensuring decisions fair, just and cost-effective

e Co-ordinated, seeking local, regional and global benefits
at the same time

e Science-informed, making use of the best available scien-
tific knowledge

e Polluter-targeted, costs being borne by those responsible
for the emissions

e Flexible, allowing for uncertainties and mid-course revi-
sions

e Transparent and understandable, providing clarity to
stakeholders

e Supported by stakeholders, reducing resistance to change

e Integrated, being part of other planning processes such as
regional strategies, community plans, and energy plans.

1.1.1 Spatial Scales

Air quality management occurs over a wide range of geo-
graphic scales: international, national, provincial, regional,
and local.

International scale management deals with issues that are
global in scope, such as climate change, stratospheric ozone
depletion and inter-continental transport. An early example
of a management approach on this scale is the UNECE Con-
vention on Long Range Transport of Air Pollution. This
convention, adopted in 1979 and currently has 49 countries
(including Canada) that have signed the convention, set the
broad framework for the United Nations Economic Commis-
sion for Europe region to work cooperatively on the trans-
port of pollutants through the atmosphere and over borders,
oceans, and continents. From this convention, 8 different
protocols have been produced—including the Aarhus Pro-
tocol on Persistent Organic Compounds which entered into
force in 2003 and bans the production and use of some sub-
stances, while scheduling others for elimination or severe
restriction at a later stage.

On a national scale, the Canada-Wide Acid Rain Strat-
egy for Post 2000 (FPT Ministers 1998) had a primary long-
term goal of meeting the environmental threshold of criti-
cal loads for acid deposition across Canada. The Strategy
built on the success of the 1985 Eastern Canada Acid Rain
Program, which achieved a 50 % reduction in SO, (sulphur
dioxide) emissions in eastern Canada since 1980. With the
national program, Canada met all its international commit-
ments on SO, emissions, both under the UNECE Convention
and under the Canada-United States Air Quality Agreement.
Chapter 16 discusses this Agreement and its implications on
air quality management in Canada.

An example of a Provincial scale air quality management
program is the framework developed by the Alberta Clean
Air Strategic Alliance (CASA 2003) in order to achieve the
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Canada Wide Standards for PM, s (Particulate Matter below
2.5 um in diameter) and O; (ozone) by 2010. Also includ-
ed in the plan are the CWS provisions for “Keeping Clean
Areas Clean and Continuous Improvement” (KCAC/CI) that
apply at ambient concentrations below the numeric CWS, as
well as provisions on monitoring and reporting of progress
and activities. The plan is comprehensive in that it considers
monitoring, stakeholder involvement and science studies.

On a regional scale, there is the Metro Vancouver Air Qual-
ity Management Plan (MV 2005), and the Ville de Montreal air
quality management program (Ville de Montreal 2010) which
is part of their Sustainable Development Plan. Such plans
focus on regional scale issues such as urban smog. Included in
the plan are specific emission control actions that are needed
to meet the CWS for PM, 5 as well as further studies to un-
derstand the sources of PM (spatial distribution and amounts).

There are also examples of air quality management on
a local scale (called “Local Airshed Management”), where
the geographic scope is focused on stakeholders in a specific
area given that International, National, or Provincial efforts
may not be comprehensive enough to meet their needs. One
example is the airshed management efforts in Prince George,
British Columbia (PGAQIC 2006). This program contains
many of the science and policy elements common to pro-
grams on a broader geographic scale. Previous versions of
this program include several recommendations to improve
air quality, as well as a number of scientific and monitoring
studies to further the local understanding for the underlying
causes of poor air quality. Another example is the Action Plan
for the SW Greater Toronto Area Oakville-Clarkson Airshed
(Bastille, 2010), where a Task Force made 30 recommenda-
tions regarding a new Airshed Management System that in-
cludes strategies, emission targets, timelines and the assign-
ment of roles and responsibilities. These recommendations
reflect the local concerns that current National and Provin-
cial programs will not be sufficient to manage and improve
air quality in this region. Chapter 17 discusses further aspects
of the process of airshed planning on a community level.

1.2 The Air Quality Management Process

Figure 1.1 is an illustration of a comprehensive air quality
management program (after NAS 2004) and is essentially
the application of the adaptive management process to the
issue of air quality. The system is represented as a round-
table with the top showing the process of air quality manage-
ment supported by a base of Science and Technology. The
system is interconnected with multiple dependences as air
issues are often inextricably influenced by one another, and
thus need to be addressed in an integrated manner through
inter-agency approaches and multi-disciplinary teams with-
in agencies (Yap, 2011). For example, reductions in emis-

sions of combustion related sources often have co-benefits
for other air issues such as acid rain, air toxics and climate
change (see Brook et al. 2009 for a discussion on the need
for an integrated, multi-pollutant approach). The following
sections describe the components of these two main parts of
the comprehensive program.

1.2.1 Emergence of an Air Quality Issue

Before a management process begins, a problem must be
recognized by the government. Problems may be identified
through various indicators, but often come to the attention
of governments through environmental group, the media, or
influential citizens (after Pal 2006). Recognition that some-
thing needs attention is the first step in obtaining a commit-
ment of resources for better definition of the problem (char-
acterization of the air quality issue). Problem definition can
be a long and circuitous process that attempts to answer three
questions (Pal (2006): (1) Are the indicators valid? (2) What
are the causes of the observed effects? (3) What actions can
be taken if the problem is “real”? Structuring the problem
relies on the accumulated evidence of scientific studies that
analyze measurements of concentrations or depositions of
pollutants and related human and ecosystem health effects.
Models (air quality, human and ecosystem, economic) may
be applied to determine the spatial and temporal extent, the
severity (or magnitude) of the effects, or the cost of various
solutions. As a particular air quality issue emerges, govern-
ment agencies conduct science reviews or assessments in
order to answer the three questions and inform policy mak-
ers on potential management actions.

This front-end process is illustrated in Fig. 1.2.

The acid rain issue is a perfect example of the emergence
process. Early monitoring and scientific studies by Gorham
(1957) and Gorham and Gordon (1960) reported acidifica-
tion of lakes occurring in eastern Canada and around Sud-
bury. Beamish and Harvey (1972) documented the decrease
in fish in northern Ontario lakes. In 1976 the Toronto Star
ran a series of articles on acid rain which served to awaken
public interest in the issue (Schmandt et al. 1989). In 1981,
the Canadian Coalition on Acid Rain (CCAR) was formed
by 12 environmental groups. Growing ultimately to 58 mem-
ber groups representing over 2 million Canadians, Canada’s
largest environmental group played a central role in raising
awareness of the acid rain issue through advocacy and edu-
cational programs as well as by lobbying the governments of
both Canada and the United States for legislation restricting
acid rain-causing emissions. Subsequently there were further
studies by federal and provincial governments, universities
and industries to characterize and predict the extent of acid
rain and its effects on Canadian surface waters. From this
growing pool of scientific literature, a sequence of review or
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Air Quality Issue Emerges
- Monitoring and Analysis
- Research

Set Achievement Goals
- Ambient Air Quality Objectives/Standards
- Emission Standards

Track and Evaluate Progress
- Emissions and Ambient status/trend
- Healthy/Ecosystem status/trend

Design and Implement Air Quality Management Plans
- Emissions Control Technology

- Economic Instruments

- Regulatory and Other Instruments (guidelines, agreements,
plans)

Education/Behaviour Change

Monitoring: Analysis:
Emissions Inventories Air Quality Models
Air Quality Monitoring Cost/Benefit

ealth and Ecosystem Health/Ecological Models

Research and Development:
Clean Technologies/Processes
Air Pollution Science
Monitoring Technology

Health and Ecological Impacts

CIENCE AND TECHNOLOS

Fig. 1.1 The process and supporting tools of air quality management. Adapted and reprinted with permission from Air Quality Management in the
United States, by the National Academy of Sciences, Courtesy of the National Academies Press, Washington, D.C. (Committee 2004)

assessment reports were undertaken such as by Harvey et al.  United Nations Economic Commission for Europe (UN ECE)
(1981), RMCC (1986) and Jeffries et al. (2001). Convention on Long-Range Transboundary Air Pollution

In response to the scientific evidence, policy makers re- (LRTAP) to reduce and prevent this phenomenon. In 1980
sponded with various management plans for SO, and NO, the Parliamentary Standing Committee on Fisheries and For-
emissions controls. For example, in 1970 Canada signed the estry established a subcommittee on acid rain with members
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Fig. 1.2 Emergence of an air
quality issue

Problem Indication:
Scientific Studies

(Monitoring, Analysis, Modelling)

A 4

Problem Recognition:
Commitment of Resources

A 4

Problem Definition:
Scientific Review, Assessment of
Scientific Evidence,
Characterization of Issue

Problem Solution:
Begin Management Process

from all three federal parties in the House of Commons. The
subcommittee received evidence at four public hearings, vis-
ited a number of industrial installations, and travelled to Eu-
rope to observe acid rain damage. Their report “Still Waters:
The Chilling Reality of Acid Rain” recommended 38 actions
(Subcommittee 1981). When the subcommittee observed that
little process was being made, they published another report
“Time Lost: A Demand for Action on Acid Rain” (Subcom-
mittee 1984) with an additional 16 recommendations. The
earliest domestic program was the Eastern Canadian Acid
Rain Program which represented the first coordinated effort
of the federal government and the seven easternmost prov-
inces to address this issue. This program, launched in 1985,
achieved its goal of reducing SO, emissions to 50 % of 1980
levels by 1994. Several other programs followed; with more
recent examples is the Canada-Wide Acid Rain Strategy for
Post 2000 (FPT Ministers 1998).

Another example of this emergence process is the growth
of scientific studies that point to the adverse effects of air
pollution on human health, and the realization that these ef-
fects occur at lower and lower concentrations that previously
thought (Chapter 7 provides a detailed look at this issue).
This evidence helped to inform the development of the Can-
ada Wide Standard for Ozone and Particulate Matter which
were established in June, 2000 (CCME 2000) after an exten-
sive process that involved ancillary studies and consultation.
Chapter 14 describes the process involved in the setting of
these ambient standards.

Once an air quality issue has been identified and defined,
then it can be “put on the table” so the management process
can begin to solve it. The next step is to establish the goals of
the management program.

1.2.2 Setting Air Quality Achievement Goals

An air quality management program is designed to achieve
specific goals which reflect the overarching goals described
carlier. These include goals for the ambient environment
(which may be specified by ambient air quality objectives
for different pollutants) and goals for emissions (as specified
by emission standards for different types of sources).

Ambient Air Quality Objectives are established in terms of
concentration or deposition magnitudes that provide a level
of protection for human health and the environment. They
are used to assess the current state of air quality, and to de-
termine the success of the Plan. One example is the National
Ambient Air Quality Objective for SO,. In Canada ambient
air quality objectives are sometimes referred to as standards
(as in the Canada-Wide Standards for PM, 5). Chapter 14
elaborates on the terminology and the process involved in
setting ambient goals in Canada.

Ambient objectives are typically established by government
agencies through a stakeholder consultation process, and are
based on scientific evidence on air pollution effects on human
health and ecosystems. An example would be the process in-
volved in the establishment of the Canada Wide Standards for
Ozone and PM, 5. For some pollutants such as PM, s, the sci-
entific evidence indicates there are adverse effects at all non-
zero levels; in other words, there is no threshold effect. There-
fore setting a Canada-Wide Standard represented a balance
between complete protection and reasonable achievement.

Ambient air quality standards/objectives are comprised of
up to 4 parts:

e Indicator: the pollutant of interest
e Averaging Time: the period over which pollutant expo-
sure is defined (1 hr, 1 day, 1 week, 1 year)
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e Level: the concentration as a volume/volume ratio (such
as ppb) or mass/volume units (such as pg/m?) or deposi-
tion in mass/area (kg/ha)

e Form or Metric: the statistical expression of the objective
used to assess performance. For example the metric of the
PM, 5 Canada Wide Standard (CWS) is the annual 98th
percentile value, averaged over 3 years.

In addition to providing the broad achievement goals of an air
quality management plan, ambient air quality objectives may
be used to: determine whether a regulated emission source
needs to reduce emissions, indicate when specific preventa-
tive actions may be required (no open burning, woodstove
bans), or indicate when specific protective actions may be
required (e.g. limit outdoor activity).

Emission standards are based on the premise that the
amounts of pollutants emitted to the atmosphere should be
minimized. They are sometimes called source performance
standards, technology standards, or equipment design stan-
dards. They may be either quantitative or qualitative. Al-
though there is no guarantee that ambient air quality will not
be compromised even if these emissions standards are met,
they provide an achievement goal that can be readily imposed
on different emission producing activities. Quantitative stan-
dards specify numerical maximum values for properties such
as intensity (mass per unit production), concentration in a
fuel or effluent (for example in mg/kg), or opacity (darkness
of the emitted plume). Qualitative standards specify the type
of control devices that must be installed, or the type of the
fuel used.

For example, Canada-Wide Standards for Mercury emis-
sions from coal-fired power plants have been established by
CCME (2006) in two parts: (1) a cap on mercury emissions
for each province, to be achieved by 2010, and (2) the use of
best available technology for new plants. Another example
is the emission standards for wood stoves, inserts and small
fireplaces developed by the Canadian Standards Association
(CSA B415). This standard recommends that emission levels
of wood stoves manufactured in Canada meet requirements
equivalent to the 1990 standards of the US Environmental
Protection Agency.

Emission standards reflect advances in processes or con-
trol technology but are balanced by practicality and demon-
strated effectiveness.

1.2.3 Design and Implementation of Air Quality
Management Plans (AQMP)

An Air Quality Management Plan (AQMP) details what
needs to be done, the timelines, how it will be achieved and
who will do it. It requires coordinated actions by govern-
ment, business, industry, and the public. Examples of this
on a National scale are the NO,/VOC Management Plan

(CCME 1990), the Acid Deposition Post-2000 Strategy (FPT
Ministers 1998) and on a more regional scale—the Metro
Vancouver Air Quality Management Plan (MV 2005). These
are examples of the relationships between different levels of
governments in air quality management (discussed further in
Chap. 16). Finally an example of a Plan with a specific focus
is the Smoke Management Framework for British Columbia
(BC MoE 2011).

The AQMP comprises various methods (discussed in
the following sections) that drive emissions reductions
using regulatory instruments, economic incentives, and so-
cial marketing. These methods can apply to the reduction
of emissions from a variety of source sectors such as trans-
portation, agriculture and industry (each sector is covered
in more detail in Chap. 9—-12). Details about the reductions
such as the specific pollutants targeted and their respective
amounts are informed by science and technology: emissions
inventories, air quality models and ambient monitoring.

Emission Reduction Methods
Emissions can be limited or reduced through process
changes, energy efficiency improvements, or the applica-
tion of control technology. Examples of end of tailpipe
treatments include baghouses to reduce particulate matter
from sawmill operations, and Selective Catalytic Reduction
(SCR) for NO, reduction from thermal power generation
plants. Improved combustion can be achieved through flu-
idized beds for coal fired power plants, natural gas com-
bined cycle turbines for thermal power generation, and the
switching from high sulphur to low sulphur fuel. As an ex-
ample, Canadian regulations impose maximum limits for
sulphur in on-road, off-road, rail (locomotive) and marine
(vessel) diesel fuels to facilitate the effective operation of
advanced emission control technologies installed on vehi-
cles and engines:
o After June 1, 2006, 15 mg Sulphur/kg limit for on-road
diesel fuel (Ultra Low Sulphur Diesel) (was 500 mg/kg)
e 500 mg/kg for off-road, rail and marine diesel fuels in
June 2007;
e 15 mg/kg for off-road diesel fuel in June 2010; and
e 15 mg/kg for rail and marine diesel fuels in June 2012.
Sometimes emissions reductions can be achieved through
the application of best management practices. For example a
small percentage of cars can contribute the majority of emis-
sions from the vehicle fleet if they are poorly operated and
maintained. Vehicle inspection and maintenance programs
such as the AirCare program in the Lower Mainland of Brit-
ish Columbia (Aircare 2003) and the Drive Clean program
in Ontario (ERG 2005) test vehicles for compliance with
the manufacturer specifications for emissions. Vehicles that
do not meet the respective specifications must be repaired.
Refer to Chap. 10 for more detail regarding the transporta-
tion sector emissions management.
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Implementation Methods

Regulatory instruments are the legal means by which gov-
ernments implement air quality management plans. These
consist of: (a) legislation (by elected representatives), (b)
statutory regulations (under legislation) and (c) quasi-reg-
ulations such as standards, guidelines permits, approvals,
by-laws, and mandatory codes of practice issued by govern-
ment departments under authority of an Act or Regulation.
All regulatory instruments fall somewhere along a spectrum
in terms of how much detail is specified and what is left to
interpretation or dependent upon external factors. Prescrip-
tive regulation, sometimes called “command and control”,
defines how activities are to be undertaken (eg, what tech-
niques or equipment to use, what qualifications must be held
by those doing the work, where and when an activity may
be performed). Outcome regulation, also known as perfor-
mance-based regulation, specifies a desired end-state and
does not constrain how compliance is to be achieved. An ex-
ample of this is the regulation for new marine spark-ignition
engines which specifies performance standards, allowing
manufacturer’s flexibility in their achievement (Government
of Canada 2011). While outcome regulation is more consis-
tent with innovation and efficiency, prescriptive regulation
may deliver more certain results.

Canada’s federal environmental regulatory system is en-
abled by the Canadian Environmental Protection Act (CEPA
1999) which:

e made pollution prevention the cornerstone of national
efforts to reduce toxic substances in the environment;

e set out processes to assess the risks to the environment
and human health posed by substances in commerce;

e imposed timeframes for managing toxic substances;

e provided a wide range of tools to manage toxic sub-
stances, other pollution and wastes;

e cnsured the most harmful substances are phased out or not
released into the environment in any measurable quantity;

e included provisions to regulate vehicle, engine and equip-
ment emissions;

e encouraged citizen input into decision-making; and

e provided for cooperation and partnership with other gov-
ernments and Aboriginal peoples.

In addition, each province and territory has its own regula-

tory system and Chap. 14 covers their relationship with the

federal system.

Economic instruments raise costs for high emitters or
provide rewards for low emitters. Emission charges im-
pose a cost upon the emitter as economic rent for the use
of the atmosphere as a repository for waste products. Trad-
able emission permits define a property right that has eco-
nomic value. Such “rights” can be sold, traded, auctioned,
banked, or retired. Emitters with low cost control options
can make reductions and sell their permits to generate extra
revenue. Fines impose economic loss for emitters who vio-

late standards. Tax breaks reward actions to lower emissions
by reducing the amount of taxes payable. Subsidies provide
grants or low interest loans to those who invest in reducing
emissions.

In emission trading, as introduced for example by Ontario
(OME 2005), the government first sets a goal for emissions
reduction called an emissions target for a given area or re-
gion and specific caps on emissions for key industrial sec-
tors. The total emissions allowed under the cap are divided
into allowances, with each allowance equal to one tonne
of emissions. Each capped emitter is allocated a specific
number of allowances by the government, which equals the
amount of pollutants that the emitter is allowed to release
into the atmosphere in a given year. Each capped emitter is
required to monitor its actual emissions throughout the year
and report annual or seasonal emissions amounts. At the end
of the year, if the actual emissions are equal to the number
of allowances, the capped emitter has achieved compliance
and does not have to take further action. If the actual emis-
sions are greater than the number of allowances, the capped
emitter can “buy” allowances from another capped emitter
that has excess allowances. If the actual emissions are less
than the number of allowances, the capped emitter can “sell”
its allowances to another capped emitter which exceeded
its allowances, or “bank” them to meet its own reduction
commitments in future years. This allows a company with
high environmental performance to gain financially, while a
company with lower environmental performance must pay
for its higher emissions. With total emissions capped in a
region, emitters with low cost control options make reduc-
tions and sell their surplus permits to another emitter who
has high cost control options. Such a program offers greater
flexibility and economic efficiency than would a command
and control approach.

Emissions fees may be regarded as “green taxes” levied on
emissions of pollutants that lead to environmental problems.
Since the fees depend on the amount of pollutants emitted,
in theory they provide an incentive for regulated sources to
reduce emissions, and thus reduce the amount of fees paid.
Examples of this are the Metro Vancouver Air Quality Man-
agement Fees Regulation Bylaw (MV 2008) which specifies
fees that depend on the pollutant and the amount emitted for
those permitted sources in their jurisdiction. British Colum-
bia has a similar program.

Incentive programs reduce emissions indirectly through
the development or cleaner energy systems. Examples in-
clude the Federal Government ecoEnergy Innovation Ini-
tiative (NRCan 2011) that will cover up to 75% of the de-
velopment costs for new technology that produces cleaner
and more efficient energy, and the New Brunswick Existing
Commercial Buildings Retrofit Program (Efficiency New
Brunswick 2011) that offers up to $ 50,000 for energy saving
retrofitting costs.
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Social Marketing uses education and public outreach
to bring about changes in behaviour. For example, vehicle
emission standards can be imposed to limit vehicle emis-
sions, however the gains can be offset by citizens who drive
when they could take mass transit, idle their vehicles un-
necessarily, travel alone when they could carpool, or dupli-
cate trips through poor personal planning. For communica-
tion to be effective, that is, to facilitate an intended societal
response or desired social change, it must accomplish two
things: (1) sufficiently elevate and maintain the motivation
to change a practice or policy, and (2) contribute to lower-
ing barriers and resistance to change. One example is the
woodstove exchange program by BC Ministry of Environ-
ment for the Bulkley Valley—Lakes district which encour-
aged residents to change out their older, smoky wood stoves
for new, clean burning appliances by applying principles of
Community Based Social Marketing (Schmidt 2009). Chap-
ter 19 further examines the aspects of social marketing and
its role air quality management.

1.2.4 Tracking and Evaluating Progress

As the AQMP is implemented there is a need to monitor
and summarize various types of related changes, specially,
the total emissions, ambient air quality and the condition of
selected receptors (health and ecosystem). Reviewing the
trends will determine whether the AQMP is achieving the
anticipated improvements in the specified timeframes. If
there are significant deviations, then course corrections may
need to be taken. If there is little progress toward the air qual-
ity goals, then the AQMP must be revisited.

1.2.5 Stakeholder Engagement

Canada has experimented with different forms of public
consultation for many years. Canada’s Green Plan (Govt. of
Canada 1990) included opportunities for public review and
comment at a number of public meetings and workshops
across the country. One of the principal outcomes was a rec-
ommendation that “the public must be involved in decision-
making, beginning with the conceptual stage and continu-
ing throughout the decision-making process.” The NO,/
VOC Management Plan (CCME 1990) included extensive
public consultation. The Canadian Council of Ministers of
the Environment has long been committed (CCME 1993) to
provide opportunities for participation in its decision mak-
ing processes, believing that meaningful input by Canadians
“will result in better and more informed decisions and better
working relationships with its stakeholders”. CCME iden-
tified three types of stakeholder involvement representing
various levels of engagement as indicated in Table 1.1. This

characterization is similar to that used by OECD (2001) but
simpler than the five types used the International Association
for Public Participation (IAP2 2007).

There is no single recipe that guarantees successful stake-
holder engagement. Primarily, citizens, the public and stake-
holders want to know that their advice is valued and useful.
CCME (1993) bases its consultations on ten principles:

1. Relevance: focused on the issue at hand
2. Effectiveness: clear scope and objectives
3. Full and fair access: opportunity to influence and partici-
pate
4. Respect for diverse interests: range of value, knowledge
& perspectives
. Efficiency: realistic deadlines and costs
. Participant funding: support for participation
. Flexibility: responsive to changing needs
. Access to Information: equal and timely
. Accountability: to constituencies and process
. Implementation and feedback: commitment to act and
report back.
Small problems may be handled on the left hand side of the
spectrum in Table 1.1, larger ones more toward the middle.
The development of the Canada-Wide Standards (CCME
2000) involved extensive stakeholder consultation. As noted
above, the Strategic Options Process operated by Environ-
ment Canada and Health Canada to manage CEPA-toxics is a
multi-stakeholder consultation. On the right hand side of the
spectrum, Alberta conducts its strategic air quality planning
through an independent multi-stakeholder organization, the
Clean Air Strategic Alliance (CASA 2010).

Engaging all sectors (those that emit, and those that re-
ceive) in the development of an air quality management plan
helps to ensure support for the resulting plan. Implementa-
tion can then proceed smoothly without the opposition that
might otherwise delay or derail the planned actions. The
stakeholders involved in air quality planning will depend on
the problem being solved. Source sector stakeholders could
include: transportation (marine, rail, air, commercial trucks,
public); agriculture (greenhouses, different types of farms,
equipment); government institutions (federal, provincial,
municipal); fuel distribution (gas stations, distribution cen-
ters); industry (e.g. aluminum and alumina, asphalt plants,
base metal smelting, breweries, cement, chemicals, electric-
ity, iron ore pellets, iron and steel, mining, motor vehicle
manufacturing, oil sands, petroleum refineries, pipelines,
potash, pulp and paper, and upstream oil and gas, wood prod-
ucts). Typical receptor sector stakeholders include: sensitive
populations (cancer, lung disease); environmental groups;
municipal councils; public/community interest groups; med-
ical community. Most sectors have umbrella organizations
which will supply representatives to the involvement pro-
cess; sometimes it is necessary to invite specific individuals
to participate on behalf of a sector.

S O 0 0 O\ W
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Table 1.1 Three types of stakeholder involvement representative of a broader spectrum of possibilities

Inform Consult

Description One-way flow delivering information

from government to stakeholders

Provide information to assist
stakeholders in understanding the
problems and potential solutions

Purpose

decisions

Commitment We will keep you informed

Example techniques  Open house, factsheets, newsletters,

websites

1.3 Scientific and Technical Support

All of the foregoing steps are supported by a base of science
and technology, tools or methods that help inform decisions
made at each step in the management process. These tools
are described below.

1.3.1 Ambient Air Quality Monitoring

This involves the measurement the atmospheric concentra-
tions or depositions (the rate at which pollutants are depos-
ited to the earth’s surface) of pollutants at certain locations.
Ideally, monitoring would occur over several years so that a
trend can be established. The purposes of such a monitoring
program can include the following:

e Establish current conditions

Identify and characterize the air quality issue

Assess whether an AQMP is required to improve and
protect

Determine whether any actions implemented under the
AQMP are making a difference

Determine regulatory compliance—operation in accor-
dance with the terms of its air emissions permit

Make short-term predictions (extrapolate trends for
public advisories, possibly implement emission control
measures to avoid a problem)

Study the level of exposure and human/ecosystem health
(to establish dose response relationships)

Describe transport and chemical transformation of
airborne substances

Evaluate air quality model performance

Identify source contributions in multi-source airsheds
Understand trans-boundary air pollution

Assess quality of life issues (visibility, odours)

Inform the public about ambient air quality

There are many monitoring methods and the choice is de-
termined by the purposes of the monitoring and available
resources. Canadian agencies that operate air quality moni-

Two-way communication between
governments and stakeholders

Obtain feedback from stakehold-
ers on analysis, alternatives or

We will listen and acknowledge
your concerns and show how they
influenced the final decision
Workshops, advisory committees,
focus groups, public meetings

Collaborate

Interactive process in which stake-
holders actively participate with
government

Partner with stakeholders in defining
the problem, generating alternative
solutions, and choosing the preferred
course of action

We look to you for advice and innova-
tion and will use it to the maximum
extent possible

Joint working groups, steering commit-
tee, consensus decision-making

toring typically have a network of fixed monitoring stations,
where monitoring equipment is housed in specially designed
enclosures with specific operating requirements in terms of
power, temperature, supplies, data storage, data transfer, and
routine maintenance. Supporting meteorological measure-
ments may also be made.

In these networks the criteria (or common) air pollutants
are measured at fixed locations using continuously operating
instruments that provide minute-by-minute concentrations
from which can be calculated 1-h, 3-h, 8-h, 24-h averages.
Such information may be used to produce an overall sum-
mary of the air quality through an index such as the Air Qual-
ity Health Index (see Chap. 18 for more detail on the AQHI).
Integrated 24-hour average sampling is also conducted for
PM, 5, VOCs and Air Toxics. The samples are sent to a cer-
tified laboratory for chemical and/or gravimetric (weight)
analysis.

The National Air Pollutant Surveillance Program (NAPS)
is operated by Environment Canada through cooperative
agreements with the provinces and territories. The purpose
of this network is to monitor and assess the quality of the
air in Canadian urban areas continuously. Currently there
are 286 sites in 203 communities located in every province
and territory. In addition to continuously measure criteria
pollutants (those that contribute to smog, acid rain and/or
poor air quality) such as SO,, NO,, CO, O;, PM, s, other
types of monitoring and analysis techniques are employed
to obtain concentrations for more than 340 types of chemi-
cals at typical urban NAPS sites. For example, air collected
in canisters is analyzed for more than 167 volatile organic
compounds that contribute to smog formation (Environment
Canada 2011a).

In addition, the Provinces, NW Territories, and the Re-
gions of Metro Vancouver, Hamilton, and Ville de Montreal
operate their own monitoring networks, where real-time
measurements of different criteria pollutants are available
on-line. Some of the stations in these networks are part of
the NAPs program. In addition to these provincial and re-
gional networks, air quality monitoring can also be conducted
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Fig. 1.3 Ontario Ministry of
Environment TAGA Mobile
Monitoring Unit (with permis-
sion from the Ontario Ministry
of Environment)

v

by industrial permit holders (for example the Sudbury SO,
monitoring network (Clean Air Sudbury 2011)) or in local
airsheds. The data obtained through these systems may or
may not be linked into the provincial system. Chapter 3 has
more information on these Canadian monitoring networks
and the national patterns of air quality that are derived from
the collected data.

Some agencies have a mobile monitoring unit for specific
investigations such as Metro Vancouver’s Mobile Air Moni-
toring Unit (MV 2010) and the Ontario Trace Atmospheric
Gas Analyzer (TAGA) unit shown in Fig. 1.3. In these units
instruments (both for continuous and non-continuous moni-
toring) are installed in a specially designed vehicle (truck or
bus). These mobile platforms provide flexibility for special
studies or environmental emergencies where they can be tem-
porarily set up at a location of interest, or used to track pol-
lutant plumes (delineate impact areas) and identify sources.

Finally, there are other air quality monitoring programs
(Environment Canada 2011b) that are designed for specific
issues such as acid deposition and the global transport of per-
sistent organic pollutants, or for a specific interest area (the
Great Lakes). The Canadian Air and Precipitation Monitor-
ing Network (CAPMoN), operated by Environment Canada,
is designed to study the regional patterns and trends of atmo-
spheric pollutants such as acid rain, smog, particulate matter
and mercury, in both air and precipitation. As of 2010 there
are 33 CAPMoN sites across Canada. The sites are predomi-
nantly located in central and eastern Canada but new sites are
being developed in the west. The Global Atmospheric Pas-

e Meteorological Tower

A/C Units

sive Sampling (GAPS Network) is a program for producing
comparable global-scale data for persistent organic pollut-
ants (POPs). This program was initiated in December 2004
as a two-year pilot study before evolving into a network, and
consists of more than 50 sites on seven continents. Twelve
sites are located in Canada. The Canadian Aerosol Baseline
Measurement (CABM) Program monitors changes in the
physical and chemical properties of aerosols which influence
Canadian air quality and climate. The network includes four
monitoring sites managed by Environment Canada in op-
eration since 2005. The Integrated Atmospheric Deposition
Network determines the atmospheric loadings and trends
(both spatial and temporal) of priority toxic chemicals to the
Great Lakes and its basin (17 sites in total).

1.3.2 Emission Inventory

An emissions inventory (EI) is a database that lists, by

source, estimates of the quantity of specified air pollutants

discharged into the atmosphere from within a defined area

during a given time period (typically a specified year). Al-

though simple in concept, an emissions inventory is a power-

ful tool to assist in air quality management decision making.

For example, it can be used to:

o identify the highest individual or sectoral emitters to set
priorities for source management

e cstablish emission trends to assess the effectiveness of
source management efforts
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e forecast emissions (based on economic and growth pro-
jections) to identify emerging trends and growth sectors
where action should be taken now to avoid problems in
the future.

e provide inputs to dispersion models which estimate the
impacts of emitted pollutants on ambient air quality.

The characteristics of the inventory depend on its purpose.

For example the pollutants included in an ozone depleting

substance inventory can be different than a emissions inven-

tory for air quality management purposes which focuses on
the criteria pollutants (CO, PM,,, PM, 5, SO,, NO,, VOC'’s,

NH,;).

For EI’s that support air quality management, the emis-
sions are often grouped into broad categories such as Point,
Area, Mobile and Natural Sources. Point sources are those
from stationary industrial facilities (i.e. facilities with
stacks) that operate under an authorization (i.e. they have
a permit, or operate under a code of practice). Area sources
are stationary emission sources that occur over an area. For
example, a large forest fire with smoke emanating over the
burned area or the vapours from waste water settling pond
are considered area sources. In addition, area sources could
be comprised of several small point sources that become
significant when considered collectively such as residen-
tial wood stoves in a municipality or a series of piles of
wood burned in a cleared area. Mobile Sources are emission
sources that move. Some examples are motor vehicles (e.g.,
passenger cars, trucks and motorcycles), aircraft, marine
vessels, trains, off-road vehicles, and small off-road engines
(e.g., agricultural, lawn/garden, construction and recreation-
al equipment). Natural Sources are those emissions which
occur in nature without the influence of humans, such as
wildfires, volcanoes, marine aerosols and emissions from
vegetation.

Often the sources within the broad categories are further
broken down to subcategories. For example in the mobile
source category, vehicle emissions from on-road vehicles
can be broken down into several types such as light duty
cars, vans, SUV’s, light and heavy duty trucks, etc.

The federal government (Environment Canada) collects
and compiles emissions information and produces National,
Provincial and Territorial Emissions Inventories for criteria
air pollutants, certain heavy metals and persistent organic
pollutants together with historical national emission trends
data. The emissions from industrial facilities are based on the
Environment Canada’s National Pollutant Release Inventory
(NPRI) program. As required by the Canadian Environmen-
tal Protection Act, for the latest inventory year (2009), over
8400 facilities reported to the NPRI on more than 300 listed
substances (Environment Canada 2011c¢). This information
is compiled along with air pollutant emissions data from all
non-industrial sources (including both human and natural
emissions) in collaboration with provincial, territorial and

Canada NOx 2009

Light Industry
3%

Commercial/
Residential
0%
Space Heating
4%

Total = 2,175,349 tonnes

Fig. 1.4 Summary of 2009 NO, Emissions and Sources in Canada

regional agencies using the latest emission estimation meth-
odologies and statistics available. The resulting NPRI sum-
maries are a publicly accessible inventory of pollutants from
facilities across Canada as well as estimates for other sources
such as motor vehicles, residential heating, forest fires and
agriculture.

Some provinces have developed their own emissions in-
ventory where this is an interest for more refined estimate
techniques (i.e. less uncertainty) for a specific pollutant or
source sector than used in the NPRI, or to provide better de-
tail on historical and future trends, such as the Alberta Emis-
sions Inventory (AENV 2008) or additional information on
the spatial distribution of the emission sources. The 2008
Quebec (MDDEP 2011) and 2005 British Columbia Emis-
sions Inventories (BC MoE 2009) are examples of invento-
ries developed by the provinces.

There are many examples of emission inventories for
smaller geographic areas. Examples of emissions invento-
ries on a city-wide scale is the City of Hamilton, Ontario
GHG and Air Pollutant Inventory (Stantec 2009) or the com-
prehensive Metro Vancouver EI that includes both forecasts
and backcast estimates of emissions within their boundaries
(MV 2007).

The EI information is typically summarized in a series of
tables that are specific to each pollutant, showing the differ-
ent contributing source sectors and their respective amounts
for the total area defined by the inventory, and may be fur-
ther broken into sub-areas (defined by political or geograph-
ical boundaries). Finally pie charts, corresponding to each
criteria pollutant are often used to illustrate the EI summary
(Fig. 1.4). Chap. 13 treats the topic of Emissions Inventories
in Canada in detail.
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1.3.3 Air Quality Modelling

Air quality models provide a cause-effect link between pol-
lutant emissions and the resulting air quality impacts. There
are different types of air quality models used to support air
quality management such as dispersion models, receptor
models, physical models and statistical models. Although
dispersion models are most frequently used, the other model
types offer certain abilities that are needed to understand the
increasingly complex picture of air quality management.

Due to their popularity for these purposes, the first two types

will be reviewed here.

Air quality models are powerful tools to support air qual-
ity management decision-making. They can be used to:

e Assess the air quality implications of different emission
control scenarios, even those that are “experimental” (for
example, what would be the air quality if all vehicles
were electric powered?).

e Assist in the design of stacks (height, exit conditions,
location) in order to minimize air quality impacts.

e Determine emission limits in permits

e Identify sources that are contributing to the air quality
problem

e Understand why poor air quality episodes occur

e Determine the importance of geophysical conditions
(topography, surface conditions) on air quality

e Aid in forecasting air quality (see Chap. 6)

Dispersion models use science-based formulations that de-

scribe the behaviour of a pollutant in the atmosphere. The

complexity of dispersion models varies greatly, so the spe-
cific dispersion model used is determined largely by factors
such as: the geographic extent and the geophysical charac-
teristics of the area considered, the pollutant(s) and charac-
teristics of the source(s) of concern, and the output and the
corresponding level of confidence required from the model.

Despite the variety in the different types of dispersion mod-

els, they all require the following basic inputs:

e Emissions and source information

e Meteorology

e Geophysical characteristics

Regional scale transformation and transport models have

been applied to support air quality management decisions

across Canada. The Atmospheric Deposition Oxidant Model

(ADOM) (Venkatram et al. 1992) was used in the develop-

ment of the Canada-Wide Acid Rain Strategy for Post 2000.

The Regional Lagrangian Acid Deposition Model (RELAD)

is used by Alberta Environment (Cheng 1994) in its acid de-

position management framework. Environment Canada has
developed (Gong et al. 2006) and applied a Unified Regional

Air-quality Modelling System (AURAMS) to forecast con-

centrations and depositions for a variety of uses such as criti-

cal load exceedances (Moran et al. 2008). AURAMS has also
been applied to the support the development of low-sulphur

marine fuel regulations associated with the establishment of
the Emission Control Area (ECA) near the coast of North
America (MEPC, 2009). Finally, the Community Multi-Scale
Air Quality modeling system (CMAQ) has been used in a
variety of applications, such as investigating transboundary
influences on O; and PM, 5 over Ontario (Chtcherbakov et al.
2007) and air quality forecasting for the Lower Fraser Val-
ley in British Columbia (Della Monache et al. 2007). Chap. 4
provides details on global and regional scale air quality mod-
eling as it relates to air quality management in Canada.

Regulatory agencies often rely on local scale dispersion
models as part of their approval process for industrial proj-
ects. For example, if a new incinerator was proposed at a
specific location, a local scale dispersion model would be
used to predict the pollutant concentrations that would occur
within a 10 km downwind distance (although depending on
the model, this could be 50-100 km). Provincial regulatory
agencies rely on the US Environmental Protection Agency
dispersion models (AERMOD, CALPUFF, SCREEN3) and
many provinces have produced a guideline on model selec-
tion and application for their respective province, for exam-
ple, Newfoundland (NDEC 2006), Ontario (OME 2009) and
British Columbia (BC MoE 2008). Chapter 5 provides more
detail on the topic of regulatory dispersion models.

Receptor models are statistical procedures for identifying
and quantifying the sources that contribute to measured air
quality at a specific location. Since they do not use emissions,
meteorology or geophysical information to calculate concen-
trations, they offer an advantage over dispersion models for
situations where the sources of a pollutant (such as PM) are
difficult or impossible to characterize (location, emission
rates). Instead, receptor models use the chemical and physical
characteristics of gases and particles measured at the moni-
toring site. Examples of three such models are: Chemical
Mass Balance (CMB), which uses source profiles and speci-
ated ambient data to quantify source contributions; UNMIX,
which uses factor analysis to estimate the number of sources,
the source compositions, and source contributions to each
sample; and Positive Matrix Factorization (PMF), which uses
a form factor analysis to describe the underlying co-variabil-
ity of many variables with a smaller set of factors. CMB has
found application for some time (e.g. Lowenthal et al. 1994;
Cheng et al. 1998) while PMF has been used more recently.
For example PMF was applied to chemically speciated PM, s
measurements to identify the sources that contribute to PM, s
in the town of Golden, BC (Willis 20006).

1.3.4 Socio-Economic Analysis (SEA)
The purpose of a socio-economic analysis (SEA) is to evalu-

ate what costs and benefits an action will create for society
by comparing what will happen if this action is implemented
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Table 1.2 Types of socio-economic analysis (SEA) tools
Name of SEA Tool

Simple screening & choice methods

Description of the Tool

Includes checklists of mandatory criteria, minimum and maximum values, ranking using numerical or

categorical scales, pairwise comparison, trend indications

Abatement cost function analysis

Financial analysis
competitiveness
Cost-benefit analysis (CBA)
Risk-benefit analysis
Cost-effectiveness analysis (CEA)
Input-output models (I-O)
General equilibrium models (GE)
simultaneously

Multi-criteria analysis (MCA)
number of diverse attributes

as compared to the situation where the action is not imple-
mented. The analysis typically attempts to also include the
effects that are indirect or incompletely reflected by market
transactions. The analysis can be used to better understand
how the various costs and benefits are distributed over the
various affected parties in society. A SEA ideally covers all
relevant effects related to the introduction of such an action:
impacts on health, impacts on the environment; and impacts
on the economy, (e.g. the costs to different actors in the sup-
ply chain, changes in consumer satisfaction, plant closures,
competitiveness, inflation), and social effects (e.g. unem-
ployment, labour quality). A wide range of tools is available
(OECD 2000) as illustrated in Table 1.2.

The Government of Canada has integrated SEA into
the development of all legislation with a requirement that
“the benefits (of a proposed regulation) outweigh the costs
to Canadians, their governments and businesses” (Govt. of
Canada 1999). In administering the Canadian Environmen-
tal Protection Act, Environment Canada and Health Canada
have developed “a time limited process to establish environ-
mental and health goals and targets, to identify and evaluate
a range of management options for meeting the goals and
targets, and to make recommendations to the accountable
federal ministers on the most cost effective and efficient
options to implement. The Strategic Options Process is a
multi-stakeholder consultation process; stakeholders are in-
vited to determine their level of participation in the process.
The principles for SOPs are: open, transparent, inclusive,
timely/disciplined, cost-effective, defensible/predictable,
flexible, harmonization and cross-sectoral equity” (Env
Canada 1994).

Ontario uses economic analysis in the implementation of
its air quality standards (OME 2009). The Canadian Council
of Ministers of the Environment uses SEA in establishing
standards (e.g. CCME 2003) and at one time had a frame-
work for SEA (CCME 1998). A cost-benefit analysis for the
Canada-Wide Standard on Particulate Matter and Ozone was
the subject of a Royal Society of Canada review (Royal So-

Maps the increase in per unit cost of emissions or risk reduction associated with tighter levels of control
Determines the impact a proposed action on industry and the associated impacts on overall

Converts all costs and benefits into money values for comparison

CBA that involves only partial monetary valuation

Compares the costs of alternative means of achieving pre-set goals

Quantify the transactions within sectors and the linkages between various sectors in an economy
Look at the economic system as a whole and observes all changes in prices and quantities

Relies on scoring and weighting techniques to evaluate a decision problems characterized by a large

ciety 2001) which recommended a number of improvements

to SEA practices in Canada. Cost-benefit analysis has also

been used in support of strategic choices (DSS Management

2005) and emission regulation (Env Canada 2007).

Metro Vancouver (Crane Management 2005) assessed
potential air quality management initiatives using a variety
of SEA tools in four categories:

1. Economic Efficiency: benefit-cost, benefits of avoided
health damage, benefits of avoided visibility degradation,
benefits of avoided agricultural crop losses, co-benefits
such as reduced traffic congestion, financial costs of
implementation, price and substitution costs, tax effect
costs, and innovation costs

2. Economic Development: changes in employment

3. Competitiveness: changes in profits, exports, imports and
share of national job estimates

4. Social quality of life: public perceptions about air qual-
ity and air quality management from opinion surveys,
emissions levels by subregions (differential geographi-
cal impact), changes in health outcomes (morbidity and
mortality levels).

1.3.5 Research and Development

The Science and Technology support base includes research
to further understand the physical processes involved in the
whole life cycle of air pollutants: their generation, transport
and dispersion, chemical transformation, their ultimate fate
and effects on receptors. This understanding is fundamental
to the development of scientific and technical tools used to
support air quality management.

In Canada, research and development related to the broad
topic of “air quality” is largely undertaken by three groups:
the Federal Government, Industry and Academia. This sec-
tion provides just a few examples of the Canadian efforts in
order to illustrate the range and types of studies as well as the
different groups active in this area.
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Federal Government The Emissions Research and Mea-
surement Division of Environment Canada conducts labora-
tory and field studies related to air pollution that originates
from mobile and stationary sources. An example of the
research by the Division are projects that help inform deci-
sion making and regulations regarding the impacts and
effects from vehicles and engines utilizing renewable fuels,
different control technologies and propulsion systems under
representative Canadian conditions.

The Atmospheric Science and Research Directorate of
Environment Canada conducts research in measurement
techniques (e.g. remote sensing), new data analysis tech-
niques to facilitate the assessment of risk associated with air
pollution, and the development of models that describe the
behaviour of air emissions in the atmosphere. Two examples
of the wide range of projects undertaken in the Directorate
include the development of the Canadian photochemical
model called AURAMS (Gong et al. 2006), and the mea-
surement, and characterization of PM, 5 in Canada (Brook
etal. 1997).

Health Canada has lead several studies to further under-
standing on the effects of air quality on human health with-
in the Canadian context. For example, research conducted
by Burnett et al (1997, 2000) on air quality and health for
Canadian specific communities helped inform the science
basis for the establishment of the Canada Wide Standards for
PM, ;. In addition, these studies combined with other studies
on air quality and health, have helped in the development
of the Air Quality Benefits Assessment Tool (AQBAT)—a
computer simulation tool designed to estimate the human
health and welfare benefits or risks associated with changes
in Canada’s ambient air quality (Judek and Stieb 2006).

Industry Research and development by this group is
largely conducted under the banner of Industry Associations.
For example, under the auspices of The Canadian Electrical
Association, eight coal-fired power generation companies
in Canada jointly developed and implemented a Mercury
Program designed to improve the information base around
the measurement and control of mercury emissions from
coal-fired generation. Member companies are also working
together under the Canadian Clean Power Coalition (CCPC),
created in 2000, in association with American electricity pro-
ducers to advance the technologies needed to build cleaner,
more efficient, more economical coal-fueled power plants.
The CCPC and its members have spent more than $ 50 mil-
lion furthering this objective.

The Canadian Association of Petroleum Producers
(CAPP), representing 150 companies that produce more
than 95% of Canada’s natural gas and crude oil, started
the Environmental Research Advisory Council (ERAC) in
the mid- 1970’s to initiate research and technology devel-
opment on environmental issues relating to oil and natural

gas production in western Canada. ERAC, with the help of
other associations (notably the Petroleum Technology Al-
liance Canada (PTAC)) and individual companies, have
conducted peer-reviewed air quality research studies aimed
at methods to reduce flaring and venting emissions. PTAC
also keeps members up to date on new air quality regulatory
programs, and the status of industry-sponsored research on
issues such as soot formation during flaring and leak detec-
tion monitoring.

Academia Several Universities in Canada are involved in
research in atmospheric science, but specific to the field of
air pollution, there are three notable examples. One is the
University of British Columbia (UBC) where research on
photochemical smog (Ainslie and Steyn 2007) and trans-
Pacific transport of air pollution (McKendry et al. 2008) has
been the subject of several studies. UBC is also internation-
ally recognized leader in the field of health effects of air
pollution such as those related to wood smoke (Brauer et al.
2011) and traffic pollution (Gehring et al. 2010).

The University of Toronto is involved in research into re-
mote sensing techniques that involve satellite measurements
of atmospheric trace gases together with global three-dimen-
sional modelling of tropospheric chemistry and transport
(He et al. 2011).

In the field of atmospheric chemistry, the York Univer-
sity Centre for Atmospheric Chemistry (CAC) is involved in
both laboratory and field studies on various pollutants such
as PM, 5, VOC’s and O; as well as different methods for de-
tection and analysis of pollutants (Rudolph et al 2002). They
have been key collaborators with Environment Canada in
large field campaigns such as BAQS-Met 2007 (Bottenheim
et al. 2010), and Pacific 2001 (Vingarzan and Li 2006).

Collaboration Finally, collaborative approaches are com-
mon as research and development projects require expertise
and resources from a broad range of disciplines and thus
often conducted in partnership with other groups described
earlier. For example the Emissions Research and Measure-
ment Division of Environment Canada collaborates with
other government agencies (e.g. National Research Council,
Health Canada, Natural Resources Canada), several aca-
demic institutions (Carleton University, University of Brit-
ish Columbia, universities of Windsor, Alberta and Toronto),
industries (such as the vehicle manufacturers), other levels
of government (including municipalities), and international
agencies (e.g. US EPA).

Another example of collaborative research is the Border
Air Quality Study conducted in South Western Ontario. This
involved the federal and Ontario provincial governments, as
well as several Ontario universities. The study was designed
to improve understanding of the airshed in the US-Canada
border region of South Western Ontario as well as to gain
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insight into the sources of air pollution, the impacts of the
transboundary flow of pollutants, and lake effects during
smog episodes in this region (Bottenheim et al. 2010).
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A History of Air Quality Management

Ann McMillan and G. Foley

Abstract

A brief history of air pollution management in Canada is provided in this chapter. Whether
the issue be acid rain, ground level ozone, particulate matter, air toxics, or emergency re-
leases of air pollutants, Canada has traditionally built a management approach on: strong
science; a desire to move in a similar direction to our southern friends, the U.S.A.; connec-
tions to the rest of the world; all delivered by a cadre of world class scientists feeding their
results to decision makers.

Beyond the research and modelling that has explained some of the complexities of chemical
behavior in the atmosphere, it is clear that Canada’s management systems would not be as
effective as they have been without a strong federal/provincial commitment to monitoring
emissions and air quality as well as a balanced approach among governments, non-gov-
ernmental organizations, private industry and academia to model, analyze and make sense
of the observations. Canada’s unique approach has been led by a number of exceptional
people over the years and their contributions have kept Canada in the forefront of the sci-
entific understanding and bridging the gap into regulation needed for effective air quality
management.

Keywords

Trail smelter - Sudbury - Canada wide standards - Critical loads - Acid rain - Ground level
ozone - Particulate matter - CEPA - Persistent organic pollutants - Heavy metals

2.1 Introduction

scientifically based evidence of harm or effect caused by air
pollution. There have been a number of key people who have

Building on the Introduction in Chap. 1, this chapter will
provide a summary of the history of air pollution manage-
ment in Canada from several perspectives. In Canada, air
quality management has been driven by a rather small num-
ber of key issues which have required some decisions to be
made and actions taken. In general, these key issues have
been driven by the presence of a “smoking gun” which is
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contributed their expertise and their ingenuity at the right
time to ensure that science drove air quality management
forward. As a result, air pollution management in Canada
tends to be fact-based and well-grounded in the scientific
method. This leads to a different process for each issue and
a need for consolidation at the management level. Adding
to the complexity of this approach is the fact that Canada
is a unique blend of jurisdictions all having an interest in,
and some responsibility for, air quality management. This
chapter focuses on the federal role while Chap. 18 provides
some details about the specific management approaches of
the provinces.

Our long peaceful border with the U.S.A. has been im-
portant in the management of air quality on both sides of
the border. Both countries have been actively engaged

E. Taylor, A. McMillan (eds.), Air Quality Management, DOI 10.1007/978-94-007-7557-2_2, 19
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Fig. 2.1 Rough timeline of

historical AQ management 1900

1950

1975

1990

2000

2007

First Trail Smelter was built.

Acid rain recognized as an issue.

Pollution incident in Glasgow.

100 m stack built in Trail.

Tetraethyl lead added to gasoline

Muese incident.

Special tribunal report on Trail awarding damages to U.S.
Detroit/Winsor Reference to 1JC.

Deterioration in Great Lakes observed.

ELA established.

Donora incident.

Great Smog of London.

Beamish work on the La Cloche Lakes.
Establishment of NAPs.

First U.S. and Canadian Clean Air Acts.

US Acid Rain program.

Canadian Department of the Environment formed.
Superstack constructed in Sudbury.

Canadian Council of Ministers of the Environment (CCME).
Great Lakes Water Quality Agreement.

UN ECE LRTAP Convention.

U.S. Clean Air Act. U.S. standard for PM,,.
CARE established.

Canadian Acid Rain Program.

First NAPAP Assessment

Task Force on Cleaner Vehicles and Fuels.

Annex 15 added to GLWQA.

Canada/US Air Quality Agreement.

CEPA passed.

CAMNet established.

Canadian NOx/VOC Assessment.

Scrubbers added to the Superstack.

Northern Contaminants Program Established.
CWS for particulate matter and ozone.
Canada-Wide Acid Rain Strategy for Post 2000.
Comprehensive Nuclear Test Ban Treaty

U.S. standard for PM, s.

UN ECE Heavy Metals Protocol.

2004 Canadian Acid Deposition Science Assessment and Summary of Key Results.
UNEP POPs Convention.

Canada/U.S. Border Air Quality Strategy.
Guidance Document for determination of achievement of CWS

internationally in the management of global air pollution and
both have maintained leadership positions in international
Air Quality Management circles. There has been an ongoing
focus on being good neighbours.

The span of the chapter is large, it could be the topic of
a whole book on its own, so the authors have chosen “rep-
resentative” examples in many cases rather than attempting
an exhaustive treatment in order to best tell a bit of a story.
If readers find that their favorite situation or person is absent
from the discussion, their forgiveness is requested, it is ac-
knowledged that this is only a start and perhaps future writ-
ings can pick up on the wealth of material that is not found in
this chapter.

Detailed descriptions of emission management for the
various sectors are not given here but in more detailed chap-
ters to come, for example, a thorough description of “Indus-
trial Emissions Management” is given in Chap. 10.

2.2 Key Issues that have Driven Air Quality
Management in Canada

Throughout this book there are many air quality issues men-
tioned and discussed to illustrate a number of the concepts
and processes that make up Air Quality Management in
Canada. There are, however, a few high profile issues which
seem to have galvanized attention and action across the
country and thus served to drive the process of Air Quality
Management forward. The following issues and events are
in this category:
e The Trail Smelter issue
e Acid rain — Sudbury
e Smog

— Major incidents
Ground level ozone
Particulate matter
— Sulphur in gas
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e Air toxics

— Great Lakes Water Quality Agreement

— The Northern Contaminants Program

— Canadian Environmental Protection Act (CEPA)
e Emergencies
In the following it is notable how there are similarities and
differences in the way these situations were identified, de-
scribed, recognized as important, characterized, studied,
and finally resolved. The results of this resolution make up
Canada’s air quality regime, how we got here often provides
insight as to why air pollution is managed the way it is today.
A “history” is often linear in time but this one is not. Fig. 2.1
illustrates the timeline for some key air quality events men-
tioned in this chapter.

2.2.1 TheTrail Smelter Case

The Trail smelter emissions ensured that air pollution be-
came a recognized issue in Canada as early as 1896 when
the first smelter was built. As the facility was expanded over
the years, locals started to protest the smoke plume, and in
the early 1920s a stack over 100 m tall was built. This served
to disperse the fumes further down the Columbia River Val-
ley and caused vegetation damage on farms on the American
side of the border, over 20 km away.

Eventually, protests got so insistent that President Frank-
lin D. Roosevelt wrote directly to the then Prime Minister
of Canada, Richard Bennett, a very unusual step. A special
tribunal was set up in response to the letter to decide whether
“the Trail smelter should be required to refrain from causing
damage in the State of Washington in the future and, if so, to
what extent” (Allum 2006) and to consider the question of
responsibility for damages.

Morris Katz (1901-1987) had graduated from McGill in
1929 with a PhD in chemistry and biochemistry. At the time
the tribunal was set up, he was a chemist for the National
Research Council of Canada. He was requested to study the
Trail situation from a scientific perspective. His work on the
effects of smelter fumes on vegetation (Katz et al. 1939), is a
classic, and was generalized in his further work over the next
decade (Katz 1949). Plant health was the “smoking gun” in
this case although there were plenty of other effects observed.

The special tribunal reported its findings in 1941 in a
landmark decision stating “No state has the right to use or
permit the use of its territory in such a manner as to cause
injury by fumes in or to the territory of another or the proper-
ties of the persons therein, when the case is of serious conse-
quences and the injury is established by clear and convincing
evidence” (Kaijser 2011).

Canada and the U.S.A. accepted the findings of the tri-
bunal and $428,000 was paid to affected farmers. Through
sulphur recovery and an air quality management plan based

on meteorology, the problem was partly solved. Dr. Katz
writes in 1963 “A large new industry was created to convert
the waste sulfur oxides to sulfuric acid, ammonium sulfate,
ammonium nitrate, and phosphate fertilizer. Today the Trail
Smelter recovers about 91 % of the sulphur dioxide, former-
ly wasted, by conversion into these valuable by-products”
(Katz 1963).

While this was not the end of the situation and several
rounds have taken place since, the first Trail Smelter case
set many precedents for air quality management not only in
Canada, but worldwide. It established that pollutants from
an industrial source could have impacts very far away from
their emission. It also set the scene for the great care that the
U.S.A. and Canada have taken since in managing the air pol-
lution that crosses their lengthy border.

Morris Katz went on to be chairman, Canadian Section,
Technical Advisory Board on Air Pollution, Defense Re-
search Council Chemical Laboratories, International Joint
Commission (IJC), where he continued his pioneering work
on transboundary air pollution by looking at public health
in the Detroit/Windsor area, (Katz 1955). This work laid the
foundation for the creation of the International Air Qual-
ity Advisory Program (IAQAP) and the Michigan-Ontario
Board created under the 1JC in 1966.

In his later years, Dr. Katz became a Professor of Chem-
istry at Syracuse University before returning to Canada to
work at York University where he remained as Professor,
and Professor Emeritus of Chemistry until his death in 1987.
Always ahead of his time, his work at York was on polycy-
clic aromatic hydrocarbons and their mutagenic properties.

2.2.2 Acid Rain

Some of the pollutants emitted from the Trail Smelter were
sulphur and nitrogen oxides from combustion. “Acid rain”
was identified as far back as the 19 century (Smith 1872)
as a potential ecosystem stressor. Scandinavian scientists
(e.g., Oden 1968) brought the issue to worldwide attention.
In Europe, decades of work were done to show that ecosys-
tem impacts were experienced in Scandanavian countries as
a result of industrial activity in Germany and other European
countries. In 1972 the First Stockholm Convention on Envi-
ronment recognized acid rain as an issue.

In Canada, there was concern that the levels of air pollut-
ants were not known, leading to the establishment of the Na-
tional Air Pollution Surveillance Program (NAPS) in 1969.
It was established under an agreement between the federal
and eight provincial governments to monitor sulphur dioxide
and particulate matter. In 1972 the first NAPS report was
issued, based on the results of measurements at 36 stations
(NAPS 2013). Chap. 3 illustrates the essential role NAPS
plays today in Canada’s air pollution management.
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Technically, “acid rain” is quite a narrow issue, focus-
sing on rainwater which has had its acidity increased due
to contamination by chemicals such as sulphur and nitrogen
oxides. The sulphur and nitrogen oxides combine with water
in the atmosphere to form acids, most commonly sulphuric
and nitric acid. These can be washed out with rain, snow and
fog, sometimes a hundreds of kilometers from where they
were emitted, even in another country, giving rise to the term
“long-range transboundary air pollution” or LRTAP. The
chemicals can also dry deposit on surfaces and this aspect is
also considered part of the acid rain issue.

We now know that fish reproduction is affected about pH 5
and by pH 3 adult fish cannot survive, with some species being
more sensitive than this. Impacts on biota are complex since
impacts on bacteria and other aspects of the ecosystem can
have effects much higher up the food chain (Harvey 1982).
In addition to ecosystem impacts, health impacts as well as
impacts on physical structures have been studied. It has been
the ecosystem effects that have driven this issue, however.

Canada and the U.S. were engaged in the early discus-
sions on acid rain in Europe, and in fact, Canada signed the
United Nations Economic Commission for Europe (UN
ECE) Convention on Long-Range Transboundary Air Pol-
lution (LRTAP) in 1979 (UN ECE 2013b). This convention
was based on one of the first “assessments” of long range
transport of air pollutants (LRTAP) for Western Europe. A
whole new methodology was developed and agreed to by
scientists across Europe (as well as Canada and the U.S.A)
which was based on using “transfer matrices” to represent
the complex science describing the transfer of emissions
from some countries to acid deposition in others.

In Canada, early papers by Gorham reported acid lakes
near Halifax, Nova Scotia and as a result of the smelter in
Sudbury, Ontario (Gorham and Gordon 1963). However it
wasn’t until a 1972 paper written by and Richard Beamish
and Harold Harvey on fish mortality in the La Cloche Lakes
near Sudbury provided a “smoking gun” that “acid rain” be-
came the poster child for air pollution management (Beamish
and Harvey 1972).

Richard Beamish first observed the effect of acid rain on
fish in Ontario lakes while pursuing his PhD at the University
of Toronto in the late 1960s, and the work on the La Cloche
Lakes was part of his thesis work. He began his career with
the Department of Fisheries and Oceans in Winnipeg after
doing further studies at Woods Hole. After this he went to the
Pacific Biological Station in Nanaimo where he headed the
Groundfish Section, served as Station Director from 1980
to 1993. He was Commissioner and President of the Pacific
Halibut Commission, a delegate to the North Pacific Marine
Science Organization as well as the North Pacific Anadro-
mous Fish Commission, and an affiliate professor of marine
fisheries and aquaculture at Malaspina University College.
He is an example of a long term government scientist who

has held a leadership position in interdisciplinary environ-
mental science in Canada for decades.

The regional nature of the issue was soon reflected in the
work of Likens (Likens 1972; Likens et al. 1972), Kramer
(Kramer 1973), Peter Dillon (Dillon et al. 1978), and many
others, and what had been recognized as an international
issue came close to home for Canadians.

During the 1960’s, a group of small Ontario lakes south
of the TransCanada highway and east of Lake of the Woods
was set aside by the Ontario Department of Lands and For-
ests as the Experimental Lakes Area (ELA) to investigate the
eutrophication process which was plaguing the Great Lakes.
David Schindler, who was at that time at Trent University,
applied for a position at the ELA where he first identified
detergent phosphates as being the culprit killing lakes. Sub-
sequently, using the controlled environment of the ELA,
he demonstrated that some fish are extremely sensitive to
pH and that acidification can cause dramatic shifts in food
chains by killing sensitive species (Schindler et al 1985).

Beyond the details of the acid rain issue itself, methodolo-
gies began to emerge by which scientists could assess each
component of the issue, and beyond this to communicate
their results to policy makers and the general public. In Can-
ada, for example, emissions of sulphur and nitrogen were
estimated (Environment Canada 1973) and extensive work
was done to measure the emissions using in-stack techniques
as well as various means of measuring the plumes emitted.
It was determined that major sources were non-ferrous metal
smelters, coal-fired generators as well as more distributed
sources such as transportation (Summers and Whelpdale
1975). Work was done on the chemistry of the atmosphere to
figure out how the acidification mechanism worked.

The physical behaviour of the pollutants was studied as
they moved from emission to deposition point. The mecha-
nisms of deposition were studied. All this information was
assembled into models to describe the overall phenomenon
(Clarke et al. 1989; Voldner et al 1981). And, finally, the ef-
fects on ecosystems and health were studied (Puckett 1979,
Schindler 1988). It took scientists who had different speci-
alities to be authoritative on each of these key pieces of the
issue and hence it marked one of the very first times that an
integrated scientific response was provided to such a com-
plex and challenging issue.

This early work led to a deluge of science from both sides
ofthe Canada/U.S.A. border working toward defining the ex-
tent and magnitude of the biological and chemical effects on
surface waters of eastern North America. In 1975, the United
States Environmental Protection Agency (US EPA) received
$134 million (USD) per year for research on environmental
issues associated with current energy production and use as
well as the energy technologies under development for use
in the future. Of course, air quality research received a major
portion of this budget. However, it was also significant that
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acid rain research was specifically identified in this budget
to receive approximately $12 million. This drove work in
Canada as well. Canada and the US convened a group under
the International Joint Commission to summarize what was
known about the issue. Lester Machta and Howard Ferguson
were two of the leaders of the work and assembled a set of
four reports. These reports drove the signing, on August 5,
1980, of a Memorandum of Intent (MOI) between Canada
and the USA. This work led in turn to the preparation of a
series of “assessments” of the issue (e.g. Harvey et al. 1981;
US/Canada Work Groups 3A 1981, 2 and 3B 1982, 1 1983;
Schindler 1988; Atmospheric Environment Service 1998).
This work proceeded in the midst of complaints that the
costs of dealing with acid rain would lead to uncompetitive
industry and huge overhead costs.

Nonetheless, in the 1970s and 1980s the emerging con-
sensus on aquatic effects justified action on sulphur dioxide
and nitrogen oxides emission controls. In 1985, a domestic
“Acid Rain Control Program” was established. In the seven
eastern provinces, a 40% sulphur dioxide emission reduc-
tion from 1980 levels by 1994 was required.

In Canada, one of the scientific breakthroughs in com-
municating the serious nature of the acid rain issue was the
concept of “critical loads” which is the amount of acid de-
position that a particular region can receive without being
adversely affected. It was found that deposition of sulphates
in precipitation in excess of 20 kg/ha per year damaged mod-
erately sensitive aquatic ecosystems (UN ECE 2013a). The
United States never did accept the concept of critical loads.

In 1981 U.S. President Ronald Reagan eliminated energy
and environment research, which started at the US EPA and
other agencies in 1975, but retained the $12 million (USD)
per year for acid rain research. Work on the Canada/U.S.
MOI was stopped until more scientific evidence could be
presented on LRTAP and effects.

Meanwhile, in Europe, in 1981 the Organization for Eco-
nomic Co-operation and Development (OECD) Air Manage-
ment Group completed the first cost-benefit analysis of sul-
phur dioxide, sulphate aerosol and acid rain for Western Eu-
rope (OECD 1981), showing that benefits were at least compa-
rable to costs and might considerably exceed them in monetary
terms. In 1982, the Second Stockholm Convention focussed
on acid rain and the progress made since the 1972 Convention.
Canadian and American scientists and air quality managers
participated in expert meetings and high level discussions.

In addition, the UN Economic Commission for Europe
(ECE) began to focus on acid rain and the issue moved from
OECD to ECE. The European Monitoring and Evaluation
Program (EMEP) was established to coordinate and perform
European acid rain monitoring and modelling. Canada and
the USA contributed to the work of EMEP which established
a Working Group on Effects to study air quality and deposi-
tion effects, and especially to define critical levels. In 1983,

the UN ECE Protocol on sulphur dioxide was approved at
a high level meeting in Munich and opened to be signed by
countries. Canada signed this Protocol although the U.S.A.
declined to do so (UN ECE 2013b).

In 1984-85, then US EPA Administrator Ruckelshaus
proposed to do a lake survey in the United States to deter-
mine the extent of acid rain effects. A large supplemental
appropriation (about $80 M USD/year) was obtained, with
$10 M USD/year going to the United States Forestry Ser-
vice (USFS) for surveys of forests. This support led to in-
creased independent effort to build regional acid rain depo-
sition models for North America. Increased effort was put
into modelling photochemical oxidants on a regional basis
(Clarke et al. 1989).

In 1990 the final National Acid Precipitation Assessment
Program (NAPAP) Assessment of Acid Deposition was re-
leased as a multi-volume, comprehensive compilation of the
state of science and technology for this issue. Around this
time also, the US EPA, Environment Canada, the Ontario
Ministry of the Environment, and the Electric Power Re-
search Institute (EPRI) conducted a monitoring study for 2
years in order to produce an integrated air quality and atmo-
spheric deposition data set for sulphur compounds which
could be used to evaluate the performance of U.S. and
Canadian regional atmospheric deposition models. Model
improvements resulted from this work. Meanwhile, science
showed that the 20 kg per hectare number used as a target
under the Eastern Canada Acid Rain program was only suf-
ficient to protect lakes that were “moderately sensitive”.

The Canada/US Air Quality Agreement, discussed in
Chap. 16, was signed on March 31, 1991, establishing nation-
al and eastern emission caps and requiring a substantial sul-
phur dioxide emission reduction in the United States as well.

In 1993, the Canadian Council of Ministers of the Envi-
ronment (CCME) met with the Council of Energy Ministers
in the first Joint Ministers Meeting (JMM). They created a
Comprehensive Air Quality Management Framework for
Canada along with a National Air Issues Steering Committee
(NAISC) and a National Air Issues Coordinating Committee
(NAICC) to implement it. In 1994, an Acid Rain Task Group
was established under this mechanism to revisit the acid rain
issue. In 1998, all 26 of the federal-provincial-territorial
governments signed a “Canada-Wide Acid Rain Strategy
for Post-2000” (CCME 2011) which has the long term goal
of meeting critical loads through reduction of emissions.
An important foundation of this strategy was its design as
a framework for addressing the problem by protecting lakes
and forests. The second phase of sulphur dioxide reduction
was designed to bring wet sulphate deposition throughout
eastern Canada to below “critical load” levels. In some areas
these “critical loads” are as low as § kg/ha/year.

According to the 2012 Progress Report under the 1991 Can-
ada/US Air Quality Agreement (Canada/United States 2012),
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“Canada’s total emissions of sulphur dioxide have decreased
by 57% from 1990 levels while the U.S. has reduced total sul-
phur dioxide emissions from covered sources by 67% from
their 1990 emission levels. Between 2000 and 2010, Canada
reduced total emissions of nitrogen oxides by 40 % in the trans-
boundary ozone region while U.S. total nitrogen oxide emis-
sions decreased by 42 % in the region.”

The “acid rain” issue is often thought of as a “poster child”
issue from a science/policy perspective. While publicly it is
touted as a “solved” issue, and Canada and the US have been
very successful in meeting the requirements of the Canada/
US Air Quality Agreement, scientists have continued to raise
concerns that critical loads are still being exceeded in many
sensitive lakes, and that impacts are occurring on forests as
well. Environment Canada’s website as of October, 2012,
states that “Between 21 and 75 % of eastern Canada, contin-
ues to receive levels of acid deposition in excess of critical
loads.” Lakes and their ecosystems have not recovered to
pre-acid rain status and sensitive ecosystems are gone for-
ever from many lakes.

With the realization that damage can occur at levels sub-
stantially below those that the emissions restrictions were
designed to achieve, and with the continued focus federally
being on eastern Canada, the Prairie Acid Rain Coalition was
formed with Martha Kostuch as chair. In 2006, she argued
that with the huge increases in energy production, Western
Canada could see impacts from acid rain, especially forest
health and growth, and demanded that the federal government
do more monitoring in Saskatchewan and Manitoba where
the problems could manifest. Unfortunately, Martha passed
away in 2008. Efforts to address acid rain in the west refo-
cused specifically on the Tar Sands development in Alberta.

In the east, resources for acid rain research were refocused
on other emerging air quality issues and with the success of
the Air Quality Agreement, there is little impetus to take a
deeper look at the legacy of acid rain. It is known that acidi-
fication of lake systems cannot be “undone” and can have
effects such as the release of heavy metals from soil and rock
into the environment. Sect. 2.2.4.3 discusses heavy metals.

Beyond the research aspects of the acid rain issue, it
served as a catalyst in Canada for the formation of a small,
cohesive group of scientists who were recognized worldwide
as not only being leaders in their fields but also able to com-
municate their messages effectively (Brydges 2004). Many
of this group spent their whole careers working in scientific
areas to support air quality management but have retired
over a period from 2000 through the present. Perhaps one of
their biggest successes was communicating the importance
of air pollution to Canadians.

The Sudbury Smelter

Prior to the construction of the Superstack, the waste gases
from the smelter in Sudbury contributed to severe local eco-
logical damage. The use of open coke beds in the early to

mid-20th century as well as logging for fuel resulted in a
near-total loss of native vegetation. Exposed rocky outcrops
were stained black, first by the pollution from the roast-
ing yards, then by the acid rain. In some places there was
a blackened and acidified layer that penetrated up to three
inches into the once pink-gray granite.

The Superstack was built in 1972 at an estimated cost
of 25 million dollars to disperse sulphur gases and other
byproducts of the smelting process away from the city of
Sudbury. After the stack was built, these gases, from the
largest nickel smelting operation in the world at the Copper
CIiff processing facility could be detected in the atmosphere
around Greater Sudbury in a radius of 240 km. The stack is
380 m (1,250 ft) tall. This makes it the second tallest free-
standing structure (behind the CN Tower) in Canada at the
same height as the Empire State Building.

Construction of the Superstack was followed by an en-
vironmental reclamation project which included rehabilita-
tion of existing landscapes and selected water bodies such
as Lake Ramsey. Over three million new trees were planted
within the Greater Sudbury area in an ambitious greening
program. In 1992, Inco and the city were given an award by
the United Nations in honour of these environmental reha-
bilitation programs.

While the Superstack lowered the ground-level pollution
in the city, it dispersed sulfur dioxide, and nitrogen dioxide
gases over a much larger area. The heavily industrialized
Ohio Valley contributed to the ecological problem of lakes
as far north as northern Ontario. Research from data gleaned
up to the late 1980s demonstrated acid rain to have affected
the biology of some 7,000 lakes.

Prior to Vale’s purchase of Inco, a major construction ef-
fort by Inco in the early 1990s added scrubbers to cleanse
waste gases before pumping them up the Superstack. These
upgrades were completed in 1994 and emissions from then
on have been much reduced. Despite the 90 % reduction in
the sulfur dioxide and other gases, carbon dioxide and water
vapour remain the most visible components and continue to
contribute to the Sudbury Superstack’s image as a pollution
source.

SO, reductions have reached the point where the natural
draught from the heat of the plume is no longer sufficient to
provide enough buoyancy and natural gas burners and fans
are now needed to move the SO, up the stack.

In contrast to the reduction of SO, emissions, Inco’s
Superstack still stands out in North America in its arsenic,
nickel and lead emissions to the atmosphere. Using data
compiled by the Commission for Environmental Coopera-
tion (Taking Stock 1997), Inco alone accounts for 20% of
all of the arsenic emitted in North America, 13% of the
lead and 30 % of the nickel. Although it is not strictly fair
to compare a nickel-copper smelter to a lead smelter, by so
doing one can get an idea of how poor the containment of
lead is at Copper CIliff. In 1998, Inco emitted 146.7 metric
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tons of lead at Copper Cliff with a smelter production of
238,500 metric tons of nickel-copper matte. The EPA regu-
lations in the United States require a primary lead smelter to
limit emissions of lead to 3.0 gm per MT of product. With
this emission factor, Copper Cliff would be required to limit
emissions of lead to approximately 1.0 MT per year, dem-
onstrating that the actual emission is about 150 times greater
than allowed by US regulations for a lead smelter. Steps are
underway to reduce emissions. As a result of the lead emis-
sions from the Inco Superstack, the surrounding commu-
nity of Copper Cliff was found to have levels of lead in soil
tests at a level sufficient to cause harm to young children
(Pollution Probe 2003).

This illustrates that although air quality issues are gener-
ally considered and managed as independent entities, there
is a large overlap in them with some sources contributing to
a range of pollution issues. Air toxics are discussed further
in Sect. 2.2.4.

2.2.3 Smog (Ground Level Ozone and PM)

“Smog” is a sort-of generic term which bows to the impor-
tance of smoke and fog, but does not really address the com-
ponents in a manner that is conducive to understanding the
air quality implications. Smog has a number of “active ingre-
dients” including ground level ozone and particulate matter
which, while they often appear together in the air, present
rather different air quality management issues.

Major Incidents

The global history of air pollution management goes as far
back as the discovery of fire. Since the industrial revolu-
tion there has been recorded public outcry, without which,
it seems, no action is taken. In England, for example, under
Henry V (1413-1422) steps were taken to regulate the move-
ment of coal in London and taxation was employed to re-
strict its use. Over 1,000 smog-related deaths occurred in
1909 in Edinburgh and Glasgow, Scotland (Encyclopedia
Britannica 2013). The word “smoke-fog” was first used by
Mr. De Voeux in his report to the Manchester Conference of
the Smoke Abatement League on this event.

While severe pollution incidents have occurred many
times throughout history, perhaps the three most famous “air
pollution episodes” occurred in the Meuse Valley in 1930, in
Donora in 1948 and in London in 1952 (Phalen and Phalen
2012).

In the 25 km from Huy to Liege along the Meuse River
in the 1920s there were 4 coke ovens, 3 steel mills, 4 glass
factories and 3 zinc smelters. On December 1, 1930 a heavy
fog descended. At first people became ill, but then on the
third day, 60 people died. It wasn’t until December 5 that
the deadly fumes dissipated. As well as people, many cattle
died and effects were reported in wild animals as well. The

severity of the incident did not lead to anti-pollution mea-
sures and in September, 1972, an industrial accident coupled
with a severe fog produced another incident heavy in sulfur
dioxide. Fortunately, there were no deaths from that one.

Donora was a heavily industrialized town of almost
13,000 residents situated in inner bend of the high, narrow
river valley of the Monongahela River, about 32 km south
of Pittsburgh. Various United Steel facilities including a
steel and wire works, zinc works and coal mining emitted
chloride, fluoride, hydrogen sulfide, sulfur dioxide, cadmi-
um oxide, as well as soot and ash into the air. On Tuesday,
October 26, 1948, an inversion formed in the valley and
persisted for 5 days until it rained on Sunday, October 31,
trapping the pollutants in the USA’s worst air pollution in-
cident. A medical doctor at the scene, Dr. R.W. Koehler,
wrote as he observed a passing train: “they were firing up
for the grade and the smoke was belching out, but it did not
rise...It just spilled out over the lip of the stack like a black
liquid, like ink or oil, and rolled down to the ground and lay
there.” Twenty people died due to respiratory tract infec-
tions from hypoxia and due to obstruction in their air pas-
sages by pus from infected lungs. Most of the 5 women and
15 men who died were elderly and succumbed on the third
day of the episode. 6,000 people were affected. Although
US Steel settled out of court, this incident provided some
of the impetus behind the passage of the U.S. Federal Clean
Air Act in 1955 (Shenk 1970).

But the episode that galvanized the world’s attention on
air pollution as an issue was the “great smog of London”
which started on Friday, December 5, 1952. The meteorolog-
ical situation was such that an “inversion” limited the disper-
sion of pollutants in the vertical and the circulation pattern
held them together in a vortex over the city. The situation
persisted for five days with visibility so poor that people
were afraid to leave their homes in case they would get lost.

Hospitals were crowded and eventually the numerical
tally was made. There had been about 4,000 more deaths
than normal for a five-day period, with many of those who
died having pre-existing heart or lung disease. Deaths due
to chronic respiratory disease increased tenfold and hospi-
tal admissions for respiratory illness increased threefold.
Claims to the national health insurance system were 108 %
above normal.

The British didn’t immediately recognize the horrifying
nature of the incident but as details emerged, public think-
ing about air pollution and how it should be managed was
changed forever, not only in Britain but in Canada and other
countries as well. One person who experienced the London
Smog first hand and brought his interest in impacts of pollu-
tion on human health to Canada, was David Bates.

In Canada, this issue was first recognized in the late
1950s when damage was noticed to crops of tobacco
grown along the north shore of Lake Erie. The “weather
fleck” damage was shown to occur following higher than
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normal concentrations of ozone (50—150 ppb). Air quality
management in this period was driven by voluntary actions.
For example, the Sarnia region, heavily industrialized al-
ready, initiated the Sarnia-Lambton Environmental Asso-
ciation (SLEA) in 1952. It still monitors ambient environ-
mental conditions today, and shares information with the
community as well as government agencies.

At that time, air quality objectives were set in a two stage
process, with NRC providing a synthesis of the science of
the pollutant, and a Federal-Provincial Committee establish-
ing objectives by factoring in other dimensions.

Ground Level Ozone

Ozone was discovered by Schonbein in Basel, Switzerland
in the middle of the 19th century. He met Michael Faraday
when he was in England teaching German at a boarding
school and noted that an electric spark is often followed by
a memorable smell. Later, when he became a professor of
chemistry back in Basel, he was able to show that the smell
was caused by ozone, which he went on to show could be
intensely irritating (Ruben 2001).

It was noted in early aircraft such as the deHavilland
Comet that oxygen masks used at altitudes over 10,000 m
deteriorated rapidly. When Dr. David Bates joined the Royal
Victoria Hospital in Montreal in 1956, he was interested in
this problem in the context of how ozone might react with
peoples’ lungs. He did an experiment with the first DC-8
by putting rubber bands in places onboard the airplane and
running a control experiment with rubber bands in a box on
the ground, measuring ozone simultaneously in both places.
This experiment was made possible because ozone measure-
ment methods had just been developed. From this work it
was estimated that ozone levels in the cockpit would aver-
age about 50 ppb. Subsequently, the compressors controlling
cabin pressure in aircraft were modified to minimize ozone
releases reducing the symptoms that aircrew had complained
about (Young et al. 1962).

These early results encouraged Dr. Bates to focus on the
small airways of the lung and over the next few decades he
and other researchers developed a good understanding of the
effects of ozone exposure (Bates 2006). Inflammation in the
lung was found to be an early effect of ozone exposure, persist-
ing up to 24 h after the exposure ceased. It was later found that
although the lung responds to ozone exposure by thickening
its coating of mucus to recover functionally, this underlying in-
flammation may persist and damage the pulmonary structure.

It was recognized that ozone and other photochemical ox-
idants in lesser amounts could be formed in the atmosphere
by the photochemical oxidation of hydrocarbons and other
organic pollutants in the presence of nitrogen dioxide and
other pollutants such as aldehydes, ketones, alcohols, and
organic acids. In the Los Angeles area, peak values of 500—
750 parts per billion (ppb) in air by volume were measured,

and other American cities began to record clevated levels.
Mexico City and other big urban centers worldwide were
beginning to take a much more serious interest in air pollu-
tion. While it was still not absolutely clear what the specific
contributions of ozone and particulate matter were, it was
now very clear that air pollution causes significant human
health effects.

There are several key differences between the air pollu-
tion caused by ground level ozone and that caused by acid
rain. Ozone is not “released” from sources as a pollutant,
rather it forms in the atmosphere under certain conditions
(such as the presence of sunlight) from “precursors” which
are emitted. In fact nitrogen oxides, that are also part of the
acid rain issue, play an important role in the atmospheric
chemistry causing the formation of ozone. The other chemi-
cal family that is important in the process are the volatile
organic compounds (VOCs). In addition, it was later discov-
ered that the oxidants that were formed with ozone played a
role in the formation of acid rain and other acidic deposition,
thus relationships between air pollution and health can be
complex (Bates and Sizto 1987).

Over the next decades, in addition to Dr. Bates, other Ca-
nadian scientists became active in studying the health effects
of air pollution and this link between health scientists and air
quality became an important feature of Canadian air quality
management.

Dr. Rick Burnett, of Health Canada, pioneered use of data
available through our health care system to do statistical
analyses of large data bases on hospital admissions among
others. Dr. Burnett worked with colleagues in Canada at Har-
vard and worldwide, who followed up with work substantiat-
ing the health consequences of air pollution. He established
links with all the foremost authorities in the area, using pow-
erful statistical analyses to reveal relationships in huge data
bases. Studies done in the 1990s established the links be-
tween air pollution and health in many useful ways (Burnett
et al. 1994a, 1994b, 1995, 1997, 1998, 1999).

Dr. Jeff Brook pioneered making the complex measure-
ments needed to support studying the linkages between air
quality and health in the field. Once associations are found
from data, specific studies linking pollutant exposure to ef-
fects directly are important, as are characterizations of pol-
lutants, (Brook and Johnson 2000, Brook et al. 2002). More
about this in the next section on particulates.

The results of these studies have been important in de-
signing the most effective air quality management approach-
es. The ozone issue revolutionized the engagement of the
health community in air quality issues. With early analysis
based on Canadian hospital admission data, it was shown
that health effects were significant, piquing the interest and
engagement of a wider health expert community. A Canadian
NOx/VOC Assessment was published by Environment Can-
ada in 1996 through the Canadian Council of Ministers of
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the Environment (CCME), which had issued a Management
Plan for Nitrogen Oxides and Volatile Organic Compounds
(Phase 1) in 1990. The Assessment included several volumes
and presented a compelling, integrated overview of what
was known about ground level ozone at the time, including
the health dimension. As with the assessment work done on
acid rain, governments began to take action.

The CCME, previously mentioned, had coordinat-
ed work on National Ambient Air Quality Objectives
(NAAQO:s) since the mid-eighties. They also worked to-
wards “harmonization” of federal and provincial environ-
mental management policies and programs as described in
Chap. 15. While it wasn’t until the Canada-Wide Accord on
Environmental Harmonization was signed in 1998 that this
was formalized, this kind of thinking drove much of the air
quality management of the 1990s. The Accord was principle
based including consideration of: polluter pays, precaution,
pollution prevention, science-based, transparent, consen-
sus-based and inclusive (role for Aboriginals) and flexible
implementation.

The Federal-Provincial Working Group on Air Quality
Objectives and Guidelines (WGAQOG) had developed ob-
jectives for carbon monoxide, total suspended particulate and
sulphur dioxide in previous years. They now worked to de-
termine a “reference level” for ozone (a level above which
there are no demonstrated effects on human health and/or the
environment). This technical group took into account all the
latest work on effects and concluded that there was no such
level for ground level ozone. They then took a pragmatic ap-
proach to protecting the health of Canadians (Federal-Provin-
cial Working Group on Air Quality Objectives and Guidelines
1996, 1998, 1999). “The Canada-wide Standards for PM
and Ozone... represent a balance between achieving the best
health and environmental protection possible and the feasibili-
ty and costs of reducing the pollutant emissions that contribute
to PM and ground-level ozone in ambient air” (CCME 2013).

The CCME then coordinated action to lower smog lev-
els in problem areas of the country. In June 2000, the fed-
eral, provincial and territorial governments (except Quebec)
signed the Canada-wide Standards (CWS) for Particulate
Matter (PM) and Ozone which committed governments to
reduce PM and ground-level ozone by 2010. The CWS and
related provisions for ozone are: A CWS of 65 ppb, 8-hour
averaging time, by 2010; achievement to be based on the
fourth highest measurement annually, averaged over 3 con-
secutive years.

The CWS reflected driving principles such as: continuous
improvement and keeping clean areas clean. Since Canada
has an enviably clean atmospheric environment, these prin-
ciples were to stress that it is not acceptable to pollute up to
the level of the CWS, these are levels to be attained in areas
of higher pollution. Hence special measures are needed in
these areas as they develop to prevent pollution.

There is still further research to be done to clarify the time
scales on which health effects depend and to sort out the finer
details of the volatile organic compounds’ role in the chemis-
try of ozone. If there are health outcomes due to chronic low
level exposure that differ from outcomes of acute exposure,
the form of the standard may need revision to protect health
(Jerrett et al. 2009).

This is a very different approach to that taken in the USA
to protect their Class 1 areas. It is also notable that the CWS
does not explicitly consider visibility as an issue the way it
has been considered in the United States. See Chap. 8 and 16
for more details.

A number of “joint initial actions” by federal and provin-
cial governments were agreed to, including: providing more
thorough and timely air quality information to governments,
industry and the public by linking jurisdictional databases
of ambient air quality data and facilitating access to existing
public information; reducing emissions from the transporta-
tion sector and from residential wood burning; and devel-
oping national multi-pollutant emission reduction strategies
for: Pulp and Paper; Lumber and Allied Wood Products;
Electric Power; Iron and Steel; Base Metals Smelting; and
Concrete Batch Mix and Asphalt Mix Plants.

The complex atmospheric chemistry that takes precursors
and converts them over hours and hundreds of kilometers
into ozone presents a challenge not only to the chemist, but
also to the air quality manager. Recognizing that there is a
significant transboundary component to the ground level
ozone issue, in December, 2000, the Canada/U.S. Air Qual-
ity Agreement was modified by the addition of an annex on
transboundary management of the precursors of ozone in-
cluding specific objectives for volatile organic compounds
and nitrogen oxides, to reduce transboundary flows of tropo-
spheric ozone and their precursors.

Specific provisions related to transboundary flow were
written into the CWS as well. Canada and the U.S.A. each
declared a Pollution Emission Management Area (PEMA)
for the application of the Annex. For Canada it included
301,330 km? south of the 48th parallel from the Ottawa River
to east of Lake Superior. For the United States, the area was
comprised of the states of Connecticut, Delaware, Illinois, In-
diana, Kentucky, Maine, Maryland, Massachusetts, Michigan,
New Hampshire, New York, New Jersey, Ohio, Pennsylvania,
Rhode Island, Vermont, West Virginia and Wisconsin as well
as the District of Columbia. For Canada, the response was fo-
cused less on NOx from stationary sources and more on VOCs
from a number of vehicular and off-road engine applications.

In 2003, an update “Atmospheric Science of Ground-level
Ozone: Update in Support of the Canada-Wide Standards for
Particulate Matter and Ozone” was released (CCME 2003).
It concluded that the overall science had not changed dra-
matically since the 1996 assessment but that action should
continue on the basis of those recommendations.
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In 2007 a detailed “Guidance Document on Achievement
Determination” for CWS was developed under the CCME
by a Working Group on Monitoring and Reporting having
largely similar membership to the Working Group on Air
Quality Objectives and Guidelines (CCME 2007).

In the 2012 Progress Report under the Canada/US Air Qual-
ity Agreement, there is a table that shows preliminary 2010
emissions from the United States and Canadian PEMA. There
are NOx reductions mainly from on-road mobile sources and
electric power generation. VOC reductions are primarily form
on-road and nonroad mobile sources and solvent utilization.
In general, over the last decade, on-road vehicle emission re-
duction has driven the overall decline in emissions.

Particulate Matter

As has already been discussed, advances in the manage-
ment of air quality in Canada have been linked closely to
advances in associated sciences, especially monitoring. It
is similarly true with particulate matter. Of course the Trail
Smelter and other large industries had been known to pro-
duce large amounts of “smoke” and the “smog” incidents as-
sociated with ozone exposure had also been associated with
visibility impairments, but it wasn’t until the mid-twentieth
century that the solid dust which was transported by the at-
mosphere began to be characterized as “particulate matter”
and studied and eventually managed as a separate issue. The
smog” events discussed in the section on ground level ozone
were, of course, particulate events as well and the two issues
tended to be managed as one until the science developed suf-
ficiently to provide relatively clear characterizations of the
pieces requiring different approaches to management.

In Canada and the United States, the highly industrialized
Detroit River area was the subject of complaints from peo-
ple in the 1940s. This area contains the cities of Detroit and
Windsor as well as a number of smaller municipalities. Gov-
ernments gave a reference to the International Joint Commis-
sion in January, 1949, to protect public health and welfare on
either side of the international border from industrial emis-
sions, including those from vessel traffic on the river.

Under the leadership of Morris Katz, a sampling study
was designed using accordion-pleated filters in high volume
samplers which filtered the air at a measured rate of about
50 cubic feet per minute. First, a six week study was con-
ducted at 32 sampling sites in Detroit, which was followed
by a similar study at 25 sites in and around Windsor. The
total weight of particulates was measured and samples were
analyzed for silicon, calcium, aluminum, iron, magnesium,
lead, manganese, copper, zingc, titanium, tin, molybdenum,
barium, nickel, vanadium, chromium, cadmium, beryllium,
antimony, and cobalt (in decreasing order of results by medi-
an weight). These measurements were used to select high and
low pollution areas in Detroit and Windsor which contained
well defined population groups. This work was followed up

by a health pretest in 1953 in which field trials of question-

naires were carried out. The Detroit Health Department and

the City of Windsor participated by studying general health
and medical care records.

Several interesting outcomes resulted from this work:

e Vessel emissions of black smoke, fly ash, and gaseous
combustion products were found to be particularly objec-
tionable because of their nearness to residential, recre-
ational and civic land uses. A voluntary control program
was initiated in 1954 sponsored by the IJC with the coop-
eration of the Lake Carriers and Dominion Maritime
Associations as well as conversion of vessels for more
efficient fuel-burning.

e In the organic fraction, more than 20 metallic elements
were identified as well as chlorides, sulfates, nitrates,
fluorides, and carbonates. The distribution of lead was
correlated with the density of vehicular traffic.

e Organic constituents began to receive increased atten-
tion as they were recognized as potent carcinogens. The
increasing incidence of lung cancer was associated with
exposure to polycyclic aromatic compounds in particular
the benzopyrenes in the atmosphere.

This work and its results indicate that it was recognized early

on that particulate matter is exceptionally inhomogeneous in

the atmosphere and that it varied enormously in composi-
tion depending on its source and the atmospheric processes
to which it was exposed.

In the 1950s, dustfall was measured in many Canadian
cities. Suburban levels were found to be rather constant with
large variations in the industrial and commercial areas of a
city. The air in downtown and industrial sections contains
about twice to more than three times the air-borne dust found
in suburban zones. It was recognized early that smoke par-
ticles of submicron size contribute very little to the weight
of air-borne dust but influence soiling and visibility charac-
teristics. Filtering air through paper tape and measuring the
optical density of the stain deposited led to the Coefficient of
Haze (CoH) per 1000 ft of air. The highest levels were found
during the heating season winter months and minimum lev-
els in the summer. Weekly and daily cycles were also noted
with levels lowest on weekends and highest in the mornings,
about 8-9 a.m.

Robert Edward Munn was born in 1919 in Winnipeg,
Manitoba and graduated from McMaster University in 1941.
He joined the Meteorological Division of the Canadian De-
partment of Transport, forerunner of the Atmospheric En-
vironment Service (AES) after graduating, and trained as
a meteorologist in Short Course and Advanced Course #3.
After initial postings, he completed an M.A. degree in 1946,
was posted to Gander, Newfoundland, and then moved to the
Public Weather Office in Halifax after the war ended. There
he began to write and publish technical papers such as “A
Survey of the Persistence of Precipitation at Halifax”.
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In 1956, Ted went to Windsor, Ontario, as an air pollution
meteorologist. He published “Suspended particulate concen-
trations: Spatial correlations in the Detroit-Windsor area” in
Tellus in 1975 based on the data set collected under the aus-
pices of the IJC on total suspended particulate (Munn 1975).
The data were collected every third day from September,
1967 to November, 1968. This paper linked the air quality
data firmly to meteorological conditions and, by noting the
patterns in the urban areas were less homogeneous than in
the rural areas, gave early hints that particulates could be
both a short range and a longer range air pollution issue.

After retirement from the public service after 35 years,
Ted Munn started a new career as an Associate Professor at
the Institute for Environmental Studies at the University of
Toronto in 1977. He led the environment program at the In-
ternational Institute for Applied Systems Analysis (IIASA)
and was on the editorial boards of over 15 journals. He ed-
ited “Boundary Layer Meteorology” for 25 years and was
recognized in the 25th Anniversary Volume in 1995 (Taylor
et al. 1995). In 2003, the Encyclopedia of Global Environ-
mental Change, consisting of five theme-oriented volumes
each edited by a distinguished expert was published by
Wiley. Ted Munn, as the overall editor, endeavoured to have
the 3400 page story consistently in one voice for ease of
reading.

When the National Air Pollution Surveillance Program
(NAPs) was set up in 1969, in addition to sulphur dioxide
and nitrogen dioxide, it measured Total Suspended Particu-
lates (TSP). The changes in understanding of the health im-
pacts of particulate matter over the years have translated into
major monitoring transitions which make the derivation of
long term trends difficult (Sirois 1998).

Air pollution scientists over the next decades focussed
on the management of the issues most amenable to manage-
ment, acid rain and ground level ozone and stuck with a sim-
ple model of particulate matter. In 1971, the United States
Environmental Protection Agency (US EPA) set standards
for Total Suspended Particulate: an annual geometric mean
of 75 pg/m? (primary health based) and a 24 h average of
260 pg/m? (primary) and 150 ug/m? (secondary environmen-
tal) not to be exceeded more than once per year.

In the meantime, a wide variety of research was done
looking at health effects of air pollution (Samet et al. 2000).
These studies, while often exploratory, laid the foundation
for an explosion of studies on air pollution and health start-
ing in the 1980s, which focussed on particulates. For ex-
ample, the aforementioned OECD report of 1981 drew from
these studies and focussed on the inhalation of sulphate aero-
sols as the key acidic atmospheric component in acid deposi-
tion causing the morbidity health effects that were estimated
in the study. The role of nitrogen oxides was also explored
(Brook et al. 2007a). The role of the transportation sector in
urban settings was also studied (Brook et al. 2007b).

Unfortunately, with the advent of such a focus on health
effects as a driver for management decisions, there are still
great uncertainties as to the role that the constituents of par-
ticles play in their responsibility for observed health effects.
Size of particles has been shown to be significantly associ-
ated with health effects, with coarse particles being respon-
sible for less health effects than fine. Typically particulate
matter with diameters between 10 and 2.5 pum is considered
‘coarse’, particulate matter of 2.5 um or less in diameter,
PM, s, is classified as ‘fine’ (PM,, is the combination of
coarse and fine) and particulate matter with diameter less
than 0.1 um or less being referred to as ultrafine. Hence, ef-
forts to regulate particles focus on standards and guidelines
for ambient levels of particles of certain sizes. Scientists also
determined that sulphate and nitrate aerosols accounted for
a very large portion of the effect of PM, 5. This connected
PM, 5 to acid rain and ozone and supported the concept of
“one atmosphere”. Air Quality Managers could no longer
address each pollutant separately and atmospheric models
that were used in assessing air quality control strategies em-
braced this concept.

The emissions of particulates are also complex with both
primary and secondary routes being important. Coarse parti-
cles come mainly from crushing and abrasion processes (e.g.
road dust, airborne soil, pollen, plant and animal fragments).
Both primary (directly emitted) and secondary (formed in
the atmosphere) fine particulate come from combustion
processes such as transportation and power generation and
can include a wide array of constituents from heavy met-
als to elemental and organic carbon as well as sulfates and
nitrates. One comprehensive summary of the state of knowl-
edge about emissions was done under NARSTO (Hidy et al.
2003). NARSTO was a tripartite organization (Canada/US/
Mexico) which carried out several large assessments includ-
ing one on particulate matter.

Particulate matter can remain suspended in the atmo-
sphere for timeframes up to weeks, depending on size and
other properties. It is removed from the atmosphere by wet
and dry deposition. Levels can be quite variable spatially.
Some idea of this with respect to PM, 5 has been established
from monitoring, but measurements for PM,, and ultrafines
are not dense enough to define the distributions and their
variability.

The United States revised its approach to managing par-
ticulate matter when in 1987 it brought in a standard for
PM,,. A 24 h average of 150 pg/m’ was not to be exceeded
more than once per year on average over a three-year period
and an annual arithmetic mean, averaged over 3 years was
not to exceed 50 pg/m?>.

Particulate matter was recognized as much more complex
than earlier air quality issues. From a scientific perspective
was it the size of the particle that was the major concern,
the chemical components of the particle, or its chemical
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reactivity, or perhaps a mixture of all of these factors? The
sheer volume of scientific work done in the past several de-
cades is formidable, and the bottom line is that in spite of
active air quality management programs in place, the final
word is not in on a number of important scientific issues.
While this leaves challenges for air quality management, it
is clear that reduction of air pollution can have significant
health benefits, see Chap. 7.

In order to get a firm grip on the effects of air particles on
human health and hence design management approaches to
reduce these effects, it would be helpful to understand that
the observed effects are biologically plausible and thus that
the air pollution is causing the health detriment. It turns out
that this is very difficult to establish. One of the key tools
which would help air quality managers would be a dose-
response curve relating exposure to the severity of health
effects.

Inhaled particulate from smoking is much more con-
centrated than that experienced from most ambient air. The
dangers of smoking were established over this period and
a profound cultural change has taken place to see far fewer
smokers than in the past. If dose response was linear, we
would expect that these changes would constitute a powerful
air quality management program which would significantly
reduce health impacts of particulates. It is emerging, how-
ever, that an empirically estimated dose-response function
is relatively steep at very low levels of exposure, has no
“threshold” for effects, and flattens out at higher levels of
exposure.

To support air quality management, it is important not
only to show that health effects are caused by an issue, but
also that reductions in exposure result in risk reductions.
There remains work to be done to clarify why combustion-
related fine particles appear to cause the bulk of health ef-
fects and what the synergistic effects of co-pollutants might
be among other things.

In the presence of arguably more science than any other
air quality issue, but in the absence of a clear concise and
well agreed ‘story’ integrating all the pieces, air quality
management of particulate matter in Canada is still evolving
as will be seen in Chap. 7. However, the CCME included
particulate matter in the development of CWS with ground
level ozone in 2000. The CWS and related provisions for PM
are: A CWS for PM, 5 of 30 pg/m?, 24 h averaging time, by
year 2010; achievement to be based on the 98th percentile
ambient measurement annually, averaged over 3 consecutive
years.

In 2004, a joint scientific assessment of particulate matter
was done under the auspices of the Canada/US Air Quality
Agreement and found that atmospheric particulate is a bi-
national issue with transboundary significance. It was agreed
to discuss the issue further with a view toward eventually
developing an Annex to the agreement similar to the Ozone

Annex. There have been further discussions since this time
and it will be interesting to see whether, and in what forum
this issue is pursued.

The US EPA revised standards in 2006 to include a PM, 5
24 h standard of 35 pg/m? as 98th percentile, averaged over
3 years and an annual arithmetic mean, averaged over 3 years
of less than 15 pg/m? and a PM,, 24 h standard of 150 pg/m?
not to be exceeded more than once per year on average over
a 3 year period. The review cycle of the PM,s standard will
be completed in late 2016 and will include yet another level
of science.

In Canada, a number of management issues were recog-
nized early on. While particle size is proxy for health effects
to a degree, with smaller particles being more harmful, until
recently there has been no national monitoring program in
place, based on standardized methodologies and having ap-
propriate levels of data management and analysis to develop
the basic data about particulate levels across Canada. As
already pointed out, historically it has not been clear what
would be best to measure to support air quality management.
Chap. 3 gives an overview of the monitoring ongoing at
present in Canada. Jeff Brook has also conducted a number
of specific local studies to establish particulate characteris-
tics (Brook et al. 2004) and pioneered sophisticated mobile
techniques to do so (Levy et al. 2012).

In contrast to acid rain, which tends to have a few major
sources which dominate (smelters, electrical generating sta-
tions), the sources of particulate matter are extremely varied.
The National Pollutant Release Inventory (NPRI) was de-
signed to capture the emissions of large sources of pollut-
ants; small sources are not required to report.

Beyond the issue of particle size, there is the issue of
particle composition. There are indications that some par-
ticles are much more “active” in causing health responses
than others. Currently there are no measurements of ambient
constituents of particulate matter being carried out nationally
according to agreed protocols. Thus it will be some time (de-
cades at least) before we see a fully evidence-based approach
to management of particulates. While the health science is
moving towards certainty about health impacts of particulate
matter, the physical science side is still not in a good posi-
tion to respond to the health driver with crisp approaches
to management of the issue. See Chap. 20 for some future
directions.

In 2008, a Canada-United States Border Air Quality Strat-
egy was announced having three joint projects:

e The Great Lakes Basin Airshed Management Framework;
e The Georgia Basin/Puget Sound International Airshed

Strategy; and
e A study on the feasibility of Emissions Trading for nitro-

gen oxides and sulphur dioxide.

How these initiatives would intersect with the proposed way
forward on air quality management laid out in a Notice of
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Intent published in the October, 2006, Canada Gazette by the
Ministers of Environment and Health “to develop and im-
plement regulations and other measures to reduce air emis-
sions”, mainly under CEPA and Canada’s Clean Air Act, is
not very clear. The departments link air quality to climate
change in the Gazette and propose a variety of measures to
address both, with an early focus on the transportation sec-
tor. This sector has seen the development of a number of
new regulations. Key elements include: emission targets and
timelines, compliance options, and compliance assessment,
monitoring and reporting, mostly bringing Canada in line
with American regulations. A key part of this approach was
asking the National Round Table on Environment and Ener-
gy (NRTEE 2008) for advice on national objectives for am-
bient air for particulate matter and ozone for the future and
national emission reduction targets for a variety of chemicals
for 2050 as well as actions on greenhouse gas reductions.
With the dissolution of the NRTEE at the end of March 2013,
it will fall to the CCME to continue to manage the direction.
Some possible future directions are outlined in Chap. 20.

Sulphur in Gasoline

One piece of a uniquely Canadian approach to dealing with

these complex air quality issues has been to use the Canadian

Environmental Protection Act (see Sect. 2.2.4.4) to regulate

the level of sulphur in gasoline. The Regulations now limit

sulphur in gasoline produced, imported or sold to an average
level of 30 mg/kg with a never-to-be exceeded maximum of

80 mg/kg. While a thorough discussion of the current state

of “Transportation Emissions; Sources and Regulations” is

given in Chap. 10, the historical approach to regulating this
area is a Canadian success story.

This initiative started well before the Notice of Intent
when the CCME initiated a Task Force on Cleaner Vehi-
cles and Fuels in 1994 to develop options for “a national
approach to new vehicle emission and efficiency standards
and fuel formulations for Canada, recognizing regional/
urban realities”. The Task Force undertook the first explicit
cost/benefit studies nationally in Canada with respect to air
quality management “Environmental and Health Benefits
of Cleaner Vehicles and Fuels (Hagler Bailly Study)”. The
results were based on the latest science of the time, and, al-
though not perfect, followed study protocols that set the bar
for work to follow. They also convincingly made the case
for benefits from regulations in the tens of millions of dol-
lars range.

In their report (Environment Canada 1995), the Task
Force recommended, that:

e (Canada adopt tighter new vehicle emission standards in
harmony with the U.S. (including that Transport Canada
should update regulations under the Motor Vehicle Safety
Act to harmonize with standards currently in regulations
under the U.S. 1990 Clean Air Act).

e The federal government in concert with the provinces and
stakeholders through the National Air Issues Coordinat-
ing Committee move toward making advanced technol-
ogy vehicles available for sale in a timely manner.

e The provincial governments consider a menu of actions
including development of inspection and maintenance
programs, early retirement of high-emitting vehicles,
transportation demand management, remote sensing for
high emitting vehicles and vapour recovery at gasoline
service stations.

e Ministers endorse fuel efficiency improvement through
changes in driver behaviour, improved on-road effi-
ciency, purchase decisions of more efficient vehicles, and
improved vehicle fuel efficiency technology.

e Environment Canada lead the development and imple-
mentation of a regulated national standard to ensure pro-
vision of 100 % on-road, low-sulphur diesel.

e Environment Canada, in consultation with provinces and
stakeholders, lead in the development and implementation
of a regulated minimum national standard for gasoline.

e Environment Canada, with direct involvement of the
provinces and other stakeholders, establish an effective,
continuing process to ensure a coordinated approach on
vehicle and fuel emission control programs; and Environ-
ment Canada report to CCME Ministers on actions taken
with respect to implementation of these recommendations.

It is interesting to note that these recommendations have

been followed up and resulted in a remarkably coherent and

effective regulatory approach to on-road transportation in

Canada. The 2006 Notice of Intent and all that has followed

show remarkable consistency over a lengthy period of time

in federal-provincial discussion.

2.2.4 AirToxics

Management of Air Toxics has taken very different routes
depending on a variety of factors. There are air toxics, such
as heavy metals and persistent organic pollutants (POPS) that
have been seen to have environmental and health effects, and
hence, like the issues already discussed, have had actions to
address them due to the smoking gun. There are many other
toxic chemicals that may or may not have an air pathway
or effects related to an air pathway but which are subject to
screening and the possibility of management. These families
of toxics have had rather different management pathways.
Toxic chemicals in the atmosphere are even more com-
plex than particulate matter because of their huge range of
physical and chemical properties and the ways they can inter-
act with other chemicals, the environment and human health.
Because of this complexity, a comprehensive presentation of
the history of air toxics management is beyond the scope of
this chapter. Rather than attempt to cover the whole, a few
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key elements of the history of air toxics management will be
presented in the context of the chemicals that are managed.
There remains a lot to be done in this area, not only in Cana-
da, but globally as well. That being said, the science has en-
sured that the most dangerous chemicals are being addressed.

The issues that have already been discussed have been
isolated from atmospheric components at large because of
their specific impacts on health or the environment. Part of
the challenge with air toxics is that the impacts are extremely
diverse and, in some cases, subtle. In addition, while the at-
mosphere may be a transport mechanism for some of these
toxics, the atmospheric pathway may not be the source of the
exposure of concern, which might be through consumption
of contaminated fish, for example.

The Great Lakes Water Quality Agreement (GLWQA)
Growing public concern about the deterioration of environ-
mental quality in the Great Lakes stimulated research on the
inputs and behaviour of pollutants in the Lakes in the 1960s.
At that time governments moved toward regulating discharg-
es work on source, fate and effects of pollutants in the Lakes.
The first Great Lakes Water Quality Agreement (GLWQA)
was signed between Canada and the United States in 1972.
The focus of the first work was to limit the input of phospho-
rus to the Lakes, which soon had success.

In the 1970s it was observed that the nests of the com-
mon terns around Hamilton Harbour were filled with eggs
that had failed to hatch. Some of the eggs contained dead
embryos while some of the chicks that hatched had severe
deformities such as crossed bills. Meanwhile, on Lake Su-
perior, double-crested cormorants were having reproductive
problems, with their eggs having much thinner shells than
usual. In addition, more and more fish throughout the Lakes
were found with tumours, particularly of the liver.

A number of studies were done which linked such chemi-
cals as dicholorodiphnyl dicholorethylene (DDE), a form of
the insecticide dichlorodiphenyl trichloroethane (DDT), and
polychlorinated biphenyls (PCBs) to the observed effects.
Levels of these sorts of chemicals in the environment had
previously been in the parts per billion, but autopsies of wild
birds showed levels as high as 150 ppb of DDE and 300 ppb
of PCBs. It was recognized that the birds were bioaccumu-
lating toxic chemicals through the food chain. Micro-organ-
isms such as plankton absorbed toxic chemicals and were
consumed by fish. The fish stored the toxics in their fatty
tissue. The birds, being at the top of the food chain, ate the
fish and accumulated levels of toxics many times higher than
in the environment.

In 1977, at Isle Royale, in Lake Superior, a study of fish
from Lake Siskiwit (a landlocked lake on the island) revealed
the presence of toxic chemicals including the pesticide toxa-
phene, which had never been used on the island. In addition,
toxaphene was detected in the rain.

Scientists at the then Atmospheric Environment Service
of Environment Canada began a measurement study at the
Centre for Atmospheric Research (CARE) at Egbert, On-
tario, a rural site away from obvious urban influences. They
found that highest values occurred in the summer, and that
these high values were episodic in nature. They used back
trajectory modelling techniques to show that sources of
these chemicals were often the southern USA. Many of the
pesticides that were found were known to be extremely per-
sistent. While chemicals such as toxaphene and DDT had
been banned in the US and Canada, they were still used in
Mexico, Central America and other parts of the world. Thus,
for the Great Lakes, atmospheric transport accounts for a
surprisingly high amount of toxic chemical deposition into
the Lakes (Environment Canada 1994).

This work triggered an interest in a group of chemicals
which are persistent organic pollutants or POPs. POPs are
very stable chemical compounds and consequently can last
in the environment for years or decades. They are also bio-
accumulative, meaning they can concentrate in living organ-
isms and accumulate up the food chain through fish, preda-
tory birds, mammals and humans (Hoff et al. 1994).

The use and production of polychlorinated biphenyls
(PCBs) peaked in the 1960s and are now declining. The
Lakes effectively “breathe” such POPS with concentra-
tions in the open lake waters (around 100-300 pg/L) being
in equilibrium with the air. The atmosphere, especially in
urban industrial areas, can be the major source of PCBs to
the Lakes (Strachan and Eisenreich 1988).

When the Great Lakes Water Quality Agreement
(GLWQA) was signed in 1978, little was known about this
issue. However, by 1987, when the Agreement was revised,
Annex 15 was added and was, perhaps, the most prescriptive
agreement in place between two countries anywhere in the
world. Under this Agreement, Canada and the United States
were to operate an Integrated Atmospheric Deposition Net-
work (IADN) which was to monitor atmospheric levels of
a slate of toxic chemicals to be developed by the countries
and reviewed by them. The US Congress helped get [ADN
established by giving EPA a 1 year deadline in 1990 to get
this network established. Thus, the Canada-US partnership
received a boost. Operation of the Network was governed by
a formal Binational Implementation Plan approved by Can-
ada and the United States in June, 1990. The stations were
set up as “background” stations to measure pollutants at a
regional scale.

In the United States, the Great Lakes Toxic Substances
Control Agreement was agreed to by state governors in 1986
followed by a $100 million Great Lakes Protection Fund
in 1989. On the Canadian side, in the 1980s the Ontario
Ministry of the Environment spent $280 million on a pro-
gram to remediate Areas of Concern and local hot spots
(MacDowell 2012). In April, 1997, Canada and the United
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States adopted the Great Lakes Binational Toxics Strategy
(GLBTS) for virtual elimination of persistent toxic substanc-
es in the Great Lakes.

Regular peer reviews of the IADN were done over the
years and the most recent, in 2010, included the suggestion
that TADN should be integrated with other monitoring activi-
ties in the U.S.A. and Canada.

The new GLWQA, which has been revised in September,
2012 has removed the air quality aspects. Sadly, there is no
other mechanism under which such monitoring of air toxics
will be done on a routine basis.

The Northern Contaminants Program (NCP)

When chemicals were measured in the Arctic that were not
used or produced there, it was postulated that these were de-
posited from atmospheric transport due to the “grasshopper”
effect. Warm temperatures lift or volatilize toxic chemicals
out of the soil to be carried by the wind. The chemical can
condense onto particulates if the temperature drops. The
chemical can deposit directly on a surface in dry deposition
or can be washed and wet deposited by rain or snow. This
process can happen many times over days or decades like
the hopping of a grasshopper. On the global scale, toxics
volatilize from tropical and temperate soils and migrate to
colder regions. Hence, a few years after banned pesticides
were found in the Great Lakes, they were found in the breast
milk of Northern peoples.

POPs can enter the human system through traditional
foods such as beluga muktuk (skin) and seal blubber. Ab-
original peoples, who rely heavily on such country foods,
are particularly affected. Some POPs can be passed on from
mother to child across the placenta, or through breast milk.

The Northern Contaminants Program (NCP), co-ordinated
Canada’s action on northern contaminants, including POPs,
both nationally and internationally. A multi-disciplinary ini-
tiative, funded by the Government of Canada, the NCP ad-
dressed health, science and communications issues related to
contaminants in Canada’s Arctic. It was established in 1991
through the Government of Canada’s Green Plan and Arctic
Environmental Strategy (AES). Data immediately began to
be collected and analyzed on air pollution issues in the North
(Fellin et al. 1996) building on a solid base of existing Cana-
dian research (Barrie 1967).

The NCP aimed at reducing, and where possible, elimi-
nating contaminants in country foods harvested in the North,
while providing information that assists decision-making by
individuals and communities in their food use. Managed by
a committee chaired by then named Indian and Northern Af-
fairs Canada (INAC), comprised of four federal government
departments (Indian and Northern Affairs Canada, Health
Canada, Environment Canada, Fisheries and Oceans Canada),
the territorial governments (Nunavut, Northwest Territo-
ries, the Yukon) and representatives of Northern Aboriginal

organizations including Inuit Tapirisat of Canada (ITC), Inuit
Circumpolar Conference (ICC), Dene Nation and the Council
of Yukon First Nations, the NCP set new standards for trans-
parency and applicability of atmospheric science.

Phase I of the Northern Contaminants Program (1991-
1997) was followed by Phase II (1998-2003), which empha-
sized quantifying risks and focussing research on the effects
of contaminants on human health. A Canadian Arctic Contam-
inants Assessment Report II (NCP 2003) focussed on health
issues relevant to all northern consumers of country foods,
including Quebec and Labrador Inuit. Canadian scientists
stepped forward as world leaders in understanding the com-
plexities of mercury in the Arctic, the linkages between the
coming of Arctic spring to complex atmospheric chemistry,
and particulate matter in the North among many other topics.

POPs can travel great distances around the globe
through the atmosphere and hence require international
action to manage. Most POPs substances of concern have
been banned or severely restricted in Canada for years, but
they are still produced, used and stored as waste in a num-
ber of other countries. The vast majority of POPs entering
Canada’s environment, as a result of transport through the
atmosphere, come from foreign sources, in particular: the
United States, Mexico and Central America, certain eastern
European countries, including Russia, and certain southern
and southeastern Asian countries. As a result, reductions of
international releases of POPs are required to ensure contin-
ued environmental progress in Canada generally and in our
North in particular.

Efforts to reduce POPs and also heavy metals such as
mercury and cadmium (see Sect. 2.2.4.3) began in many in-
ternational fora. The Canada-US-Mexico Commission for
Economic Cooperation (CEC) established a North Ameri-
can program on Sound Management of Chemicals which
set up working groups on DDT, mercury and other POPs.
The LRTAP program of the UNECE set up working groups
on POPs and Heavy Metals which developed protocols for
the member Countries to sign. It was also realized that the
“transfer matrix” concept developed for acid rain could be
applied to some of the POPs and heavy metals.

While these regional programs were successful at re-
gional scales, the most significant negotiations to reduce or
eliminate emissions of POPs on a global scale began under
the auspices of the United Nations Environment Programme
(UNEP) in Montreal in June of 1998. The intent of the UNEP
POPs Convention is to bring all countries under the umbrella
of a single global agreement. Twelve POPs were targeted by
the draft agreement reached in Johannesburg, South Africa,
December 10, 2000. These fall into three broad categories:

e Pesticides—DDT, chlordane, toxaphene, mirex, aldrin,
dieldrin, endrin, heptachlor.

e Industrial chemicals—PCBs, hexachlorobenzene.

e By-products and contaminants—dioxins and furans.



34

A. McMillan and G. Foley

In March of 2000, Canada became the first country to make
a specific funding commitment, $20 million, for POPs ca-
pacity building in developing countries and countries with
economies in transition. This funding helped those countries
find alternatives to the use of POPs, such as DDT. This com-
mitment was well received by the developing world, and
helped the final negotiating session to reach agreement to
provide new and additional funding and technical assistance
to developing countries and countries in transition to meet
their obligations to minimize and eliminate POPs.

Canada is a leader in the science of identifying and as-
sessing past and current sources of POPs, and in predicting
global movement through the atmosphere. Canadian scien-
tists have improved the ability to detect POPs in rain and
snow and have contributed to tracking the accumulation of
these chemicals up the food chain and into humans. These
developments are the basis for policy decisions and action
both in Canada and on the international scene. In parallel
with some of this work, the Arctic Council was formed and
initiated an Arctic Monitoring and Assessment Program
(AMAP). Canadian scientists were active in the production
of the first AMAP assessment (AMAP 1998) and in fact Ca-
nadian Russel Shearer of Aboriginal Affairs and Northern
Development Canada (AANDC) currently chairs AMAP in-
ternationally.

As introduced above, within the North American region,
Canada has also developed regional action plans with Mexi-
co and the United States on chlordane, DDT and PCBs under
the North American Free Trade Agreement’s Commission
on Environmental Cooperation. Regional action plans are
being considered for lindane as well as for dioxins, furans
and hexachlorobenzene.

While the United States is interested in northern contami-
nants, especially as they impact on the State of Alaska, there
has not been the same level of collaboration on air issues
along the Northern border between the US and Canada as in
the Great Lakes Region. The International Air Quality Board
of the 1JC presented recommendations to the IJC Commis-
sion regarding air pollution along the northern border (IJC
March 2010, August 2010, April 2012), but there is no
mechanism such as the Canada/US Air Quality Agreement
by which to take them forward.

In 2008, Canada participated in the International Polar
Year (IPY). Under that program some of the work led by
Haley Hung was supported to look at the movement of
POPs across the Pacific and into Canada’s North, in a natu-
ral extension of some of her earlier NCP work (Hung et al.
2005). Canadian scientists led many significant projects on
a wide range of topics which was culminated by a major in-
ternational conference held in Montreal in 2012. Following
this major effort, support for Arctic air quality research has
dwindled except in direct connection to initiatives such as
the Beaufort Regional Environmental Assessment (BREA).

Heavy Metals

In Sect. 2.2.2.1 the Sudbury Superstack was discussed in
the context of acid rain, but identified as a source of heavy
metals as well. No air pollutant has a longer history than
heavy metals, because these have occurred naturally in the
environment since the dawn of time. There are many an-
thropogenic sources of heavy metals as well. Some major
sources are smelting, iron and steel production, fossil-fired
generating stations, industrial boilers, cement kilns, vehicles
and engines, waste incineration and some products such as
fluorescent lights.

The range of effects of heavy metals is wide. Some, like
lead and mercury are toxic, while others such as zinc and
selenium are essential micronutrients for good health. In this
chapter a brief summary of the history of lead and mercury
management in Canada is given as an introduction to the
topic.

One of the biggest success stories in the management of
air pollution is lead. Being very soft and pliable and highly
resistant to corrosion, it was ideal for use in plumbing as well
as for the manufacture of pewter. Ancient Romans also used
it as a cosmetic. More recently, it was also used in paints
and to solder food cans and water pipes. In the early 1900s,
lead was already recognized as toxic, with the main observed
cause being leaded paint. If children ingested this paint it
was known to cause seizure, coma, and possibly learning
disabilities or death.

In 1922 tetraethyl lead was added to gasoline to improve
engine performance. While lead exposure had been largely
due to ingestion, this step made the atmospheric pathway
for lead more important. Five workers in an American Ethyl
plant died of exposure in 1924 after going insane.

Industries refused at first to take any responsibility for
these health impacts, claiming that children who ate paint
were subnormal to begin with and that plant workers were
working too hard. They also pointed to the fact that lead is an
element that is present in soils and air naturally.

It wasn’t until Clair Patterson (an American geologist)
analyzed ice cores from Greenland in 1965 and showed that
levels of lead in the recent years were much higher than in the
past, that industry took note. In the face of data showing that
people in the U.S. had blood concentrations of lead 100 times
higher than the “natural” level, action was quick to come.

United States President Nixon signed the Clean Air Act
(CAA) of 1970 into law on December 31st, and the Envi-
ronmental Protection Agency, formed on December 2, was
given the responsibility of lowering emissions of hydrocar-
bons, carbon monoxide and nitrogen oxides as well as the
emissions of lead. Eventually the Consumer Product Safe-
ty Commission followed and lead in paint was banned in
1976. It wasn’t until the 1990 amendments to the CAA that
lead in gasoline was to be phased out by 1995. In 2008, the
EPA tightened standards again requiring industries to reduce



2 AHistory of Air Quality Management

35

levels to.15 pg/m3. The new standard is 10 times more re-
strictive than previous requirements.

In Canada, the first Clean Air Act was passed in 1970 and
the Canadian Department of the Environment was formed
in 1971. One of the first items on the agenda was lead (the
others were asbestos, mercury and vinyl chloride). Lead was
one of the first substances to be considered under the Envi-
ronmental Contaminants Act and was then added to the List
of Toxic Substances (Schedule 1) of the original Canadian
Environmental Protection Act (CEPA).

These measures have worked and levels of lead in the
atmosphere have plummeted. While continued efforts to re-
duce levels are necessary given the serious nature of poten-
tial health impacts from lead and the fact that people today
have several hundred times more lead in their blood than
people did a century ago, it remains one of the best success
stories in environmental management to date.

Meanwhile, one of the ongoing challenges is mercury in
the environment.

Throughout the ages mercury has found uses with the
compound cinnabar (HgS) providing the red colour used in
pre-historic cave paintings. Metallic mercury was known in
ancient Greece where it was used to lighten the skin. In med-
icine mercury was used as a cure for syphilis, mercury com-
pounds have also been used as diuretics (calomel (Hg,Cl,)),
and mercury amalgam is still used for filling teeth in many
countries.

Mercury is one of the few heavy metals that can be in
the gaseous form in the air. It has a long residence time and
hence can be transported thousands of kilometers in the
atmosphere. In addition to being released from industrial
sources as outlined above, mercury is found in a number of
products including fluorescent lamps, thermometers, batter-
ies and dental amalgam to name but a few.

In the environment, inorganic mercury is converted to
organic compounds, such as methyl mercury, which is very
stable and accumulates in the food chain. Until the 1970s,
methyl mercury was commonly used for control of fungi on
seed grain.

Health effects of inorganic mercury are rare but include
neurological damage that is reversible after exposure is
stopped. Mercury is an allergen and may cause contact ec-
zema. The effects of mercury amalgams used in dentistry are
still controversial with some people claiming that they have
symptoms associated with their fillings.

Health effects of organic mercury include nervous sys-
tem damage. The Minamata catastrophe in Japan in the
1950s was caused by methyl mercury poisoning from fish
contaminated by mercury discharges to the surrounding sea.
Another mercury tragedy occurred in Iraq in 1971, when
6,500 people were hospitalized and more than 400 died after
eating grain treated with a methyl mercury fungicide. The
grain was intended for planting, but the residents mistook

it as edible and ground it into flour, unaware that the bread
they were making was deadly poisonous. Most of what we
know today about the effects of mercury poisoning comes
from studies of the people who were poisoned in Japan and
Iraq.

Several serious incidents of mercury contamination oc-
curred in Canada soon as well. In 1969, a pulp and paper
mill contaminated the English-Wabigoon River system near
Dryden in northwestern Ontario. The mill’s chlor-alkali
plant used mercury to manufacture chlorine that, in turn,
was used to bleach paper. Eventually the mercury was dis-
charged to the local waterway, polluting the fish in the Eng-
lish-Wabigoon River system, making them unfit to eat and
threatening the health and disrupting the livelihood of the
local population that depended on the fish. The White Dog
and Grassy Narrows First Nations people experienced high
levels of mercury in their blood and hair. Since the closure
of the chlor-alkali plant, mercury levels in local fish species
have dropped, but remain, for the most part, elevated.

The route of exposure of the most concern from an air
pollution management perspective, then, is the atmospheric
route by which watersheds become contaminated with meth-
yl mercury which then accumulates in the fish.

One of the biggest challenges in managing mercury in
Canada was the lack of a national monitoring program to
provide a baseline of mercury levels in the environment. At
Environment Canada around this time, Keith Puckett and
Bill Schroeder decided to initiate a mercury measurement
program to get this necessary base line data. In 1994, the Ca-
nadian Atmospheric Mercury Measurement Network (CAM-
Net) was established to measure gaseous mercury. Today
there are 11 sites in operation, according to the website, and
it has been rolled into NAPS (CAMNet 2013). Mercury was
also found in the Northern atmosphere and went through
depletion events in the spring (Schroeder et al. 1998).

In June 2000, the CCME announced Canada Wide Stan-
dards for mercury emissions (CCME 2000) stating that
“reduced deposition will contribute, in time to reduced im-
pacts”. Two major source categories were targeted: products
and major point source emissions.

In 2006, a Risk Management Strategy for mercury-con-
taining products was drafted and released for comment by
Environment Canada. This was followed in 2007 by “Pro-
posed Risk Management Instruments for Mercury-contain-
ing Products”. Point source emissions of mercury have been
substantially reduced.

As introduced in the previous section with POPs, there is
a lot of international work on heavy metals.

The 1978, the Canada/US Great Lakes Water Quality
Agreement set water limits for arsenic, cadmium, chromi-
um, copper, iron, lead, mercury, nickel, selenium and zinc.
Annex 15, which dealt with air toxics only, listed mercury
(Muir et al. 2009).
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Under the North American Free Trade Agreement’s Com-
mission on Environmental Cooperation, Canada helped
Mexico establish mercury deposition monitoring stations
and become part of the Canada-US Mercury Deposition
Monitoring Network.

The UN ECE Convention on LRTAP developed the Aar-
hus Heavy Metals Protocol in 1998 which targets three par-
ticularly harmful metals: cadmium, lead and mercury. This
Protocol amended in 2012 to adopt more stringent controls
of heavy metals emissions and to introduce ways to include
new Parties, notably countries in Eastern Europe, the Cauca-
sus and Central Asia, covers emissions from industry, prod-
ucts and underscores the removal of lead from gasoline.

In 2011, North American scientists studying mercury in
the Pacific Ocean determined that this global heavy metal
was not only transported eastward through the atmosphere
but also was transported in the ocean water across the Pacific
from Asia to North America.

The Canadian Environmental Protection Act (CEPA)
In 1969, amidst acid rain concerns, the federal Department
of National Health and Welfare established an Air Pollution
Control Division, and in 1971 the Department of the Envi-
ronment was formed assuming those duties. As has already
been mentioned, the Canada Clean Air Act was passed in
1971. One of its main objectives was to promote a uniform
approach to managing air pollution across Canada, since
it was recognized that the provinces would have an active
role in regulating industry. As already noted, this Act was
used to regulate asbestos from mining, lead from smelters,
mercury from chlor-alkali pulp and paper plants and vinyl
chloride.

The Clean Air Act was followed, in 1975, by the Environ-
mental Contaminants Act which was jointly administered by
the Departments of Health and the Environment and which
responded to international initiatives such as the OECD work
on Polychlorinated biphenyls (PCBs). Unfortunately, control
measures were difficult to impose and none went forward.

The Environmental Contaminants Act (ECA) was re-
viewed in 1985 resulting in the decision that a more compre-
hensive approach to managing toxic substances was needed.
Bill C-74 was drafted, the Canadian Environmental Protec-
tion Act (CEPA), and eventually proclaimed in 1988. CEPA
was based on a cradle to grave management philosophy for
toxic materials and initiated a National Advisory Commit-
tee (CEPA NAC) to provide advice. Environment Canada or
Health Canada chair the group which, in addition to repre-
sentatives of all the provinces and territories, includes up to
six Aboriginal government representatives.

The Government of Canada encourages emission reduc-
tions on the domestic front. Under the Toxic Substances
Management Policy (TSMP) of 1995, toxic substances
that are determined to be persistent, bioaccumulative and

resulting primarily from human activity are known as Track
1 substances, and targeted for virtual elimination from the
environment. The key pieces of federal legislation used to
implement the objectives outlined in the TSMP include the
Canadian Environmental Protection Act (CEPA), the Pest
Control Products Act, the Fisheries Act and the Hazardous
Products Act (HPA). The Canada Consumer Product Safety
Act of 2010 (Canadian Consumer Product Safety Act 2013)
eventually replaced Part One of HPA.

The Canadian Council of Ministers of the Environment
(CCME) identified the management and reduction of toxic
substances in the environment as a national priority through
the CCME Policy for the Management of Toxic Substances.
The CCME Policy supports the coordination of government
actions on the management of toxic substances, ensuring that
the approach is complementary to the TSMP and other ac-
tivities nation-wide.

The Canada-Wide Standards process is a framework for
the CCME to work together in addressing key environmental
protection and health risk reduction issues that require com-
mon environmental standards across the country. In June of
2000, standards were approved in principle by the Ministers
for two priority sectors emitting dioxins and furans: incinera-
tion and coastal boilers burning salt laden wood.

The conventional chemicals that cause air pollution (sul-
phur dioxide, nitrogen oxides, VOCs, particulate matter)
have been declared toxic under the Canadian Environmental
Protection Act and hence are now linked in to management
of toxic substances more generally, countering some of the
discomfort initially felt by the air community when the air
pollution management focus was watered down by inclusion
in CEPA.

In 1999 the revised CEPA was passed after a significant
review. The “principles” basis has been expanded to in-
clude: Sustainable Development; Pollution Prevention “the
use of processes, practices, materials, products, substances
or energy that avoid or minimize the creation of pollutants
and waste and reduce the overall risk to the environment or
human health”; Virtual Elimination, the reduction of releases
to the environment of a substance to a level below which
its release cannot be accurately measured; Ecosystem Ap-
proach; Precautionary Principle “where there are threats of
serious or irreversible damage, lack of full scientific certain-
ty shall not be used as a reason for postponing cost-effective
measures to prevent environmental degradation”; Intergov-
ernmental Cooperation; National Standards; Polluter Pays
Principle; and Science-based Decision-Making emphasizes
the integral role of science and traditional aboriginal knowl-
edge (where available) in decision-making and that social,
economic and technical issues are to be considered in the
risk management process.

CEPA 1999 is based on the assessment of existing or new
substances as toxics. Existing substances are those on the
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Domestic Substances List (DSL). The DSL includes sub-
stances that were, between January 1, 1984, and December
31, 1986, in commercial use in Canada, or were used for
commercial manufacturing purposes, or were manufactured
in or imported into Canada in a quantity of 100 kg or more
in any one calendar year. The list is regularly amended to
include additional substances that have been assessed under
the Act and allowed into Canada. The DSL currently con-
tains approximately 23 000 substances from the original list
along with an additional 1954 substances that have been
added to the list following assessments of new substances.

Determining a substance to be toxic under CEPA 1999 is
a function of its release or possible release into the environ-
ment, the resulting concentrations in environmental media
and its inherent toxicity. Section 64 of CEPA 1999 defines a
substance as toxic “if it is entering or may enter the environ-
ment in a quantity or concentration or under conditions that:
e have or may have an immediate or long-term harmful

effect on the environment or its biological diversity;

e constitute or may constitute a danger to the environment
on which life depends; or

e constitute or may constitute a danger in Canada to human
life or health.”

Substances that meet the definition of toxic are put on Sched-

ule 1, the List of Toxic Substances for potential further action.

The current list is at http://www.ec.gc.ca/lcpe-cepa/default.

asp?lang=En&n=0DA2924D-1&wsdoc=4ABEFFCS§-

5BEC-B57A-FABF-11069545E434.

CEPA is based on a risk management approach and gives
a wide range of authorities to seek further information as a
basis for regulation.

CEPA has a time clock associated with it, a proposed
regulation or instrument establishing “preventive or control
actions” for managing the substance must be developed with
24 months. The proposal is published in the Canada Gazette,
Part I, for a 60-day comment period. Once proposed, the
Ministers have a further 18 months to finalize the regulation
or instrument.

Previously the comment has been made that emissions are
an area of great uncertainty in the management of air quality,
particularly when chemicals can change in the atmosphere
due to physical or chemical reactions. This is even more true
of toxic chemicals, and there are so many of them that it is
a real challenge to assemble data on which industries emit
which toxic chemicals and how much. While the big emit-
ters such as refineries and power plants usually have suffi-
cient knowledge of their processes to be able to provide data
through the National Pollutant Release Inventory (NPRI) in
Canada and the National Emissions Inventory (NEI) in the
USA, the thousands of small businesses such as dry clean-
ers, paint shops, and small manufacturing may not have the
expertise to be able to do this, and yet may be significant
emitters of certain toxics.

In the 1960s, in the United States, the situation was simi-
lar to that in Canada. The EPA debated which pollutants re-
quired regulation and how stringent regulations should be.
The EPA listed only eight HAPS and established national
emission standards for only seven of them (asbestos, ben-
zene, beryllium, inorganic arsenic, mercury, radionuclides,
and vinyl chloride) from 1970 to 1990. During that period,
the Clean Air Act (CAA) directed EPA to regulate toxic air
pollutants based on the risks of hazardous air pollutants to
human health, and then within a year to promulgate stan-
dards to reduce emissions of the HAPs to levels that pro-
vided a margin of safety protection to the public. Setting
a national emission standard for a hazardous air pollutant
(NESHAP) was fraught with difficulty since there was little
available data on air toxics and there were problems in defin-
ing the “ample margin of safety protection” required. While
EPA and the scientific community gained valuable knowl-
edge about risk assessment methods through this work, the
chemical-by-chemical regulatory approach based solely on
risk proved difficult.

Under Sect. 112 of the 1990 Clean Air Act Amendments
(CAAA), Congress changed the approach to hazardous air
pollutants to a technology-based regulation, so a hazardous
air pollutant is defined as any air pollutant listed in Sect. 112
(b).|| In this section, 189 substances were listed as hazardous
air pollutants to which EPA may add or delete chemicals. The
CAAA also required EPA to pass technology-based emission
standards (referred to as maximum achievable control technol-
ogy (MACT) standards) for all major source categories. This
required the source categories have MACT standards promul-
gated and, by 2004, EPA had passed all (96) MACTs standards.

The 1990 CAAA air toxic program had two phases
(DeRose 2009). In the first phase, EPA developed MACT
standards requiring sources to meet specific emissions limits
based on emission levels already being achieved by simi-
lar sources in the country. In the second phase, EPA must
establish additional requirements to control any “residual
risk” that exists 8 years after promulgation of MACT. The
EPA completed development of its strategy for addressing
residual risks from air toxics in March of 1999 in its Residual
Risk Report to Congress.

Also included in the 1990 CAAA are provisions that EPA
study several specific topics (including the Mercury, Great
Waters, and Utilities) and continues to study these and oth-
ers. Additionally, EPA’s Urban Air Toxics Strategy released
in August 1998 proposes to address the problems of cumula-
tive exposures to air toxics in urban areas through an inte-
grated approach that considers stationary and mobile sources
of urban air toxics. These programs, in combination with the
residual risk program, will provide a coordinated federal ap-
proach to address air toxics.

To avoid controversy over which pollutants would be list-
ed as HAPs, Congress included an initial list of 189 HAPs
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into the 1990 CAAA. EPA (or an individual) may add or
delete (delist) pollutants from this list. Also, an individual
can petition the EPA to add or delist a substance from the
HAP list. To add it must be shown that emissions, ambient
concentrations, bioaccumulation, or deposition of the air
pollutant are known to cause, or may reasonably be antici-
pated to cause, adverse effects to human health or adverse
environment effects and vice versa to delist. Since passage
of these Amendments, EPA and has delisted only two HAPs:
caprolactam and methyl ethyl ketone putting the current list
of HAPs at 187. EPA has a current list of all regulated HAPs
on its Air Toxics Web page: http://www.epa.gov/ttn/atw/
orig189.html.

In both Canada and the United States, there is some over-
lap between HAPs and criteria pollutants. This is important
because many programs aimed at the reduction of particulate
matter (PM) and volatile organic compounds (VOCs) will
have a beneficial effect on air toxics (the reverse also being
true). For example, ozone, which is formed by the interac-
tion of NOX, VOC, and sunlight, will be reduced when a
HAP VOC is reduced. Another example would be a program
that reduces PM. Since PM is comprised of many chemicals,
some which may contain various HAPs, a reduction in PM
may also reduce the specific HAP that is in its makeup.

2.2.5 Air Pollution Emergencies

Most air quality management focuses on the long term man-
agement of airsheds in a manner that protects the health and
safety of people and their environment. However, we’ve
seen that attention to air pollution management was captured
through some short term incidents that caused the public to
focus their attention on air quality. There are another class
of air quality issues that require a different style of manage-
ment because large amounts of substances are released over
a short period which can cause serious local effects as well
as impacts around the globe. To make matters more compli-
cated, these incidents are not all manmade, the eruptions of
volcanoes, for example, can cause major releases of pollut-
ants into the atmosphere. Volcanic dust is a particular hazard
for air traffic.

In Canada, in contrast to some other countries, air pol-
lution management at the federal level has evolved in con-
junction with the weather service. Hence the Atmospheric
Environment Service, now known as the Meteorological
Service of Canada, pioneered studies of “chemical weather”
in which air pollution models were introduced into a variant
of the operational weather prediction model instead of using
a meteorological scenario generator as is done in most other
countries, including the United States. This opens the door
for near real time simulations of these sudden air quality is-
sues, as well as a variety of analysis and hindcast options as
described in Chap. 4.

For example, by chance, when the Chernobyl accident oc-
curred in April, 1986, the World Meteorological Organiza-
tion was already doing research related to long-range trans-
port of airborne pollutants through the use of atmospheric
transport models. Work was done, in near real time in Dor-
val, by Janusz Pudykiewicz to demonstrate that the radionu-
clides from Chernobyl were circling the northern globe and
passing over Canada. This work informed the world as to
where the plume would go and how it would disperse over
the following days and became the first of a number of mod-
els to play this role. While this was not an accepted approach
at the time and hence results were not used to guide practical
aspects of the emergency management close to the disaster
area, the results did comfort Canadians. While radiation was
being measured in Canada from Chernobyl, the levels were
very low and not of major concern either in terms of expo-
sure or contamination of foodstuffs (Pudykiewicz 1988).

Following the cold war there was heighted interest in ban-
ning nuclear explosions and the Comprehensive Nuclear Test
Ban Treaty (CTBT) was opened for signature in September
1996. As part of this Treaty, an International monitoring sys-
tem (IMS) of 337 monitoring facilities is being established.
This monitoring system was designed, using a variety of
monitoring techniques, to detect and identify the nuclear ori-
gin of a nuclear explosion unambiguously. The design was
based on many scenarios run with an atmospheric transport
model. If something is detected by the monitoring system,
the model can be used to determine the place of origin of a
radionuclide after detection. Of course, the models can also
be used for Treaty verification purposes.

Canada has played a leadership role throughout this pro-
cess from the initial science done by Dr. Pudykiewicz to
leadership in the development of the CTBT. For example,
the CTBT Preparatory Commission’s technical working
group established a Sub-Task Group on cooperation with the
World Meteorological Organization (WMO) with Michel
Jean, now Director General of the Weather Service, as chair.
A joint CTBT-WMO backtracking modeling system is now
in place and is regularly exercised to test and refine proce-
dures. The first test was held in May 2000 and after a series
of workshops and improvements the work was summarized
in a joint paper in 2007 (Becker et al. 2007).

Meanwhile, due to their interest in possible radionuclides
in the atmosphere, the International Civil Aviation Organiza-
tion (ICAO) participated in the CTBT program. They devel-
oped the idea of monitoring explosive volcanic eruptions in
order to warn aviation of potential volcanic ash hazards. In
1995, a Rapporteur on CTBT matters was established, a role
that was filled by another Canadian, Peter Chen. ICAO rec-
ognized the hazard that volcanic ash presented to the aviation
industry and nine Volcanic Ash Advisory Centers (VAACS)
were created, one of which is located in Dorval. Each VAAC
provides volcanic ash advisories when a volcano erupts in
their area of responsibility. The Canadian VAAC cooperates
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closely with the two American VAACs, one in Anchorage
and one in Washington DC (Chen 2009).

The Canadian Meteorological Center (CMC) has been
involved in a number of other simulations which couple at-
mospheric pollutants with the weather. During the forest fire
season of 2002, an extremely hot and dry summer created
conditions for more than 85 forest wildfires in Quebec. A
version of the model GEM-AQ was run allowing the emis-
sions to be tracked. Smoke was observed as far away as
Washington DC and MODIS satellite imagery was used to
verify the model results. (Lavoue et al. 2007).

The major area of uncertainty when predicting forest fire
impacts is details about the emission source such as how
large and hot it is and what chemicals are being produced.
While there have been a number of simulations of forest
fires done over the years, this system is not yet operational.
In western Canada the BlueSky system also predicts smoke
from forest fires.

In the US a different approach has been taken with the
development of the RAINS system for forest fire prediction.
In this system, a meteorological preprocessor is used instead
of the “real” weather forecasting program. This system is
operational in the States but is a separate entity from the
Weather Service.

2.2.6 Summary

The issues described here served to highlight to Canadians a
number of principles about air pollution that have underlain
the approach to air quality management in Canada. The Trail
case could be seen to be one of the earliest acknowledge-
ments of precaution in addition to an early acknowledgement
of the responsibilities of good neighbours to each other. This
was picked up in the acid rain era when the U.S.A. accepted
stringent emission limitations in order to reduce acidification
of lakes that were both American and Canadian.

The management of the Sudbury Smelter once again il-
lustrates that with ingenuity air pollution can be reduced in
the context of maintaining competitive industry. The great
smog and other pollution events of that type really brought
home the point that it is not just ecosystem damage that is
caused by air pollution. Affected vegetation and fish do not
resonate in people’s minds in the same way as do the deaths
and illnesses of people.

Hence, from these historical cases, it is clear that Canada
has been responsive to the impacts of air pollution and, when
it is clear that there is an issue arising, action has been taken.
In fact, these historical issues have driven science programs
that have laid the basis for modern air quality management
as we know it today.

One overriding principle appears to drive Canadian air
quality management. For a nation characterized by a stoic
“eh?” we sure do seem to talk about it a lot. Every successful

management advance has involved scientists talking nation-
ally and internationally across borders amongst themselves
to get the facts straight, and then talking to air quality man-
agers locally, regionally, nationally and internationally, fol-
lowed by the air quality managers consulting widely with
stakeholders before settling on an approach to move forward.

Unfortunately, actions tend to be taken only in response
to a perceived “smoking gun”, and once the immediate issue
of interest is addressed, actions are cut back or abandoned
without necessarily solving the problem as well as possible.
Thus, acid rain, smog including ground level ozone and par-
ticulate, and air toxics continue to damage ecosystems and to
injure and kill Canadians. While it is important to continu-
ally revisit science and monitoring programs to increase their
efficiency and minimize costs, making changes without as-
sessing the impacts of the changes on program effectiveness
and output is short sighted indeed.

2.3 The People, Beyond Jurisdictional Role
and Key Issues, that have made Canada
a Leader in Air Quality Management

In all cases, there have been an important cadre of people
who have been in the front lines and have recognized the
strength of the science coming forward and the need to pro-
vide the science in a way useful for decision makers to take
action on whichever issue was at the forefront of concern.

Some of the scientists who played a key role in the histor-
ical issues discussed so far have been highlighted, whether
they have been academics, government employees or both.
There are a couple of other groups of individuals, not gov-
ernment employees, who have played key historical roles
in the management of air quality in Canada. They have un-
fortunately been given short shrift simply because of space
limitations.

Receptive individuals in industry, like Charlie Ferguson of
Inco in Sudbury, who was a leader in figuring out the pos-
sibilities to modify the plant to both be profitable and cleaner
for the community, must be recognized as important figures
in air quality management. Gordon Lloyd, who led the devel-
opment of the Responsible Care program for the Chemical
industry and Sid Barton of ORTECH who worked to develop
the Sarnia Lambton Environmental Society which put the re-
sponsibility on industries to manage their emissions also made
huge contributions to air quality management in Canada.

Finally, nongovernmental organizations have played
a strong role in air quality management in Canada. Bruce
Walker of STOP has kept a series of players honest in meet-
ing the Acid Rain commitments signed onto decades ago.
In Montreal he is famous as a watchdog for their Bylaw
90. Martha Kostuch who was the face of the Friends of the
Old Man River, repeatedly called the Alberta and Canadian
governments on a number of key issues. No one will forget



40

A. McMillan and G. Foley

colourful Ken Maybee, the leader of the New Brunswick
Lung Association, who for years was the lone health rep-
resentative advocating for clean air and who passed away
in October 2012. He co-chaired the national group leading
the development and implementation of the new Air Quality
Health Index, was instrumental in having Canada proclaim
Clean Air Day, was an official negotiator for the Ozone
Annex to the Canada/US Air Quality Agreement and was to
be recognized by presentation of the Order of Canada.

One whole group of outstanding contributors to air quality
management that has not been included here are the group of
provincial contributors. Their work appears in other chapters.

2.4 Conclusion

Canada is a large and diverse country with vast pristine vis-

tas as well as large, competitive industrial sites and rapidly

growing urban areas. The lessons that have been learned
over the 100+ years that air pollution has been an issue in
parts of Canada are lessons that form the basis of our air
quality management systems of today. As our perceptions of
air quality management broaden from concern with smoke
to such issues as noise, smell, visibility and specific emis-
sions from sectors removed from the traditional fossil fuel
burners to agricultural practices, for example, our approach
may need to continue to change (see chapters in this book
addressing some of these issues).

Nonetheless, Canadian air quality managers have learned
some lessons from history. These lessons include:

e A credible process with a strong scientific basis including
air quality monitoring supported by modelling provides a
basis for designing air quality management strategies that
work (acid rain).

e Meteorology is an important driver of air quality, not to
be ignored (Detroit-Windsor).

e Stakeholders can play a big role in the decision making
and organizations that move forward without them do so
at their peril (Notice of Intent 2006).

e Air pollution has impacts not only on plants and animals
but also on people. These impacts remain serious, short-
ening the lives of thousands of Canadians every year
(Burnett et al. 1998).

e Management of air pollution issues leads industry to be
more ingenious and competitive; the costs of air pollution
management have historically been recovered in greater
productivity and new products (INCO).

While, as is shown in several chapters in this book, air qual-

ity management in Canada is more ad hoc than that in many

other countries, most notably the United States, in general
the management actions target the major issues and are ef-
fective. While CEPA gives a general approach for dealing

with pollution, our history shows that the interventions of
superb Canadian scientists have led to early recognition of
the most important air pollution issues as well as early action
to address them. With less focus on doing Canadian monitor-
ing and science and more on a ‘process’ approach to air qual-
ity management, will Canadians enjoy a clean atmosphere in
the face of unprecedented development both nationally and
globally? Only time will tell.
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The State of Air Quality in Canada:
National Patterns

Jeffrey R. Brook, Tom F. Dann, Elisabeth Galarneau,
Dennis Herod and Jean Pierre Charland

Abstract

This chapter provides a description of what air pollutants are routinely monitored in Canada
and then focuses on ambient concentrations, geographic differences, temporal patterns and
recent trends. In the context of the past 3040 years, Canadian air quality has been an envi-
ronmental management success story. Levels throughout the populated regions of the coun-
try are considerably lower than in the 1970’s and 1980’s. The 1990°s also brought reductions
and this chapter shows that even up through the 2000’s improvements in air quality have
been realized. However, these recent measurements indicate that there are areas where the
current Canadian standards or provincial guidelines are still exceeded for ozone, PM, 5 and
toxics. Ozone has been the most problematic although there has been improvement in recent
years. Similarly, on a national scale PM, s has decreased. However, pollutants such as PM, s
can have effects on the population at low levels. Thus, air quality remains an important pub-
lic health issue to track in Canada through routine monitoring; nationally, regionally and at
the local scale, where areas of concentrated emissions due to industrial activity or population
behaviour (e.g., traffic, wood burning) can lead to higher population exposures. Monitoring
is critical in regions of projected industrial or population growth in order to maintain current
levels, to identify options for improvement and to inform adaptive management approaches.
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3.1 Introduction

Ambient air quality measurements provide crucial information
to the public, policymakers and scientists. This chapter pro-
vides a description of what air pollutants are routinely moni-
tored in Canada and then focuses on ambient concentrations,
geographic differences, temporal patterns and recent trends.
Ground-level ozone (O;) and fine particulate matter
(PM, s—particulate matter below 2.5 pum in diameter) have
traditionally been of greatest interest for monitoring and
policy because they are considered to be the main contribu-
tors to photochemical smog events. One of the reasons for
this is that they tend to build-up in the atmosphere and lev-
els can increase over relatively large areas, from hundreds to
thousands of square kilometers. Their slow rate of removal

E. Taylor, A. McMillan (eds.), Air Quality Management, DOI 10.1007/978-94-007-7557-2 3, 43
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from the atmosphere and their formation processes, which
involve conversion of other air pollutants, such as sulphur di-
oxide, nitrogen oxides and volatile organic compounds, in the
presence of sunshine, are the main reasons for this build-up.
Another important reason for focus on O; and PM, 5 is
their human health effects. Numerous studies have shown
that O; has significant respiratory effects, contributing to
increases in emergency department visits (e.g., Stieb et al.
1996) and hospital admissions (e.g. Burnett et al. 1997).
Ozone has also been linked to an increased rate of mortal-
ity for respiratory illnesses (e.g., Jerrett et al. 2009). Long-
term exposure to PM, s is considered to present the great-
est mortality risk among air pollutants due to its significant
cardiovascular effects (e.g., Brook et al. 2010; Pope et al.
2004). Recently, Crouse and co-workers (2012) found that
long term outdoor PM, 5 exposures across Canada during
the 1991-2001 period (i.e., outdoor concentrations), which,
compared with many countries in the world, were relative-
ly low, are having a detectable impact on life expectancy.
Furthermore, the magnitude of this effect is similar to what
has been found in other countries. These results, as well as
the large body of recent health effects research (Pope and
Dockery 2006), suggest that public health benefits can be
achieved by further reducing average PM, 5 in Canada.
Several other air pollutants, known collectively as air tox-
ics or hazardous air pollutants (HAPs) have also been identi-
fied as having the potential to induce adverse health effects.
This category of pollutants generally excludes criteria air
contaminants (i.e., those mentioned above) whose concen-
trations tend to be higher than those of most HAPs.
National scale patterns of air pollutant concentrations,
temporal patterns and PM, 5 and volatile organic compound
(VOC) composition during the decade of the 2000’s are pre-
sented in this chapter. First, the main national monitoring net-
works are described. Ozone and PM, 5 are then the main focus
starting with a discussion of background levels and finishing
with information on recent trends in annual concentration.
The latter sections present data and discuss spatial and tem-
poral patterns for nitrogen dioxide (NO,), nitric oxide (NO),
VOC:s, sulphur dioxide (SO,) and hazardous air pollutants.

Policy Context Canada-wide Standards (CWS) In June
2000, the Canadian Council of Ministers of the Environ-
ment (CCME), except Québec*, signed the Canada-wide
Standards for Particulate Matter and Ozone, which comprise
ambient targets to be achieved by 2010. Each jurisdiction is
committed to actions aimed at meeting the Standards for PM
and Ozone by reporting on compliance once the target date is
reached in 2010. This includes comprehensive reports every
five years on all provisions of the CWS beginning in 2006
and annual reports on compliance and maintenance of the
CWS beginning in 2011.

The CWS for PM, 5 of 30 pg m ™ is based on a three year
average of the 98th percentile of 24-hr measurements and

requires daily sampling. The CWS for O; of 65 ppbv is based
on a three-year average of the 4th highest daily 8 h average.

Management of HAPS The compounds considered to be
HAPs differ by jurisdiction. The United States (U.S.) has
developed a formal list of HAPs through its Clean Air Act (US
EPA 2010) and the U.S. Environmental Protection Agency has
released several National Air Toxics Assessments in recent
years (US EPA 2013). In Canada, no such formality exists,
though many atmospheric contaminants found toxic under the
Canadian Environmental Protection Act (CEPA) fit the com-
mon definition of HAPs. Compounds declared CEPA-toxic
have been managed individually under the Toxic Substances
Management Policy (TSMP) (Canada 1995). CEPA-toxic
compounds that are persistent, bioaccumulative, and predomi-
nantly anthropogenic are assigned to TSMP’s Track 1 requir-
ing virtual elimination from the environment. Compounds not
meeting all TSMP Track 1 criteria are assigned to Track 2 with
a goal of preventing or minimizing releases to the environment.

3.2 Routine Monitoring in Canada

Ambient air quality monitoring across Canada is conducted by
government, industry, and in some provinces, non-government
organizations (NGOs). Many of the industrial monitoring sites
are established in close proximity to their facilities and are
usually required as part of a provincial permit to operate. In
some jurisdictions industry also collaborates with government
(and NGOs) to operate regional monitoring networks. Most of
the air quality measurement data presented in this chapter are
from the National Air Pollution Surveillance (NAPS) network.
However, another important national network is the Canadian
Air and Precipitation Monitoring Network (CAPMoN) and
some data from this program are also used in this chapter.

The National Air Pollution Surveillance (NAPS) Program
is ajoint federal, provincial, territorial and municipal initiative.
The purpose of this Program is to coordinate the collection of
air quality data from existing provincial, territorial and mu-
nicipal air quality monitoring networks and provide a unified
Canada-wide air quality data base. Sites designated as NAPS
sites are selected by Environment Canada and the Province
or Territory in which the site is located, primarily to support
national air quality programs like the CWS and the national
ambient air quality objectives NAAQOs. Several provinces,
territories and regional governments operate additional moni-
toring stations to meet the requirements of their own ambient
monitoring programs. Ambient air pollution data from most
of these sites are also submitted to the NAPS Canada-wide
database at the discretion of each monitoring agency.

Table 3.1 provides 2009 information on each of the main
pollutants monitored, such as number of operating sites and
measurement frequency. The associated provincial/territori-
al/regional monitoring networks reporting data to the NAPS
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Table 3.1 Overview of the main NAPS and CAPMoN ambient air pollutant measurements across Canada for 2009. A complete listing of
observations by NAPS site code can be found at http://www.etc-cte.ec.gc.ca/NapsData/Web-Information

Pollutant Time resolution (h) Measurement method No. of Stns  Start year Comments
(O 1 UV light absorption 212 Reporting to CWAQD?
(O 1 UV light absorption 16 CAPMoN
NO, 1 chemiluminescence 147
NO 1 chemiluminescence 147 Reported nationally since 1986
SO, 1 pulse-fluorescence ultraviolet (UV) 124 Reporting to CWAQD?

adsorption
SO, 24 integrated open-face filterpack 13 CAPMoN multiple PM

constituents

PM, 5 1 Tapered element oscillating microbalance 134 Urban

(TEOM)?
PM, 5 1 TEOM with filter dynamic measurement 11 Urban

system (FDMS)
PM, 5 1 Beta attenuation (BAM) 51 Urban
PM, ¢ 24 dichotomous sampler or FRM sampler® 41 Every 3rd or 6th day 0-0 LST
PM,oarse’ 24 dichotomous sampler 30 Every 3rd or 6th day 0-0 LST
PM, 5 24 Speciation sampler? 13 2002 Every 3rd day 0-0 LST
voce® 24 Summa™ polished canisters 37 Urban

Every 6th day 0-0 LST

vocCe 4 Summa™ polished canisters 14 Rural

Every 6th day 12-16 LST

The Province of Québec, while not a signatory to the CWS, has undertaken analogous efforts as those covered by the CWS and has also developed
working inter-jurisdictional arrangements for many provisions of the CWS.

#Beginning in 2002 many TEOM instruments in the NAPS PM, s network were fitted with a sample equilibration system (SES). The SES incor-
porates a low-particle-loss Nafion dryer allowing for conditioning of the PM sample stream to a lower humidity and temperature level. Unless
indicated otherwise, all PM, 5 mass data in this chapter are from TEOM-SES instruments operated at 30 °C or TEOMs operating at 40 °C

®FRM = EPA Federal Reference Method

¢ The pre and post weighed Teflon filters from the dichotomous and FRM samplers are analyzed for elements using energy dispersive X-ray fluo-
rescence (EDXRF) and for anions and cations using ion chromatography (IC)

4 This particle speciation program was designed for more accurate and complete measurement of all the important components of PM, 5. Along
with the major ions (e.g., sulphate, nitrate, ammonium) and mass and trace elements from the co-located dichotomous sampler, this includes
organic carbon (OC), elemental carbon (EC), gaseous ammonia and nitric acid. By 2006 this program included 14 (4 rural and 10 urban) sites,
which are a subset of the PM, 5 dichotomous sampler locations. A complementary short-term program was initiated at 5 CAPMoN sites following
the same methods

¢ Content of canister analyzed for more than 100 different C, to C,, volatile organic carbon (VOC) species; Beginning in 2003 a number of polar
species including a-pinene, f-pinene, J-limonene and camphene began to be quantified

fStations reporting to the Canada-wide Air Quality Database (CWAQD) include NAPS designated sites, CAPMoN stations and some additional
provincial stations not designated as “NAPS”
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database in 2009 consisted of approximately 325 monitoring
stations in over 215 communities. Although NAPS is primar-
ily an urban monitoring network, 82 of the monitoring sta-
tions are located in rural areas. On a pollutant-by-pollutant
basis there are approximately 831 continuous monitors for

sulphur dioxide (SO,), carbon monoxide (CO), nitrogen
dioxide (NO,), ozone (O;), and particulate matter (PM), and
over 113 air samplers measuring components of PM and
volatile organic compounds (VOCs). Maps showing NAPS
PM, 5 and ozone monitoring sites are provided in Fig. 3.1a, b.
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The Canadian Air and Precipitation Monitoring Network
(CAPMOoN) was initially motivated by the Acid Rain issue,
but has grown to include a range of other measurements. Four
types of measurements are made, namely: the chemical com-
position of precipitation (major ions and cations), the chemi-
cal composition of atmospheric particles (both acidic and
basic), particle mass (PM, 5 and PM,,), and the concentra-
tion of selected gases including O5, SO,, nitric acid (HNO;),
NO/NO,/NO, ', peroxyacetyl nitrate (PAN), mercury (Hg)
and ammonia (NH;). CAPMoN measurement methods in-
clude both size-selective and non-size-selective filter meth-
ods for particle composition and mass, specialized denuders,
impregnated filters and continuous monitors for gases, and
wet-only deposition collectors for precipitation chemistry.

The objectives of CAPMoN differ from those of NAPS
in that CAPMoN measurements provide data for research
into: (1) regional-scale spatial and temporal variations of air
pollutants and deposition, (2) long range transport of air pol-
lutants (including transboundary transport), (3) atmospheric
processes, and chemical transport model evaluation. To meet
these objectives and to best complement NAPS, the CAP-
MoN sites are located in rural and remote areas.
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3.2.1 Measurement of PM, ;

NAPS has been measuring the fine (<2.5 pm—PM, ) and
coarse (2.5-10 um—PM,, ,s) fractions of particle mass
since 1984. As of 2009 there were 27 dichotomous samplers
and an additional 13 FRM PM, 5 samplers (Table 3.1) operat-
ing in the network. Continuous or real-time particle monitor-
ing began in the NAPS network in 1995, and the number of
instruments grew rapidly with over 185 instruments report-
ing to the network in 2009. The use of these instruments has
greatly increased the spatial and temporal coverage of the
network. It is well-known that measurements obtained using
the Tapered Element Oscillating Microbalance (TEOM) are
biased low under certain ambient conditions due to the loss
of semi-volatile chemical constituents (Allen et al. 1997,
Brook and Dann 1998; Dann et al. 2006). Unless otherwise
stated all PM, 5 observations from TEOMs that are reported
in this chapter have been corrected for this bias.
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Table 3.2 Air toxics (Hazardous Air Pollutants) exceeding or approaching health-based guidelines in Canada

Samples collected for 24 h every 6, 12 or 24 days in southern Canada or for 7 days every week in the Arctic® using

Samples analysed by gas chromatography/mass spectrometry or high performance liquid chromatography with

Air toxic/HAP Volatility Class and Sampling Details
PAHs? Semivolatile organic compounds (SVOCs) (gas phase and particles combined)
PCDD/Fs®
high-volume filter-sorbent samplers
fluorescence detection
Acrolein Volatile organic compounds (VOCs) (gas phase only)
Acrylonitrile see VOCs in Table 3.1
Benzene

1,3-Butadiene
Carbon tetrachloride
Chloroform
1,4-Dichlorobenzene
1,2-Dichloroethane
Dichloromethane
Ethylene oxide
Formaldehyde
Naphthalene!
Perchloroethylene
Styrene
Trichloroethylene
Vinyl chloride
Xylenes

Arsenic Metals and trace elements (particles only)
Cadmium
Lead
Manganese
Nickel

2 polycyclic aromatic hydrocarbons represented by benzo[a]pyrene
b polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans

Fine and coarse particulate matter samples collected for 24 h every 3 or 6 days using dichotomous samplers
Samples analysed by energy dispersive x-ray fluorescence and/or inductively coupled plasma/mass spectrometry

¢ PAHs only; one sample per month analysed and remainder of samples archived
4 naphthalene is commonly listed as a PAH but is sampled with methods used to collect VOCs due to its high volatility

Adjustment of TEOM measurements In Canada, the
manual, 24-hour, filter-based, gravimetric method (Method
No.: 8.06/1.0/M) has been adopted as the NAPS Reference
Method (RM) for PM, s measurements. Data quality objec-
tives (DQOs) have also been established for comparison of
continuous PM, s instruments with the RM monitors. At a
number of locations in Canada, TEOMs, Beta-Attenuation
Monitors (BAMs) and TEOM-FDMS (filter dynamic mea-
surement system) units have been co-located with RM filter-
based samplers. Consequently, numerous comparisons of
continuous and manual PM, 5 measurement methods have
been conducted. These show that TEOM mass measure-
ments are lower than mass measured by the NAPS reference
method due to the volatilization of semi-volatile compounds
from the TEOMSs. This is caused by heating of the sampled
air to 30 or 40°C in the TEOM to remove unwanted water.
This loss is typically larger in the winter than in the summer
because of the larger differences between the TEOM filter
and ambient temperatures in winter (Environment Canada
2004). Losses also appear to occur after very high concentra-
tion events are observed, such as during biomass burning. In
this case, TEOMs often report negative concentrations for a

short time (i.e., a few hours) after the event while semi-vola-
tile material that rapidly accumulated on the filter during the
event evaporates. TEOMs operated at 40 °C can over-report
summer PM, s concentrations when the ambient dew point is
higher than approximately 20°C, because of elevated rela-
tive humidity conditions by the filter, which can enhance
water uptake on the particles.

The relationship between the TEOM and the RM in the
cold season is quite consistent across Canada (Environment
Canada 2004). Thus, correction or adjustment equations
have been developed and perform reasonably well at reduc-
ing the bias in reported average PM, 5 concentrations. The
effects of such adjustments on the observed levels are dis-
cussed in Sect. 3.5.

3.2.2 Measurements of Hazardous Air
Pollutants (Air Toxics)

Table 3.2 lists air toxics that exceeded or approached health-
based guidelines at Canadian ambient air concentrations in
recent years (adapted from Galarneau and Dann 2011). These
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HAPs are measured routinely in Canadian air though NAPS
and some are also measured in the Great Lakes region by
the Integrated Atmospheric Deposition Network (IADN) and
in the Canadian Arctic through the National Contaminants
Program (NCP). It is important to note that federal ambient
air quality standards are not available for the vast majority
of HAPs, though some provinces have devised standards ap-
plicable in their jurisdictions. Standards from the province of
Ontario have been used in this chapter.

3.3 The Unperturbed Airmass Over Canada:
Background O; and PM, 5

The existence of a background level of O; in the atmosphere
is well established. Background Oj is defined as the ambient
level resulting from anthropogenic and natural emissions out-
side North America and natural sources within North America
(CCME 2006). Background O concentrations are variable,
with variability due to geographic location, elevation, time
of year, meteorology and long-range transport influences.
Geographically, background O; levels are higher in the north-
ern hemisphere, with notably large enhancements observed
during the spring season. Elevation is particularly important,
especially at sites with exposure to the free troposphere.
Unlike most air pollutants, background O, can exert a
significant influence on ambient O; levels. There are four
sources which contribute to background O;: (1) downward
mixing from the stratosphere to the troposphere, (2) transport
of O from outside North America, (3) in-situ photochemical
production from natural precursors (biogenic methane, NOy,
VOC) and (4) intercontinental transport of O; precursors.
Much of the background O; affecting surface levels resides
in the free troposphere. Downward transfer from the free tro-
posphere to the surface occurs relatively frequently and is
facilitated by vertical motion caused by convective and fron-
tal activity. A combination of processes appears to contribute
to this dynamic repository, including in situ O; production,
downward fluxes from the stratosphere and intercontinental
transport. There is currently some controversy around the
magnitude of the influence of stratospheric O; on surface
background levels (Lefohn et al. 2001; Fiore et al. 2003).
The spring O; maximum is a northern hemisphere phe-
nomenon and is a defining feature of the annual cycle at re-
mote and rural sites (Monks 2000). There appear to be several
mechanisms responsible for the spring maximum, including
UV-enhanced photochemistry in the free troposphere (Dibb
etal. 2003), stratospheric-tropospheric exchange (Diem 2004;
Tarasick et al. 2005) and enhanced hemispheric transport
(Jaffe et al. 2010). This observation of springtime O, maxima
is contrary to the notion that O; peaks during the summer,
when local photochemistry is usually greatest. As shown in
Fig. 3.2, Alberta sites experience March to May peaks in
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Fig.3.2 Mean daily maximum ozone (ppb) by month (2006-2008) for
southern Ontario and Alberta sites

mean daily maximum O; whereas the Ontario sites experi-
enced the highest mean daily maximum Oj; in the months
of June, July or August. Assuming that the spring peak is a
background feature affecting all areas, the excess ozone in
Ontario for the May-September period reflects the photo-
chemical creation of ozone in the region related to emissions
from human activities. Figure 3.2 also shows that during the
months of January-April and October-December mean ozone
concentrations are essentially the same in the two regions and
hence are related to continental background conditions.

“Background” particulate matter (PM) is defined here as
PM arising from local natural (non-anthropogenic) emis-
sions of PM and PM precursors, as well as PM and precur-
sors transported into an airshed from afar. This long range
transport PM may be both natural and anthropogenic in ori-
gin (McKendry 2006), but comes from outside North Amer-
ica. Examples of natural emissions of PM and its precursors
include wind-blown dust, sea spray, volcanic eruptions,
lightning, forest fires, wild animals and plants.

Few values of background PM, s are available in the sci-
entific literature. Background annual median PM, 5 concen-
trations in Canada are both location- and time-dependent and
have been estimated to range from 1.2 pug m™> at a conti-
nental site in northern Alberta to 4.2 ug m™> at an agricul-
tural site near Montréal, QC (unpublished analysis of NAPS
data). Of considerable relevance to Canada are estimates
from McKendry (2006) who reported a mean background
concentration in air masses arriving in British Columbia
from north Pacific trajectories to be 1.5-2 ug m™>. Lower
background PM, s values, generally less than 1.0 pg m™3 for
northern portions of the U.S., were used to estimate the over-
all public health burden due to PM, 5 in the U.S. (Fann et al.
2011). These were derived from air quality model simula-
tions that excluded anthropogenic emissions as opposed to
from ambient observations.
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2001-2003

2007-2009

Fig. 3.3 a, b Comparison of the spatial distribution of the 3-year-average 4th highest daily maximum 8-hr ozone concentration in ppb for
2001-2003 vs. 2007-2009. The figure includes data from the United States Environmental Protection Agency (U.S. EPA) Air Quality System
(AQS) database. Annual statistics for the measurement sites for these two time periods were spatially interpolated using inverse distance weighting

3.4 Observations of Ozone Concentrations
Across Canada

Ozone data have been analyzed extensively throughout the
past to illustrate seasonal, diurnal and day-of-the-week pat-
terns and episodic O5 concentrations in different regions of
Canada (Fuentes and Dann 1993; Pryor et al. 1995; Environ-
ment Canada 1997). A complete analysis of ozone in terms
of the Canada-wide Standard can be found in the Govern-
ment of Canada Five-year Progress Report on Canada-wide
Standards for Particulate Matter and Ozone (Government of
Canada 2007).

For the period 2003-2005, at least 40 % of the Canadian
population (approximately 13 million) lived in communities
with levels above the CWS. Most of these were located in
Ontario and Québec. Outside these two provinces, only one
community in British Columbia and one non-urban area in
Atlantic Canada had levels above the CWS. With the excep-
tion of Saskatchewan, Manitoba and the territories, all other
regions had at least one location with levels within 10% of
the CWS. Provinces and territories reported data for a total
of 70 communities (CMA, CA and RSA) representing more
than 70 % of the Canadian population.

The spatial pattern of peak O; concentrations, as defined
by the CWS metric, is shown for 2001-2003 and for 2007—
2009 in Fig. 3.3a, b. From the earlier part of the last decade
to the latter part there was a dramatic drop in O;, includ-
ing throughout the United States (U.S.). However, through
2009 southern Ontario was still experiencing levels above
the CWS. The maps in Fig. 3.3a, b show that these high lev-
els are part of a large area that encompasses the eastern U.S.
These high levels are due, in part, to Ontario emissions and
in part to transboundary transport of O; and ozone precur-
sors from the U. S. Evidence of the impact of local Canadian
sources is best exemplified by noting the small area of higher
levels downwind of Toronto (i.e., to the east) in both time
periods (Fig. 3.3a, b).

Compared to southern Ontario, western and eastern
Canada have had lower levels of O, with limited evidence
of CWS exceedances. Slightly elevated levels can be seen
around Edmonton, Alberta and there are parts of the Lower
Fraser Valley (LFV) of British Columbia and southern Atlan-
tic Canada with locally elevated levels. Due to their location
downwind of the populated areas of southwestern British
Columbia and northwestern Washington, parts of the eastern
LFV (e.g., Hope) may continue to be near CWS exceedance
levels. However, the scale of the maps do not allow for such
local maxima to be visible.

3.4.1 Temporal Variations in Ozone

Concentrations

Ozone is well known to be present in higher concentrations
during the warmer months and during the afternoon. In terms
of seasonal behaviour, however, much of Canada is not as
strongly influenced by local to regional scale sources and
strong summertime photochemical O; production events
as expected. Out of 125 sites examined for the 2001-2005
period only 46 actually experienced the highest mean daily
maximum O; in the months of June, July or August. At the
remaining sites, which are classified as being more remote
rural and background sites, the maxima in O; concentrations
occur in the springtime. All of the sites where O; peaks in
June-August, except Hope, British Columbia, were located
in southern Ontario and southern Québec. In these areas,
regional-scale photochemical O; production and long-range
transport of pollutants are relatively more important and
thus, summer-time maximum O; concentrations are signifi-
cantly higher than those in other areas of the country.

The relative frequency of days per month during 2006—
2010 with eight hour average O; greater than 65 ppb is
shown for selected geographic regions in Fig. 3.4. Only 8
sites outside of Ontario and Québec met the criteria of inclu-
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Fig. 3.4 Average days per 6
month with ozone concentrations
greater than 65 ppb for the years
2006-2010. (Only sites averaging
at least one day per year >65 ppb
are included in the plot)
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sion in the figure of having at least one day >65 ppb. Sites
in Ontario near the Great Lakes shorelines experienced the
highest frequency of days and thus these are shown sepa-
rately on the figure. It can be seen that for all areas O; mix-
ing ratios greater than 65 ppb can be experienced in any of
the months from March through October, but the greatest
frequencies occur for June through September. The most no-
ticeable spring peak was in the eastern part of the country
(NS/NB/Québec).

Through the course of the day, greater sun intensity in
the afternoon typically leads to higher O5 levels at this time.
In addition, the O, precursor emissions have strong tempo-
ral variations on several time scales, which may influence
the diurnal pattern in O;. For example, the main source of
NO in urban areas—traffic—shows a strong diurnal cycle
with a maximum generally in the daylight hours. Superim-
posed on this is a further modulation, especially in urban
areas, related to the maximum traffic flow in the morning
and evening rush hours. In addition, the diurnal variation
of emissions is different on weekends to that occurring on
weekdays. The number of heavy duty diesel vehicles is
also substantially reduced on Saturdays and even further
on Sundays. These changes in precursor emission patterns,
especially during the daylight hours have led to substan-
tial differences between weekdays and weekends in urban
diurnal Oj profiles (Environment Canada 1997; Fuentes
and Dann 1993; Pryor et al. 1995). For the 2001-2005 time
period 65 out of 72 urban sites in Canada experienced a
“weekend effect” while 32 out of 44 rural sites showed
lower O; or no difference on weekends—this included all
rural sites in southern Ontario.

3.4.2 Trendsin Ozone

During the past several decades attempts have been made
to reduce O by addressing precursor emissions in the U.S.
and Canada from a variety of mobile and stationary sources.
NARSTO (2011) recently examined North America changes
in O; in response to these controls to assess the extent to
which management actions have resulted in the intended ben-
efits. In some places in Canada the results have been favour-
able, but not in all situations, due to the complexity of the
atmospheric chemistry and growth in some regions. In addi-
tion, trends are difficult to detect due to the large influence of
meteorology. Trends in O, vary markedly depending on site
location (urban, rural, background) and on which statistic is
being examined (Jenkin 2008; Ainslie and Steyn 2007).

Year to year changes in daily maximum 8h O; (April to
September only) at different percentile levels (10th, 25th,
50th, 75th, 95th and maximum) are shown for a group of
urban and rural sites for the period 1990-2010 in Figs. 3.5
and 3.6, respectively. The urban sites shown are distrib-
uted across Canada but the rural sites are primarily located
in Ontario and Québec with 3 sites in Atlantic Canada and
2 sites in British Columbia. Trends in the higher end of the
O, distribution tends to reflect the impact from precursor
emissions at closer distances to the measurement sites, while
the average or lower portions of the distribution generally
represent the background O (Lelieveld et al. 2004).

Figure 3.5 shows trend results for the urban sites with a
statistically significant (at the 95th confidence level) posi-
tive trend for the 10th and 25th percentiles indicating a rise
in urban background levels. These results illustrate the effect
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of local NO reductions in reducing O scavenging leading
to a net upward trend in lower percentile and average ozone
concentrations. In contrast, a significant negative slope was
detected for the maximum urban O; values, while for the
90th and 95th percentiles there were non-significant decreas-
es. This behaviour suggests that O; arising from emission

sources that are more local to Canadian cities has decreased
during the past 20 years.

For the rural sites, Fig. 3.6 shows that there have been
decreases (i.e., negative slopes) throughout the O; distribu-
tion, but only the maximum, 95th and 90th percentiles of
8 h O; had statistically significant decreases. Thus, region-
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Fig.3.7 Comparison of 24 h PM, 5 mass concentrations from filter-based samplers: 2008-2010. The statistics provided are the median, 2nd, 25th,
75th and 98th percentiles and outliers and extremes. Only sites with a minimum of 100 samples collected over this period are included and the

sites are arranged from eastern Canada to the west

al scale O; has responded to the past emission reductions
implemented in Canada and the U.S. Importantly, there is
no evidence from this group of rural sites (predominantly
in Ontario and Québec) that there has been an increase in
background O;.

3.5 Observations of PM, ; Concentrations
Across Canada

3.5.1 PM,; Mass

An analysis of PM, s in terms of the Canada-wide standard
can be found in the Government of Canada Five-year Prog-
ress Report on Canada-wide Standards for Particulate Matter
and Ozone (Government of Canada 2007). For the period
2003-2005, at least 30% of the Canadian population (ap-
proximately 10 million) lived in communities with levels
above the CWS. Most of these were located in Ontario and
Québec. Outside these two provinces, only two communities
in the interior of British Columbia reported levels above the
CWS. Communities within 10% of the standard were also
primarily located in Ontario and Québec.

Figure 3.7 provides a box-plot comparison of 24 h PM, s
concentrations across the country for more recent years:
2008 through 2010. The sites shown represent all the avail-
able, routinely operating filter-based samplers. As seen for
2008-2010, there were more sites with 24 h observations
greater than 30 pg m 3 in eastern Canada compared to the
west. However, there continue to be locations in the inte-
rior of BC (e.g., Prince George) with relatively high means
and peak 24 h concentrations. Edmonton is also seen to
have experienced a number of days above the 30 pg m™3
threshold.

Similar to O3, the conditions over southern Ontario and
southern Québec are part of a high concentration Canada-U.S.
airshed. Throughout this large area, annual mean PM, 5 ex-
ceeded 8 pg m™3 in 2004-2006. In central British Columbia,
where there are also high concentrations, it is likely that these
levels were confined to the more populated valleys where a
range of local industries, residential wood smoke and traffic
make more significant contributions. The winter months are
generally when these problems occur due to stronger valley
inversions, which trap the local emissions, and due to a greater
need for supplemental heating by wood-burning appliances.

As Table 3.1 indicates there are many more locations in
Canada reporting hourly PM, 5 from continuous samplers
such as the TEOM. These data are valuable for enhancing
the density of the network such that it is more comparable to
O; monitoring and thus, provides greater population cover-
age. However, as indicated above, there are potential prob-
lems with some of the available instruments. To demonstrate
the potential importance of the TEOM instrument’s loss of
volatile mass, Fig. 3.8 provides the annual 98th percentile
PM, 5 values for a selection of TEOM trend (at least 8 out
of 10 years of data) sites based upon adjusted (transformed)
and unadjusted PM, 5 concentrations. Values are 2-5 ug m >
higher after adjustment, although both measures show that
during the 2000-2009 period there was a net decrease in
concentration. As another example, adjusting PM, s val-
ues among all the available TEOM sites across the country
among the measurements taken during 2004—2006 increased
the number of sites surpassing the CWS by 27. Clearly, in
order to obtain a proper understanding of the current state of
PM, 5 levels over as much of Canada as possible it critical
that the continuous monitors, which are necessary to provide
daily sampling frequency, produce measurements that are
consistent with the reference method.
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Current Status of Continuous PM, s Measurement Across
Canada Due to reasons described above the TEOM contin-
uous PM, 5 instruments deployed across the Canadian moni-
toring networks since the mid-1990°s do not meet the data
quality objectives (DQOs) that have been established for
comparison with NAPS reference method samplers (Allen
2010). However, NAPS managers have determined that in-
struments approved as U.S. EPA Class III federal equivalen-
cy methods (FEM) do meet the NAPS DQOs. Thus, moni-
toring agencies across Canada have either transitioned to or
are in the process of transitioning to PM, s FEM instruments
in their monitoring networks (Allen 2010).

There are primarily three makes of Class III FEM in-
struments currently being deployed across Canada: the Met
One BAM1020; the Thermo TEOM 1400ab-FDMS (to be
discontinued); and the Thermo 5030 Sharp. The U.S. EPA
conducted an assessment of PM, s FEMs compared to col-
located federal reference method (FRM) samplers. For this
analysis, 61 Met One BAM stations and 17 Thermo 8500
FDMS stations were examined. Based on these comparisons
it was found that both FEMs predicted annual means simi-
lar to the FRM or higher by 2-5 pug m>. The bias for both
instruments appeared to be highest for the spring/summer
seasons (U.S. EPA 2011). The Canadian Council of Minis-
ters of the Environment (CCME) has recommended that all
jurisdictions strive to deploy new Class III FEM instruments
of their choice by December 31, 2012.

Ultimately with greater geographic coverage of PM, s
monitoring using consistent daily measurement techniques
(i-e., RM or FEM) it may be possible to generate PM, s maps
such as shown in Fig. 3.3a, b for O;. However, the current

network does not have the density of monitors for this pur-
pose and differences in measurement techniques among the
available sites add to the problem. In addition, PM, s differs
from O, in that there can be significant primary emissions
of PM, . This can lead to greater uncertainty in the inter-
polation necessary to produce maps, particularly in areas of
significant local sources and limited monitoring.

Satellite-based estimates of surface PM, 5 concentrations
are proving to be useful in filing the surface monitoring gap
(van Donkelaar et al. 2010), but limitations remain (Hoff
and Christopher 2009). This includes the limited temporal
coverage, lost observations due to clouds and the colum-
nar nature of satellite observations. Nonetheless, satellite-
derived data represent an important emerging technology
for air pollutant monitoring. The national level exposure as-
sessment used by Crouse et al. (2012) to successfully quan-
tify the effects on mortality rates of long term PM, 5 ex-
posure across Canada relied on observations derived from
satellite. Lee et al. (2011) showed what level of information
on surface NO, patterns over southern Ontario could be de-
rived by combining satellite and routine monitoring data
and recently McLinden et al. (2012) used satellite data to
study NO, and SO, patterns over the oil sands region of
Alberta.

3.5.2 Temporal Variations in PM, ¢
Concentrations

Unlike O5, which has a strong seasonality, PM, 5 varies less
through the year. Winter and summer levels of PM, 5 mass
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8 The lack of long-term PM, 5 mass data at rural/remote moni-
toring sites in Canada precludes any analyses of long-term
. trends outside of cities. Figure 3.11 shows how the annual
£ 6 mean PM, 5 mass composited across multiple urban dichoto-
=4 mous sampler sites changed during the last decade. In eastern
;.gi“ 4 Canada the peak year was 2002 with a level of 13 uyg m™ and
since then PM, 5 decreased to below 9 pg m™>, on average.
—O—WEEKEND During this same ten year period the PM, 5 also decreased
2 —¢=WEEKDAY among the western Canadian sites, but only by 2 pg m—. As
a result, in 2008 the mean was 6 ug m > and thus, the differ-
0 ence between the east and west urban areas has diminished.
s s T 1_1 1815 A7 o1e 21 23 Also shown in Fig. 3.11 is the annual mean sulphate con-
Time of Day

Fig. 3.10 Diurnal variation in PM, 5 mass—weekday vs. weekend—
TEOM samplers (2007-2009)

are compared for 2008-2010 in Fig. 3.9. Overall there were
more sites with higher winter means and peaks.

Using composite hourly data from the TEOM network the
diurnal variability of PM, 5 mass for weekdays versus week-
ends is illustrated in Fig. 3.10. This figure clearly shows the
impact of transportation sources on PM, s concentrations
with an approximate 25 % decrease in the morning peak and
a 17% decrease in the daily mean on weekends as compared
to weekdays.

centration (SO,>). This PM, s constituent is one of the main
contributors to mass (see next section) and during the past
20 years there have been considerable North American re-
ductions in the emissions of SO, in order to lower acid de-
position rates and vehicular emissions of PM, 5. In eastern
Canada sulphate was variable from 1999 to 2005 at around
11 pg m3. However, decreases in the last three years have
led to a composite average concentration of 2.2 pg m™ in
2008. The rate of reduction of PM, 5 during this time period
was very similar to the rate observed for sulphate suggesting
that the SO, controls had a beneficial impact on PM, s in the
east. Sulphate was a smaller fraction of the PM, 5 in the west
and its concentration has remained steady at about 1 pg m™
from 2001 to 2008.
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3.5.4 Chemical Composition of PM, 5

PM, s is a complex mixture of inorganic and organic chemical
compounds. The main contributors to the mass are the ions
of sulphate, nitrate and ammonium and organic carbon (OC),
which consists of thousands of different species and not all
have been identified. Another important component of the
PM, 5 is elemental carbon (EC), which is often referred to as
black carbon (BC). Here we use EC because of the approach
to determine the concentration reported, which is based upon
the thermal-optical approach (Chow et al. 1993). A small, but
consistent contribution to PM, 5 is also made by a large num-
ber of trace elements or metals such as iron, aluminum, sili-
con, calcium, zinc, manganese, titanium, nickel and arsenic.
Sulphate and major elements of PM, s mass from the di-
chotomous sampler network have been determined since
1986. These data have been previously described (Brook et al.
1997, 1999; Brook and Dann 1999). Monitoring of complete
fine particle speciation began at Canadian network sites in
2000 (Lee et al. 2003). The number of sites started to grow be-
yond Toronto and Burnaby South (greater Vancouver area) in
2003. In this speciation network, which currently consists of
11 sites (Table 3.1), the major components of PM, 5 are report-
ed. These measurements were recently discussed by Dabek-
Zlotorzynska et al. (2011), including the seasonal variation in
each of the major chemical species making up the PM, s.
Complete fine particle speciation allows the mass to be
reconstructed from the chemical species. Dabek-Zlotorzyns-
ka et al. (2011) described the reconstruction approach used

for the Canadian PM, 5 network. This involves grouping the
chemical composition measurements according to ammonium
sulphate (NH,),SO, or ASO,), ammonium nitrate (NH,NO;
or ANOy)), organic matter (OM), which is taken as 1.6 x OC at
urban sites and 1.8 x OC at rural sites, elemental carbon (EC),
crustal material and other oxidized metals (SOIL) and sodium
chloride (NaCl). Particle-bound water (PBW) can also be es-
timated from the measurements. Figure 3.12a, b shows the re-
constructed mass for the warm (April to September) and cold
(October to March) seasons of 2007-2009.

On average the reconstructed mass was in agreement with
the measured mass. Combined (NH,),SO, and NH,NO; ac-
count for 32-43% of total PM, 5 mass at the eastern sites
during the summer and 36-59 % in the winter. Thus, second-
ary compounds (i.e., those that form in the atmosphere from
emissions of gaseous precursors) are a major contributor.
For the western sites (NH,),SO, and NH,NO; account for
18-30% of mass in summer and 22—45 % in winter, also in-
dicating that gaseous precursor emissions are quite important
to PM, s. Figure 3.12a, b also shows that the relative amounts
of (NH,),SO, and NH,NO; change from summer to winter.
Nitrate species increase dramatically at most locations with
the highest concentrations in Edmonton and Windsor.

At the eastern sites OM is the next most important con-
tributor to mass after the two inorganic secondary species. In
contrast, in Edmonton and at the British Columbia sites, OM
contributes the most. OM contributions to PM, s mass for
urban and rural sites range from 31 to 52% in summer and
23 to 58% in winter. Interior BC locations, such as Quesnel
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and Golden (Dabek-Zlotorzynska et al. 2011), have the largest
OM percentages, particularly in the winter. Wood combustion,
either from industry and residential heating, as well as from
wildfires, is the key contributor in these areas. The fraction of
OM that is due to secondary formation, originating from gas
phase VOC emissions, has not been accurately quantified. On
average, it is suspected to be a significant fraction and also in-
creases away from populated areas and/or as the aerosol age in
the atmosphere. Both anthropogenic and biogenic emissions of
VOCs are important contributors to the secondary OM (e.g., de
Gouw et al. 2008; Slowik et al. 2010, 2011; Liggio et al. 2010).

The average PM, s chemical composition in Fig. 3.12a,
b changes during high mass concentration episodes due to
greater contributions from certain sources or atmospher-
ic formation processes. For the ten highest days in sum-
mer, PM, s mass at eastern sites is primarily composed of
(NH,4)2SO, and OM (70-80%), while at the western sites
other than Golden, NH,NOj is also an important contributor.
For the highest concentration days in winter NH,NO; and
OM are the primary contributors to mass at almost all the
sites, but (NH,)2SO, is also an important contributor at the
eastern sites and in particular in Halifax.

Among major cities, trace metals (four selected toxic ele-
ments) have the highest concentrations in Halifax. However,
Fig. 3.13 shows that among the locations monitored these met-
als were by far the highest in the small, base metal smelting
community of Flin Flon, Manitoba, where arsenic was very
high during the monitoring period (2007-2009). In terms of cit-
ies, these four metals are also relatively high in Montreal, fol-
lowed by Windsor, Saint John and Burnaby. Both the east and
west coast and Montreal have high nickel and vanadium levels.
These are due to use of oil for power and heating (Halifax),
heating (Montreal) and due to ship traffic (all four locations).

3.6 Elevated PM, ; and O; (SMOG) Events

Smog episodes are an important feature of Canadian air
quality because the response by the government is to issue an
air quality advisory. This leads to greater public awareness,
affects their perception of the problem and focuses attention

on the actions needed to avoid such events. High O; and
PM, s events often occur during multi-day, regional scale
episodes, particularly in eastern Canada. The meteorologi-
cal conditions contributing to pollutant build up may become
established over Ontario and then propagate eastward. How-
ever, such episodes are relatively uncommon over Atlantic
Canada unless the air flow is such that pollutants that have
built up over Ontario, the U.S. Midwest and particularly the
eastern seaboard of the U.S. are transported to the region to
combine with local emissions.

Defining an episode is subjective in that to generate fre-
quency statistics a threshold concentration needs to be de-
fined. The appropriate threshold is a matter of perception
and ideally should be set relative to the prevailing conditions
in each region of the country. For example, the threshold
level for high PM, 5 in Ontario is well above the level that
noticeably impacts visibility in the Lower Fraser Valley. In
this chapter the CWS metrics for PM, 5 and O; are used to
identify episodes, but again, this may misrepresent how local
populations perceive the occurrence of episodes. Thus, there
is a need for local authorities and stakeholders to determine
their own threshold to best meet their needs of public aware-
ness and health and welfare protection.

Historically the greatest frequency of regional-scale epi-
sodes PM, 5 have occurred in Ontario followed by Québec
and for both these regions high PM, s values often persisted
for several days. Regional scale episodes of PM, 5 were in-
frequent in the Prairies with the most notable regional scale
PM, 5 event associated with the August 2003 forest fires
in the southern British Columbia interior. The relative fre-
quency of days per month with PM, 5 concentrations greater
than 30 ug m™3 is shown in Fig. 3.14 for the five year period
2005-2009. PM, 5 concentrations greater than 30 pg m™> oc-
curred in all months of the year. However, in British Colum-
bia these events were largely a cold season phenomenon and
were most often due to local emissions being trapped under
inversions in the interior valleys. A similar seasonal behav-
iour occurred in Alberta with strong inversions limiting ver-
tical mixing over large emission areas (e. g., cities) being
responsible. The summertime occurrences of PM, 5 episodes
in western Canada were usually associated with forest fires
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(e.g., August 2003). As expected, Ontario/Québec sites ex-
perienced the greatest overall frequency of days >30 ug m3
with the peak month being June followed by February and
October. Thus, a PM, 5 episode can occur in any season.

The greatest frequency of regional-scale episodes of O also
has occurred in Ontario followed by Québec. For both these

regions high ozone values often persisted for several days and
were highly likely to be associated with PM, 5 values greater
than the CWS metric of 30 pg m>. This situation has changed
over the past ten years, however, and to illustrate this Table 3.3
provides a comparison of a regional scale episode that occurred
in Ontario in 2003 contrasted with one that occurred in 2010.
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Table 3.3 Comparison of a Regional Scale Ozone and PM, 5 Episode in Ontario for two heat-wave periods in 2003 and 2010. (A regional scale
episode is defined as days where 33 % of monitoring sites in a region record maximum daily 8 h ozone greater than 65 ppb)

Episode date Total reporting ~ Sites with8h ~ Max. 8 h O,
sites (O3) O3 >65 ppb (ppb)
24-Jun-2003 56 36 112
25-Jun-2003 56 36 123
26-Jun-2003 56 35 108
05-Jul-2010 50 29 82
06-Jul-2010 50 32 99
07-Jul-2010 50 26 89
08-Jul-2010 50 26 97

Environment Canada defines a heat wave as three consec-
utive days when the maximum temperature is 32 °C or higher.
For Ottawa there was a seven year time gap between heat
waves that occurred in June 2003 and July 2010. It is these
two heat wave periods that are compared in Table 3.3. As
shown in the table, a large number of Ontario sites exceeded
the 65 ppb threshold for 8 h O during both episodes. Howev-
er the maximum O; values were 20-30 ppb lower during the
2010 episode. More striking is the reduction in sites that ex-
ceeded 30 pg m~ of PM, 5 during the two episodes (despite
the same number of reporting sites) with over 25 sites ex-
ceeding this value in 2003 and only 1-3 in 2010. Maximum
PM, s concentrations were 15-20 pg m~> lower in 2010.

3.7 Observations of Other Routinely
Monitored Air Pollutants

Levels of sulphur dioxide (SO,), nitrogen dioxide (NO,), ni-
tric oxide (NO), carbon monoxide (CO) and volatile organic
compounds (VOCs) have been monitored at several locations
across Canada for many years (>20 years). At high levels
each of these pollutants can have human health and/or envi-
ronmental impacts. Consequently ambient air quality stan-
dards or objectives have been in place for many years to en-
courage reductions in concentrations and in recent years their
levels rarely approach the objective values. However, these
pollutants are reactive, contributing to the formation of O,
and/or PM, s, and thus tracking and minimizing their concen-
trations continues to be important to ensure good air quality.

Measurement of NO, Often NO and NO, are added to-
gether and reported as NO,. Due to the measurement tech-
nique used to determine NO, at NAPS sites the concentration
reported can experience a small interference from other oxi-
dized nitrogen compounds, namely nitric acid, peroxyacetyl
nitrate, organic nitrates and particle nitrate. When these spe-
cies make it through the inlet of the measurement system
and are converted to NO before being detected they cause
an overestimation of NO, (and NOy). The magnitude of the
overestimation is dependent on the extent of photochemical
processing of these other nitrogen species during the course

Sites with Max 24 h PM, 5 Max. temp Max. temp
PM,s>30 ug/m*  (ug/m®) Toronto (°C) Ottawa (°C)
8 33 32.6 325
28 46 342 33.0
28 55 333 323
1 32 33.8 337
1 31 33.1 33.6
3 33 32.0 33.8
2 38 333 345

of atmospheric transport to the measurement site. In general,
the overestimate of NO, increases as the distance from emis-
sion sources increases.

The magnitude of this positive interference has been esti-
mated at a few rural locations in Canada as part of CAPMoN
research (NARSTO 2011) and have also been discussed
by Lee et al. (2011) for southwestern Ontario. At a rural
site ~75 km northwest of Toronto (Egbert) the interference
ranges from approximately 4 % in the winter to 39 % during
summer periods of elevated photochemical activity. It should
be noted that most Canadian NOy measurement sites are lo-
cated in urban environments which are impacted mostly by
local emissions. Thus the positive interference seen at the
rural Egbert location is expected to be closer to the worst
case scenario for most NAPS sites.

Volatile organic compounds, or VOCs, are generally
defined as compounds containing at least one carbon atom
(excluding carbon dioxide and carbon monoxide) and with
a vapour pressure of 0.01 kPa or greater at 25 °C. Although
there are many thousands of organic compounds in the nat-
ural and polluted troposphere that meet the definition of a
VOC, most measurement programs have concentrated on the
50 to 150 most abundant C2 to C12 hydrocarbons consist-
ing of the general formula CxHy and on C2 to C6 carbonyls
(compounds that contain the structural element R2C = O). In
this chapter, total non-methane hydrocarbons (total NMHC)
are defined as the sum of all identified C2 to C12 hydrocar-
bons. Total VOCs are defined as total NMHC plus carbonyls
and other polar species. NMHC also includes a number of
species emitted from biogenic sources including isoprene, a-
pinene, f-pinene, J-limonene and camphene.

VOC Reactivity Ozone formation includes a complex array
of reactions involving the atmospheric oxidation of VOCs.
In this process, individual VOCs differ in their efficiency to-
wards O; formation. Therefore, a scale in which each com-
pound is ranked according to its potential to form O, can
help guide certain emission regulations. The use of the rate
coefficient for the reaction of OH + VOC (kOH) as a measure
of the reactivity of a VOC is one common ranking approach.
While this approach does not take into account the complex
chemical reactions that follow the initial reaction between
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the VOC and OH, it is useful to consider the k<OH reactivity
scale under conditions where the production of Oj is large-
ly limited by the supply of NOy rather than VOCs. These
sort of conditions prevail at locations removed from major
source areas of VOCs, e.g., in rural and remote areas. To
help with this limitation Chameides et al. (1992) introduced
a procedure for scaling VOC-based kOH that involves scal-
ing a VOC by multiplying its concentration (in ppbC) by the
ratio of its rate coefficient with OH and the rate coefficient of
the reaction between propylene and OH. This adjusted VOC
concentration is called its Propy-Equivalent concentration
and also helps rank VOCs according to their impact on Oj.

3.7.1 Urban NO and NO, Concentrations

Figure 3.15 summarizes the NO, concentrations by province
for 2008. This figure shows the median and range among
urban sites of the 98th percentile values of the daily hourly
maximum. The median was highest among the Ontario and
Québec sites at about 55 ppb. Western Canadian cities from
Manitoba westward and New Brunswick had similar median
98th percentiles at near 40 ppb. However, the location with
the highest 98th percentile was in Alberta as was the site
with the lowest value. Nova Scotia, Newfoundland and the
Northwest Territories all had lower values. Annual mean NO
concentrations ranging from 22 to 32 ppb are found at cen-
tre city or roadway sites in the larger metropolitan areas. At
centre city or roadway sites in the larger metropolitan areas
NO can reach high levels surpassing 150 ppb and explaining

50-70% of measured NOy. At suburban sites and commer-
cial sites in smaller urban centres, annual mean NO concen-
trations are typically in the range of 10 to 20 ppb while NO,-
to-NO ratios are in the range of 1 to 4.

Monthly mean NO and NO, concentrations for select-
ed sites are presented in Fig. 3.16 averaged over the years
2003-2005. Both NO and NO, concentrations are lower in
the summer months and NO,/NO ratios are higher. The ma-
jority of urban sites show a strong seasonal cycle in NO, with
maximum concentrations experienced in the winter months.
The winter maximum is a result of three factors: increased
emissions in the winter (primarily from fuel combustion); re-
duced atmospheric dispersion and a shallower mixed layer in
winter; and less photochemical activity, resulting in slower
destruction of NO,. Figure 3.16 shows that these factors con-
tribute to the largest seasonal variability and highest winter-
time NO concentrations in the country in Calgary. The NO,
seasonal cycle had a smaller amplitude compared to NO.
The minimum was generally recorded in midsummer, due
to faster conversion of NO, to other more oxidized nitrogen
species (e.g., nitric acid) and lower NO levels.

3.7.2 Levels of Volatile Organic Compounds
(VOCs)

VOC samples are routinely collected at 37 urban and 13 rural
sites across Canada with five sites located near refineries. In
Fig. 3.17, these sites are categorized according to these three
settings and are compared using mean, 10th and 90th percen-
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Fig. 3.17 Mean, 10th and 90th
percentile non-methane hydro-
carbon concentrations (ppbC) for
May to September in 2007-2009
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Table 3.4 Ten most abundant NMHC Species as a percentage of total carbon and as a percent of NMHC

Only) 20072009

Rank Compound Mean (ppbC) % of total
Urban—sorted by concentration
1 Toluene 5.6 9.5
2 Isopentane 4.9 8.4
3 Propane 4.7 8.0
4 Ethane 3.7 6.3
5 Butane 3.5 59
6 m and p-Xylene 2.9 5.0
7 Pentane 2.2 3.8
8 Isobutane 2.2 3.7
9 Ethylene 1.9 33
10 2-Methylpentane 1.3 2.2
All species 59.0
Rural—Sorted by Concentration
1 Ethane 2.3 16.3
2 Isoprene 1.4 10.0
3 Propane 1.2 8.9
4 Isopentane 0.8 5.9
5 Toluene 0.8 5.8
6 a-Pinene 0.7 5.1
7 Butane 0.7 4.7
8 Pentane 0.5 32
9 Ethylene 0.4 2.7
10 B-Pinene 0.4 2.6
All species 14.0

tile NMHC concentrations. Not surprisingly concentrations
were much lower at the regionally representative and remote
sites compared to the rural-urban impact sites. Higher levels
are apparent at locations situated in the downtown core (e.g.,
Vancouver-Robson) and (Montréal-Maisoneuve) as well as
in cities near petrochemical industry (Sarnia).

Mean concentrations varied by almost three orders of mag-
nitude from the lowest site (Alert—3.1 ppbC) to the highest
site (Burnaby-Eton/Madison—633 ppbC). The Burnaby site
is located approximately 1 km from a Chevron refinery. The
differences among sites are not the same for all individual
compounds. Some of the NMHC species with relatively long
atmospheric life times such as ethane are found in similar
concentrations at urban and rural sites. Biogenic species are
usually more abundant at forested, rural sites (e.g., Kejim-
kujik). For the rural sites the proximity of a large source re-
gions plays a role. For example, NMHC concentrations are
relatively large at such sites as Simcoe, Wallaceburg and
I’ Assomption which are relatively close to large urban areas.

Table 3.4 provides a list of the 10 most abundant NMHC
species as a percent of total carbon and as a percent of re-
activity weighted total carbon NMHC,,, for the urban and
rural site categories. The most abundant species on a percent
of carbon basis in the urban area are toluene, isopentane, pro-
pane, butane and m and p-xylene. In contrast, the species m
and p-xylene, toluene, ethylene, propylene and isopentane are

prop—Urban and Rural Sites (Summer

Compound Mean (ppbC) % of total
Urban—sorted by NMHC,,,,
m and p-Xylene 2.7 15.3
Toluene 1.9 10.9
Ethylene 1.5 8.6
Isoprene 1.0 5.7
Propylene 0.8 4.5
Isopentane 0.7 4.0
o0-Xylene 0.6 34
1,2,4-Trimethylbenzene 0.5 3.1
3-Ethyltoluene 0.4 2.3
Butane 0.4 2.3
17.6
Rural—sorted by NMHC,,,,
Isoprene 1.3 30.0
Ethylene 0.3 6.9
Toluene 0.3 6.4
a-Pinene 0.3 6.2
m and p-Xylene 0.2 5.2
Propylene 0.2 4.3
Isopentane 0.1 2.8
B-Pinene 0.1 2.4
1-Butene/Isobutene 0.1 2.1
d-Limonene 0.1 1.7
4.3

the most important contributors to NMHC, ., (i.e., important
for O; formation). The ranking of major species measured
in NMHC mixtures has remained stable during the past 20
years of measurement (Environment Canada 1997), particu-
larly at the urban sites, which reflects the large contribution
from transportation sources. Species profiles for the refin-
ery impact sites (not shown) are similar to urban sites except
for a greater abundance of C3-C5 alkanes (propane, butanes
and pentanes). There also systematic differences between the
profiles among refinery sites due to differences in industrial
activities. For example, the Saint John, NB, site records high
levels of MTBE and propylene while the Burnaby site shows
high levels of 2,2-dimethylbutane. At the rural sites the im-
portance of biogenic NMHC species, such as isoprene and
a-pinene, is relatively large. In terms of NMHC , isoprene
is the dominant species.

prop

3.7.3 Sulphur Dioxide Concentrations

Sulphur dioxide is a major precursor of PM, 5 and has been
routinely monitored across Canada for decades. Ambient
SO, concentrations across Canada exhibit a seasonal cycle
with higher urban SO, concentrations in the winter than in
the summer. As shown below in Fig. 3.22, concentrations
have continued to decrease in recent years, but sites with
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Fig. 3.18 Concentrations of polycyclic aromatic hydrocarbons (PAHs), as represented by benzo[a]pyrene (a), and ethylene oxide (b) at NAPS
sites over 2003—2009. m Median concentration. == 10th and 90th percentile concentrations. ¢ Mean concentration. == Annual average ambient air

quality criterion (AAQC) from Ontario

nearby point sources (usually non-ferrous smelters) contin-
ue to experience the highest SO, concentrations. However,
the observed mean annual concentrations across the coun-
try are still below 10 ppb at all but a few sites, such as the
industrially-impacted Temiscaming, Québec, and Trail, BC,
locations. The lowest concentrations are found at western
and northern sites with no nearby industrial emissions. Some
rural sites in Ontario, such as Egbert and Longwoods, con-
tinue to experience higher SO, levels than a number of the
western urban sites. This is because of higher emissions of
SO, within the region, including the U.S. Midwest.

3.7.4 Levels of Hazardous Air Pollutants

Typical concentrations of the HAPS listed in Table 3.2 vary
over a wide range depending upon compound (e.g., from

femtograms (10°'° g) to micrograms (107 g) per cubic
meter). Similarly, the concentrations at which no adverse ef-
fects are expected vary by compound.

Two of the HAPS listed in Table 3.2 exceeded their re-
spective annual Ontario ambient air quality criteria (AAQC)
by substantial margins in recent years: polycyclic aromatic
hydrocarbons (PAHs, as represented by benzo[a]pyrenc)
and ethylene oxide. Their concentration distributions among
NAPS sites are shown in Figs. 3.18a, b and compared to
their AAQCs. Figure 3.18a shows that PAH concentrations
varied widely by location. Sparsely populated areas, such as
Kejimkujik National Park and Burnt Island (Lake Huron),
had median concentrations below Ontario’s annual AAQC.
Conversely, most urban areas had median concentrations
that exceeded the AAQC due to the impact of local mobile
and industrial sources. All NAPS sites that measured ethyl-
ene oxide had median concentrations that were above the
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Ontario AAQC (Fig. 3.18b). However, this HAP was only
measured in British Columbia and at a single site in Ontar-
io. It is possible that improved spatial coverage in ethylene
oxide measurements would reveal areas with concentrations
below the AAQC and others further above it (i.c., hotspots).
More measurements are needed to determine the spatial vari-
ability of ethylene oxide in Canada.

The range in concentrations among the HAPS in Table 3.2
is large, and a useful approach to summarizing their levels
and potential impact is to express their concentrations relative
to their respective Ontario AAQCs. Compounds that exceed-
ed or approached their relevant AAQCs in Canada in recent
years are shown in Fig. 3.19. A plotted value > 1 indicates that
the concentration (mean or maximum Canadian value) was
above the Ontario AAQC. The mean Canadian concentrations
of six air toxics (PAHs as represented by benzo[a]pyrene, eth-
ylene oxide, benzene, acrolein, acrylonitrile, and carbon tetra-
chloride) exceeded their respective annual Ontario AAQCs. A
further sixteen air toxics exceeded their AAQC:s at their maxi-
mum recorded concentrations. In other words, there was at
least one observation among the limited number of measure-
ment sites in Canada that was above the AAQC for those com-
pounds. Continued investigations of HAPs across Canada will
be useful to understanding the risks posed to Canadians by air
toxics. However, careful attention must be paid to setting sci-
ence priorities given the large list of HAPs that are potentially
relevant in the Canadian context (Galarneau and Dann 2011).

3.7.5 Trendsin NO,, NO,VOCs and SO,

Recent trends in annual mean NO and NO, are shown in
Fig. 3.20 and trends in May-September VOCs at urban, rural
and refinery impacted sites are provided in Fig. 3.21. Be-

tween 1999 and 2008 annual mean NO decreased by 48 %,
NO, by 26% and summer mean VOCs by 46% at these
Canadian urban sites. The trends were consistent, on a site by
site basis, with essentially all urban sites in Canada, record-
ing similar decreases in ambient levels. Interestingly, given
the reductions in urban NO, during the period, the levels in
eastern and western Canadian cities are now comparable. In
contrast, mean NO is higher in the cities in western Canada.
As a result, the ratio of composite annual mean NO, to NO
increased from 1.1 to 1.5 during the time period. Rural sites
experienced a decline in anthropogenic VOCs similar to the
urban sites with a 49% decrease in mean summer concen-
tration between 1999 and 2008. The reductions in ambient
air NOy and NMHC also matches the reduction in on-road
transportation sector emissions (Government of Canada
2007). In contrast, Fig. 3.21 shows that mean and 90th per-
cent confidence limits for the VOCs at the six sites located
near refineries have increased during the past decade. This
upward trend was largely driven by higher concentrations
measured at the Edmonton and Vancouver monitoring sites.

In Fig. 3.22 annual mean SO, trends are shown separately
for 12 urban and 9 industrial influence sites for the 1999—
2008 time period. Composite annual mean SO, concentra-
tions decreased by approximately 52% at both groups of
sites. Mean levels in locations impacted by industrial emis-
sions now range from 3 to 9 ppb, while at most other urban
locations they average less than 2 ppb.

3.8 Summary

There are over 300 air quality monitoring locations across
Canada from coast to coast to coast. Ozone and fine particu-
late matter (PM, 5) are the most frequently measured pollut-
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Fig.3.20 Yearly variation in
annual mean NO and NO, from
Canadian urban trend sites (1999—
2008). Composite means and the
90th percent confidence interval
around the mean are plotted
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ants with the majority of locations situated where population
density is high or where there is considerable industrial activ-
ity. Nitrogen oxides and sulphur dioxide are also measured at
a considerable number of locations in Canada while volatile
organic compounds (VOC) and other air toxics are measured
at a relatively small number of places. In this chapter, na-
tional scale patterns for these air pollutant concentrations
have been presented along with information on their tem-
poral variations, such as diurnal, seasonal and year to year
changes. The composition of fine particulate matter (PM, s)
and volatile organic compounds (VOC) has also been deter-
mined and described in this chapter.

The concentration measurements indicate that there are
areas where the current Canadian standards or provincial
guidelines are exceeded for ozone, PM, 5 and toxics. Ozone
in southern Ontario and southern Québec has been the most
problematic although there has been some improvement in
recent years. Similarly, on a national scale PM, 5 has de-
creased indicating that, due to the range of emission reduc-
tion strategies implemented in the past decade, air quality is
improving. There are exceptions, such as VOCs in areas of
industrial influence and, although not a focus in this chap-
ter, local areas of industrial growth such as NO, over the oil
sands region (McLinden et al. 2012). Thus, there remains
a need to monitor air quality, especially in regions of pro-
jected industrial or population growth in order to maintain
current levels and to identify options for improvement and to
inform adaptive management approaches. Furthermore, cur-
rent health research indicates that pollutants such as PM, s
have effects on the population at low levels. Thus, air quality
remains an important public health issue to track; nationally,

regionally and in particular at the local scale where areas of
concentrated emissions due to industrial activity or popula-
tion behaviour (e.g., traffic, wood burning) can lead to high-
er population exposures.

In the context of the past 30-40 years, Canadian air qual-
ity has been an environmental management success story.
Levels throughout the populated regions of the country
are considerably lower than in the 1970’s and 1980’s. The
1990’s also brought reductions and this chapter shows that
even up through the 2000’s improvements in air quality have
been realized.
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Long-Range Transport of Air Pollutants
and Regional and Global Air Quality

Modelling

Michael D. Moran, Ashu Dastoor and Gilles Morneau

Abstract

The long-range transport of air pollutants from distant sources affects air quality in many
parts of Canada. During long-range transport, meteorological conditions will vary and there
will be sufficient time for chemical transformations to occur, allowing secondary pollutants
such as ozone to form, and for the removal of pollutants by dry or wet processes. Regional
and global air quality (AQ) models are the only tools available that can take into account
the details of both pollutant emissions and this complex set of atmospheric processes and
then predict the pollutant concentration and deposition fields that will result. This capabil-
ity allows AQ models to provide important information and guidance for AQ management.

This chapter begins by reviewing the nature of long-range transport and its importance in
Canada. Next, the capabilities of AQ models and some possible applications of these mod-
els to AQ management are discussed, the formulation and architecture of these models is
described, a summary of the various regional and global AQ models that have been applied
over the past three decades to support AQ management in Canada is provided, and some
of the metrics that have been employed to quantify AQ impacts are reviewed. Lastly, three
recent Canadian case studies are presented to provide concrete examples of how AQ models
can be applied to AQ management.
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4.1 Introduction

chemical reactions may take place in clear air (gas-phase
chemistry), in clouds within cloud droplets (aqueous-

Air pollutants that are emitted directly to the atmosphere are
called primary pollutants. Air pollutants that do not have pri-
mary sources but instead are created by chemical reactions
in the atmosphere are called secondary pollutants. Those
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phase chemistry), or on particle surfaces (heterogeneous
chemistry). Pollutants such as nitrogen dioxide (NO,) and
sulphur dioxide (SO,) are primary pollutants. Ozone (O5),
on the other hand, is a secondary pollutant. Particulate matter
(PM) is more complicated because it can be directly emit-
ted (e.g., combustion processes, fugitive dust, sea salt) but it
can also be formed through chemical reactions (e.g., particle
sulphate and nitrate, secondary organic matter). This means
that PM can be considered both a primary and a secondary
pollutant.

Several later chapters in this book discuss /ocal emissions
of pollutants from different types of sources, including indus-
try, transportation, and agriculture. However, pollutants emit-
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ted by distant sources can travel long distances and then affect
local air quality (AQ) as well, since this is determined by the
contributions of all sources, both near and far. The contribu-
tion of pollutants from distant sources is often referred to as
long-range transport, which has been defined as transport of
air pollutants over distances of 100 km or more (OECD 2012).
For such distances travel times will range from hours to days
and meteorological conditions are likely to vary in both time
and space. Moreover, during long-range transport, pollutants
or their precursors may also undergo chemical transforma-
tions and removal processes. This means that atmospheric
chemistry and both primary and secondary pollutants need to
be considered when long-range transport is an issue.

This chapter begins by looking at the nature of long-range
transport, some of its physical and chemical characteristics,
and its importance in Canada. Next, regional and global AQ
models are examined: these are the AQ management tools
best able to represent and quantify the contributions of both
long-range transport and local emissions of air pollutants to
local air quality. The capabilities and some possible applica-
tions of these models to AQ management are then reviewed,
followed by a description of the formulation and architecture
of these models, including the differences between air qual-
ity and dispersion models, Eulerian and Lagrangian models,
regional and global models, and off-line and on-line models.
A summary of the different regional and global AQ models
that have been applied over the past three decades to support
AQ management in Canada is then given and some of the
metrics that have been employed to quantify AQ impacts are
reviewed. The chapter concludes with three recent Canadian
case studies to provide concrete examples of how AQ models
can be applied to AQ management. The first case study con-
siders the application of a regional AQ model to estimate the
impact on human health of substituting biodiesel fuel in place
of fossil diesel fuel in heavy-duty diesel vehicles. The second
case study looks at the application of a global AQ model to
study one episode of long-range transport of Asian emissions
of mercury to western North America. And the third case
study describes Environment Canada’s use since 2001 of
operational regional AQ models to make routine short-term
national AQ forecasts in support of the national Air Quality
Health Index (AQHI) program and as a complement to the
national weather forecasts that it has made for decades.

4.2 Importance of Long-Range Transport

of Air Pollutants

The term “long-range transport” refers to the transport by
the wind of air pollutants or their precursors from the areas
where they were emitted to other locations at downwind dis-
tances of 100 km or more. In cities, ambient pollutant lev-
els are typically due to a combination of local sources of
these pollutants and long-range transport. In rural or remote

regions, on the other hand, where local emissions are often
small or non-existent, long-range transport is usually the
dominant source of the pollutants present in these regions.

Secondary pollutants have a close connection to long-
range transport because both long-range transport and
chemical reactions take time to occur, and hence secondary
pollutants can be formed during long-range transport. This
implies that unless the pollutant of interest is both a primary
pollutant and chemically inert, then long-range transport and
atmospheric chemistry need to be considered together. The
time required for the formation of secondary pollutants also
means that the spatial distribution of secondary pollutants is
smoother than the spatial distribution of primary pollutants
due to the atmospheric dispersion that happens at the same
time as atmospheric chemistry.

One important factor for long-range transport is the at-
mospheric lifetime or residence time of a pollutant. The at-
mospheric lifetime of a pollutant is the average time that a
pollutant molecule will remain in the atmosphere before it
is removed. This value is determined by the rate at which
it is removed from the atmosphere independent of its abun-
dance in the atmosphere (e.g., Seinfeld and Pandis 2006).
The three primary removal mechanisms in the atmosphere
are removal by chemical reactions, removal by direct trans-
fer to the Earth’s surface (dry deposition), and removal by
precipitation (wet deposition). A pollutant that is neither very
reactive nor very soluble in water will thus have a longer
atmospheric lifetime than a pollutant that is either reactive
or soluble because all three removal mechanisms will be less
effective. For example, due to their individual chemical and
physical properties, NO, has a lifetime of one to two days
near the Earth’s surface but about 2 weeks in the free tro-
posphere above the planetary boundary layer and below the
stratosphere, SO, has a lifetime of 2 days, PM has a lifetime
on the order of one week, O, has a lifetime of 25 days (in the
troposphere, longer in the stratosphere), carbon monoxide
(CO) has a lifetime of one to 3 months, and elemental mer-
cury (Hg) has a lifetime of 1 year (e.g., Summers and Fricke
1989; Seinfeld and Pandis 2006).

Clearly, a pollutant with a longer atmospheric lifetime can
be transported over greater distances than a pollutant with a
shorter lifetime. It requires about 1 week for a pollutant to
be well-mixed vertically in the troposphere, that is, from the
Earth’s surface up to the bottom of the stratosphere, but it
requires about 1 year for a pollutant to be well-mixed hori-
zontally around the globe (e.g., Seinfeld and Pandis 2006).
This is the reason that elemental mercury is considered to be
a global pollutant whereas other pollutants that have shorter
atmospheric lifetimes are only considered to be local or re-
gional pollutants.

The long-range transport of air pollutants is a very com-
mon phenomenon. For example, Chap. 3 considers the role of
long-range transport of ozone and PM, s (i.e., fine particulate
matter smaller than 2.5 pm in aerodynamic diameter) when
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Fig. 4.1 Some of the processes
affecting pollutant concentrations
in the atmosphere. (Reproduced
with permission from Ellis
Horwood Ltd, Pasquill and Smith
1983)
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analyzing and interpreting Canadian measurements of these
species. Many studies of acid rain and photochemical smog
in Canada have shown that long-range transport plays an im-
portant role in controlling pollutant levels in eastern Canada,
including Ontario (e.g., Zeng and Hopke 1989; Keeler et al.
1990; Brankov et al. 2003; Galvez 2007). One study suggest-
ed that long-range transport from the U.S. is responsible for
between 56 % and 83 % of the non-sea-salt SO, and NO;~
wet deposition received in eastern Canada annually (Vet and
Ro 2008). Another study estimated that long-range transport
contributes 50-60 % of summertime ozone in southern On-
tario (Yap et al. 1988). A third study estimated that long-
range transport is responsible for 65-70% of summertime
PM, 5 in the greater Toronto area (Brook et al. 2002), while
a fourth study estimated that U.S. emissions are responsible
for approximately 55 % of health and environmental damag-
es in Ontario due to ground-level ozone and fine PM (Ontar-
i0 Ministry of the Environment 2005). Conversely, Brankov
et al. (2003) examined the potential for an emissions trading
program between the province of Ontario and neighbouring
New York state given the two-way exchange of pollutants
between the two jurisdictions. Vet and Ro (2008) reviewed
several studies that estimated the extent to which the long-
range transport of Canadian SO, and NO, emissions con-
tributed to acid deposition in the eastern U.S. And Bouchet
et al. (2013) presented AQ model results that estimated the
contribution of emissions from Ontario to pollutant levels in
neighbouring provinces and states along with similar results
for emissions from British Columbia, the Prairie provinces,
Quebec, and the Maritime provinces.

Pollutants from both human and natural sources can also
be transported even longer distances, for example, from Asia
across the Pacific Ocean to British Columbia (e.g., Leaitch
et al. 2009; Walker et al. 2010; Sect. 4.6.2). Other examples
of intercontinental transport include the transport of pol-

lutants from mid-latitudes to the Arctic (e.g., Arctic haze),
the transport of radionuclides from accidental releases such
as the Chernobyl and Fukushima reactor disasters, and the
transport of pollutants such as PM, CO, and SO, from natural
sources such as major volcanic eruptions and large wildfires
(e.g., O’Neill et al. 2006; Shindell et al. 2008; Durnford et al.
2010). Recently an intercomparison of global AQ models
carried out by the United Nations Economic Commission for
Europe focused on the transport of O, and PM and their pre-
cursors between continents, including expected health im-
pacts from this long-range transport (Sanderson et al. 2008;
Shindell et al. 2008; Anenberg et al. 2009; Fiore et al. 2009).

4.3 Role of Regional and Global AQ Models
in Canadian AQ Management

Air quality models were introduced in Chap. 1 as important
tools for AQ management. Some but not all of these models
can be used to simulate long-range transport. The reason for
this difference is that when longer distances (e.g., regional,
continental, and global scales) and time periods (e.g., days to
months) are modelled, more atmospheric processes, includ-
ing chemistry and removal processes, have time to play a
role. In order to represent the effects of all of these processes
on pollutant concentrations, AQ models that are capable of
treating long-range transport must be more complex and able
to represent all of these processes (unless the pollutants of
interest are inert primary pollutants). Atmospheric disper-
sion models, on the other hand, are simpler models that con-
sider emissions, transport, and diffusion but usually not other
processes such as chemistry.

Figure 4.1 shows a cartoon of most of the major processes
that play a role in determining pollutant concentrations in the
atmosphere. Starting from the left-hand side of the figure, we
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Fig. 4.2 Schematic diagram showing the physical and chemical pro-
cesses linking a number of important atmospheric components. The
four components coloured in red and their connecting processes control
atmospheric ozone concentrations; the five components coloured in red

see pollutants being emitted into the atmosphere, being trans-
ported by the wind (advection), spreading out by turbulent
mixing (horizontal and vertical diffusion), entering clouds,
being transformed by chemical reactions either in clear air
(gas-phase chemistry) or inside cloud droplets (aqueous-
phase chemistry) or on particle surfaces (heterogeneous
chemistry), and being removed from the atmosphere by con-
tact with the Earth’s surface (dry deposition) or by precipita-
tion (wet deposition). Note that the combination of advection
and diffusion, two of the processes shown in this figure, is
often referred to as “dispersion” (e.g., Moran 2000).

Figure 4.2 depicts this same system from the perspec-
tive of atmospheric components and relationships: it shows
seven major atmospheric-chemistry components such as
winds, clouds, and different chemical phases and the “web”
created by the numerous processes that link them together.
An AQ model that is used to predict atmospheric ozone (O5)
concentrations must represent all four of the atmospheric
components in this figure that are coloured in red and all

§
g

Deposition

or blue and their connecting processes control acid deposition; and the
seven components coloured in red, blue, or yellow and their connect-
ing processes control atmospheric particulate concentrations. (Adapted
from Peters et al. 1995)

of the processes connecting them. If acid deposition is also
to be simulated, then aqueous-phase chemistry (marked in
blue) and additional processes such as wet deposition must
also be represented by the model. And if atmospheric par-
ticulate matter (PM) is to be modelled, then all of the at-
mospheric components and processes shown in this figure
should be modelled because they all affect PM concentra-
tions in some way.

Models that do represent all or most of the components
and processes shown in Figs. 4.1 and 4.2 are usually referred
to as AQ models or chemical transport models (CTMs), but
they may also be referred to as first-principles models, be-
cause they represent fundamental physical and chemical pro-
cesses, and as emissions-based or source-oriented models,
because they need values of the emissions of various pol-
lutants or their precursors as inputs in order to predict the
atmospheric concentrations of these species. An atmospheric
dispersion model, on the other hand, is also an emissions-
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based model, but it neglects atmospheric chemistry and can

only predict the concentrations of chemically inert species.
The great strength of AQ models is their ability to quan-

tify the relationship between emissions of pollutants to the
atmosphere and the resulting concentrations of these pollut-
ants in the atmosphere. An AQ model needs to be provided
with a detailed description of both pollutant emissions and
meteorological conditions: with this information the model
can then calculate the atmospheric pollutant concentrations
that would occur as a result. This means that AQ models can
be used to predict current AQ conditions using information
about current pollutant emissions levels, but they can also
be used to simulate “what if” scenarios to examine what the
impact of different future (or past) emissions would be on
atmospheric concentrations. By contrast, AQ measurements
(see Chap. 3) can be used to quantify the same relationship
for current emissions, but they cannot provide informa-
tion on what would happen to pollutant levels if emissions
of these pollutants or their precursors were to change. And
since AQ models are prognostic models, that is, they can pre-
dict changes in time, then they can also quantify the impact
of meteorological changes on pollutant concentrations ei-
ther for current weather conditions or for a changing climate

(e.g., Kelly et al. 2012). This capability is important because

short-term variations in air pollutant concentrations, that is,

variations over time scales of minutes to days, are controlled
more by changes in weather than by changes in emissions.

Given the above capabilities, AQ models can contribute
to AQ management in a number of ways. These include
the following AQ policy-, forecast-, and research-related
applications:

e provide a quantitative link between emissions to the
atmosphere and ambient air concentrations and deposi-
tion;

e simulate impact of “what if” future emissions scenarios
and historical emissions scenarios;

e cstimate emissions changes required to attain AQ objec-
tives or standards;

e permit a synthesis of our best understanding of all pro-
cesses relevant to air quality;

e quantify importance of various processes to air quality;

e test scientific hypotheses about air quality;

e “fill in” gaps in AQ monitoring networks in both space
and time;

e help to optimize design of AQ monitoring networks;

e calculate source attributions for different emissions sec-
tors or geographic regions;

e help to design and to support AQ field campaigns;

e cvaluate quality of emissions inventories;

e support objective analyses of measurements and model
predictions (i.e., “data fusion”); and

e deliver real-time AQ forecasts for the next few days.

Further guidance about carrying out some of these applica-

tions can be found in Ellis (1988), Trujillo-Ventura and Ellis
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Fig. 4.3 Conceptual diagram of the components of an AQ modelling
system. (Seigneur and Moran 2004)

(1991), Seigneur and Moran (2004), Brook et al. (2008), and
Zhang et al. (2012b, c), among others.

Note that it is important that any guidance for using pre-
dictions from AQ models should acknowledge and address
the unavoidable fact that these predictions will have errors
and uncertainties. The nature and magnitude of AQ model
errors and uncertainties can be quantified through perfor-
mance evaluations against AQ measurement data sets, com-
parisons with other AQ models, and sensitivity tests (see
next section). Information on model errors and uncertainties
must then be considered when model results are used to sup-
port AQ management.

The next section describes how an AQ model or, more
accurately, an AQ modelling system actually works and pro-
vides some information on sources of model errors and un-
certainties.

4.4 Overview of Regional and Global
AQ Modelling Systems

As discussed in the previous section, AQ models need both
detailed meteorological and emissions inputs in order to
function. The preparation of such time-varying input fields
are very demanding tasks in and of themselves. In fact, when
the generation of these required input fields is considered
together with the AQ model, it is more accurate to talk about
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Fig. 4.4 Flowchart of primary
computational steps performed by Point Cross-Reference
an emissions processing system. Source Model
(Adapted from Dickson and Files
Oliver 1991)
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an AQ modelling system. Figure 4.3 shows a conceptual dia-
gram of a generic AQ modelling system. Such a system con-
sists of three primary components: an emissions component;
a meteorological component; and an AQ component. Each of
these components is subject to errors and uncertainties that
can propagate through the rest of the system, so the issue of
model errors and uncertainty must always be borne in mind
when analyzing and considering model predictions. In the
rest of this section each of these three components of an AQ
modelling system is discussed in turn.

Emissions Inventories and Emissions
Processing Systems

4.41

The emissions inputs required by an AQ model are typically
provided by an emissions processing system, which in turn
obtains information about emissions from one or more emis-
sions inventories. Emissions inventories have already been
discussed in some detail in Chap. 13. Emissions inventories
of so-called criteria air contaminants (CACs) usually con-
tain values of annual emissions for a particular base year
reported by source sector (e.g., industrial, residential, and
commercial stationary sources; on-road and off-road mobile
sources) and by jurisdiction (e.g., province, state, county,
census division) for a small number of criteria air pollut-
ants (SO,, NO,, VOC, CO, NH;, PM, s, and PM,,, where
the acronym VOC stands for volatile organic compounds,
NH; is the chemical formula for ammonia, and PM,, is fine
particulate matter smaller than 10 pm in aerodynamic diam-
eter). For example, summaries of several Canadian national
CAC emissions inventories can be accessed on the internet
at http://www.ec.gc.ca/inrp-npri/. (Note that other emissions
inventories exist for toxic chemicals and for greenhouse
gases.)

In many cases the emissions values contained in emis-
sions inventories may have considerable uncertainty as-

sociated with them since very few emissions are measured
directly (the major exception in North America being large
U.S. power plants, which are required by law and by eligi-
bility requirements for emissions trading programs to have
instruments to measure instantaneous emissions of SO, and
NO, from their smokestacks (e.g., http://www.epa.gov/air-
markets/emissions/index.html). NARSTO (2005) contains
an extensive review and analysis of emissions inventory
uncertainties and the uncertainty and sensitivity analysis
methods that have been applied to examine and to quantify
uncertainties associated with inventory compilation and in-
ventory processing.

The reason that emissions inventories cannot be used di-
rectly to provide emissions inputs for AQ models is that there
is a major mismatch between their contents versus the level
of detail about emissions needed by an AQ model. In con-
trast to a typical inventory, with annual emissions reported
by jurisdiction for a small number of pollutants, AQ models
often need emissions fields for every hour of every day of
the year, and they need to know emission for each model grid
cell for the larger set of model chemical species (e.g., NO,
NO,, individual VOC species).

The role of the emissions processing system “box’ shown
in Fig. 4.3 is thus to transform the emissions values con-
tained in emissions inventories into the form needed by AQ
models. Figure 4.4 shows the three primary processing steps
that must be performed at a minimum by any emissions pro-
cessing system.

e The first processing step shown in Fig. 4.4 is the chemical
speciation step. In this step those criteria pollutants from
the inventory that are composed of a group or aggregate
of two or more individual chemical species or compo-
nents are separated, recombined if necessary, and then
mapped onto corresponding model species. For example,
NO, emissions are separated into emissions of its two
component species, NO and NO,. Bulk VOC emissions,
on the other hand, may represent the combined total of
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thousands of individual volatile organic compounds. In
this step bulk VOC emissions are first speciated into
these individual compounds, then recombined into a set
of model VOC species that are often composed of 10—-100
or more individual VOC species (e.g., Makar et al. 2003).

Note that this step is not required for the other three
gas-phase criteria air pollutants (SO,, CO, NH;) since
they are already individual chemical species. Bulk PM, 5
and PM,, emissions, on the other hand, may or may not
be speciated into their primary chemical components,
depending on the AQ model chosen.

The actual chemical speciation is performed using
a library of NO,, VOC, and PM speciation profiles,
where each profile is associated with one or more emis-
sions source sectors or source types. For example, sepa-
rate VOC speciation profiles are available for coal-fired
power plants, heavy-duty diesel vehicles, and solvent
evaporation (USEPA 2012; Reff et al. 2009). However, it
must be noted that the library of speciation profiles con-
tains many fewer profiles than there are different source
types, so profiles are not always a perfect match for the
source types being speciated. As well, there are uncertain-
ties associated with the speciation profiles themselves:
some are based on only a few measurements, so that rep-
resentativeness is an issue, while others contain a non-
negligible and unspeciated “unknown” component due to
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limitations of the instrument or analytical method used to
prepare the speciation profile.

Note that some AQ models employ a more detailed

representation of the PM size distribution, which may
require the bulk PM, 5 and PM,, emissions to be dis-
tributed amongst smaller size sections or modes using a
library of size-distribution profiles in an analogous man-
ner to the chemical speciation step.
The second processing step shown in Fig. 4.4 is the spa-
tial disaggregation or spatial allocation step. In this step
emissions from jurisdictions are mapped to and allocated
amongst model grid cells. Depending upon the size of a
jurisdiction or a model grid cell, emissions from a sin-
gle jurisdiction may be mapped to multiple model grid
cells (e.g., Quebec emissions vs. 15 km horizontal grid
spacing) or emissions from multiple jurisdictions may
be mapped to a single model grid cell (e.g., eastern U.S.
counties vs. 2° x 2° horizontal grid spacing).

Spatial allocation is performed using a library of spa-
tial surrogate fields, where each surrogate field is associ-
ated with one or more emissions source sectors or source
types. These “gridding surrogates™ are called surrogates
because they are only proxies for actual emissions dis-
tributions, which are not known. Spatial surrogate fields
include such quantities as population density, road net-
works, shipping lanes, and land use (e.g., cropland, water,
deciduous forest). Population density is the most com-
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monly used spatial surrogate field. Figure 4.5 shows a
map of population density for Canada. This information
can be used to build a separate spatial surrogate field for
each Canadian province or territory with which to allo-
cate emissions from each province to an AQ model grid.

Note that this step is not required for point sources

such as individual smokestacks, which can be assigned
uniquely to single grid cells based on their geographic
location. Note also that like the chemical speciation step,
there are uncertainties associated with the spatial alloca-
tion step. In particular, there are far fewer spatial surro-
gates available (about 100) than there are source types
(about 5,000), so for many source types the spatial sur-
rogate used is not an optimal proxy, which may result
in non-representative spatial distributions of emissions
being calculated for many source types.
The third processing step shown in Fig. 4.4 is the tempo-
ral disaggregation or temporal allocation step. In this step,
depending on the inventory, annual, seasonal, or monthly
emissions are allocated in time to each hour of each day
of the model simulation period.

Temporal allocation is performed using a library of
temporal profiles. Typically, three different types of
temporal profiles are used: (a) diurnal, or hour-of-day,
profiles, which allocate daily emissions to each hour
of the day; (b) weekly, or day-of-week, profiles, which
allocate weekly emissions to each day of the week, and
(c) monthly, or month-of-year, profiles, which allocate
annual emissions to each month of the year. For some
source types, the associated temporal profiles may be uni-
form: for example, for base-load power plants, the diurnal
and weekly profiles may be “flat”, that is, the same for
each hour of the day and each day of the week. For other
source types, the temporal profiles may be strongly non-
uniform: for example, the diurnal profile associated with
light-duty gasoline vehicles typically has two peaks in
24 h that coincide with morning and evening rush hours.

There are also uncertainties associated with the tem-
poral allocation step. Again, the available library of tem-
poral profiles is considerably smaller than the number of
source types contained in the emissions inventory, which
can lead to representativeness issues when a single profile
is used for multiple source types. There may also be rep-
resentativeness issues within a single source type if there
is a lot of variation within the source type (e.g., using a
single diurnal profile to allocate emissions from com-
mercial meat cooking when different restaurants are open
for different periods of a day). Special situations can also
arise when standard temporal profiles do not apply, such
as facility shutdowns for re-tooling or vacations, “upset”
conditions such as stack flaring or leaks that are sporadic
and unscheduled, and public holidays.

Figure 4.6 shows a sample NO total emissions field from on-
road motor vehicles for a particular hour (11 a.m. EDT: East-
ern Daylight Saving Time) of a particular day of the week
(Friday) and month of the year (August) that was generated
by the Sparse Matrix Operator Kernel Emissions (SMOKE)
processing system (see CEP 2012) for a 2.5 km model grid
located over northeastern North America. The locations of
major urban centres such as Chicago, Detroit, Toronto, and
Montreal are readily identifiable as are major and minor
highways.

It is important to note that AQ models require knowledge
of emissions from all source types, including both anthropo-
genic and natural sources, in order to be both comprehensive
and complete. Natural emissions sources include biogenic
emissions (VOC emissions from vegetation and NO emis-
sions from soil), sea-salt emissions, wildfire and prescribed
burning emissions, wind-blown dust emissions, and light-
ning emissions. Wildfire emissions are sometimes included
in detailed emissions inventories whereas the other natural
source types, which are all strongly dependent on meteoro-
logical conditions, are usually either modelled directly by
the AQ model or neglected.

More information on emissions inventories and emis-
sions processing can be found in Dickson and Oliver (1991),
Houyoux et al. (2000), Makar et al. (2003), NARSTO
(2005), Pouliot et al. (2012), and Zhang et al. (2012a). Note
that NARSTO (2005) provides a good review of the uncer-
tainties associated with emissions inventories, but little work
has been done to date on uncertainties associated with emis-
sions processing.

4.4.2 Prognostic Meteorological Models

As shown in Fig. 4.3 the meteorological inputs required by
an AQ model are usually provided by a meteorological (or
numerical weather prediction) model. Meteorological mod-
els are mathematical models that integrate a set of coupled,
time-dependent partial differential equations corresponding
to conservation equations for momentum, mass, energy, and
moisture (e.g., Haltiner and Williams 1980; Seaman 2000).
In mathematics this type of problem, in this case predicting
the weather, is known as an initial-value problem, and the
momentum, mass, energy, and moisture fields that must be
specified at the start of the integration are known as initial
conditions. The set of conservation equations itself is often
referred to as the governing equations. A meteorological
model is thus prognostic because it can predict future weath-
er conditions from a detailed description of current weather
conditions (i.e., initial conditions). Meteorological quanti-
ties predicted by meteorological models include three-di-
mensional fields of wind speed and wind direction, tempera-
ture, humidity, pressure, turbulence intensity, shortwave and
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Fig. 4.6 Plot of NO emissions fluxes (g s™! cell™!) from on-road motor vehicles at 11 a.m. EDT on a Friday in August for northeastern North
America on a polar-stereographic grid with 2.5 km grid spacing. Note that the contour spacing is logarithmic

longwave radiation, clouds, and precipitation, and also their
variation in time. All of these meteorological quantities must
also be known in order to predict air quality (see Fig. 4.2).
The mathematical system of governing equations that
must be solved to forecast the weather is so complicated that
it cannot be solved analytically; instead, it can only be solved
numerically and with the aid of computers. Even so, of ne-
cessity the governing equations describe a simplified version
of the real world since some physical processes in the atmo-
sphere, such as radiation, turbulent mixing, cloud dynamics
and microphysics, and land-surface processes, are too com-
plicated to be described in detail and occur at very fine time
and space scales. Instead, these processes are “parameter-
ized” using simplified conceptual models and descriptions
that can be solved more easily but that are still sufficiently
realistic to represent the atmospheric impacts of these pro-
cesses with reasonable accuracy at the time and space scales

being considered (e.g., Haltiner and Williams 1980; Lee and
Hong 2005). Note that an analogous approach is often taken
in classical physics, as in the cases of the ideal gas laws vs.
the kinetic theory of gases and continuum mechanics vs. the
atomic theory of materials.

One common numerical method to solve the governing
equations for weather prediction, the finite difference meth-
od, requires the portion of the atmosphere being modelled
to be discretized using a geometric grid or lattice composed
of three-dimensional grid boxes. Such a grid is illustrated in
Fig. 4.7. The grid may span the entire atmosphere, in which
case the meteorological model is called a global model, or
only a portion of the atmosphere (e.g., over North America),
in which case the meteorological model is called a regional
model. The fourth dimension, time, is also discretized: the
time integration of the governing equations is performed
with finite steps called time steps and the values of different
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Fig. 4.7 Illustration of a three-dimensional grid used with an Eulerian meteorological model or chemical transport model. (Reproduced with

permission from Lewis Publishers, Tesche and McNally 1991)

meteorological quantities are determined only at grid points
and discrete times. The grid points themselves are fixed in
space, consistent with a fixed reference frame. Note that
numerical models that solve the governing equations using a
fixed reference frame and fixed grid are called Eulerian mod-
els (after an 18th century Swiss mathematician, Leonhard
Euler), whereas numerical models that use a moving refer-
ence frame are called Lagrangian models (after an 18th cen-
tury French-Italian mathematician, Joseph-Louis Lagrange).

The discretization of the spatial domain shown in Fig. 4.7
suggests a fundamental limitation of using the finite differ-
ence method to solve the governing equations for meteoro-
logical models (and AQ models), which is that it imposes a
finite “resolution” in both space and time. This means that
the models do not provide any information at locations in
between grid points or at times in between time steps. This
limitation can be addressed by using smaller grid-box sizes
and smaller time steps, but then more calculations must be
performed for the same size model domain and forecast pe-
riod, which will increase the amount of computer time re-
quired for the model integration. In an extreme case, trying
to increase model resolution by too large a factor for a short-
term meteorological forecast may mean that the period of
interest has already come and gone by the time the meteoro-

logical model has completed its forecast for that period with
the available computer resources.

Meteorological models are an important component of
the AQ modelling system shown in Fig. 4.3 because meteo-
rology is the dominant modulator of air quality through its
influence on emissions, transport and diffusion, chemistry,
and removal processes (see Fig. 4.2). Uncertainties in meteo-
rological predictions thus translate directly into uncertainties
in AQ predictions. Uncertainties and errors in meteorologi-
cal model predictions can be caused by errors in the initial
conditions, the numerical techniques, and the physical pa-
rameterizations used by the model, and by discretization er-
rors due to the finite sizes of the model grid spacing and
time step. More information about the role of meteorological
models in AQ modelling systems and meteorological model
performance may be found in Pielke and Uliasz (1998), Sea-
man (2000), Smyth et al. (2006a), and Vautard et al. (2012).
More information about AQ model sensitivity to meteoro-
logical inputs may be found in Smyth et al. (2006a), Appel
et al. (2010), and Vautard et al. (2012).
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4.4.3 Chemical Transport Models

Figure 4.3 shows the outputs from emissions processing sys-
tems and meteorological models, namely gridded emissions
fields and meteorological fields, being supplied as inputs to
AQ models. But how are AQ models themselves construct-
ed? Like meteorological models, all AQ models are math-
ematical models. The governing equations for an AQ model
are a set of coupled, time-dependent partial differential
equations corresponding to conservation-of-mass equations
for each chemical species of interest. According to Seigneur
and Moran (2004), these models “consist of mathematical
representations of the relevant physical and chemical atmo-
spheric processes that are solved with numerical algorithms
to obtain pollutant concentrations as a function of space and
time for a given set of pollutant emissions and meteorologi-
cal conditions”. Furthermore, those mathematical represen-
tations are themselves almost always simplifications of the
real world, in part because some chemical processes, such
as gas-phase chemistry, aqueous-phase chemistry, heteroge-
neous chemistry, and secondary organic aerosol formation,
are too complicated to predict directly and instead must be
“parameterizated” (i.e., treated using simplified descriptions
of the chemical processes that are analogous to the physical
parameterizations that must be used by meteorological mod-
els to represent some physical processes).

When the governing equations of a time-dependent Eu-
lerian AQ model are solved (i.e., integrated in time), chemi-
cal and physical transformations are treated in situ within
each grid cell and transport and diffusion processes move
chemical species between grid cells. This is analogous to
the treatment in meteorological models of water vapour, it-
self a chemical species. However, the need for AQ models
to represent time-varying emissions of pollutants from both
human activities and natural sources from the Earth’s surface
(i.e., bottom boundary) to the atmosphere constitutes a fun-
damental difference between AQ models and meteorological
models. Whereas the mathematical model solved to predict
the weather is classified as an initial-value problem, the in-
clusion of emissions, which in effect represent a chemical
forcing term, means that the mathematical model solved to
predict air quality is classified as an initial-value/boundary-
value problem.

The treatment of grid domain boundaries is also the key
difference between regional and global AQ (and meteorologi-
cal) models. While both types of models have a bottom bound-
ary (Earth’s surface) and a top boundary (a selected level in
the atmosphere, sometimes in the stratosphere, sometimes
higher), regional models also have lateral boundaries (i.e., the
sides of model grid domains) whereas global models do not.
Since there must be flows at some model lateral boundaries
from the atmosphere external to the regional model domain
into the model domain, it is necessary to specify the concen-

trations of pollutants entering the model grid at these inflow
boundaries in some way. Different approaches are used by
different regional AQ models (e.g., Brost 1988; Samaali et al.
2009; Schere et al. 2012), but whatever the approach used,
pollutant concentrations in model interiors are often very sen-
sitive to the imposed chemical boundary values. As a conse-
quence the treatment of these chemical lateral boundary con-
ditions is a key aspect of all regional AQ models.

Note that Fig. 4.3 shows an AQ modelling system with
a meteorological model and an AQ model as separate com-
ponents. In this configuration, the meteorological model
supplies meteorological fields to the AQ model and hence
the meteorological model must be run before the AQ model
is run so that the meteorological fields needed by the AQ
model will be available in advance. For this configuration
the AQ model is called an “off-line” model since it is run
independently of the meteorological model. In fact, the AQ
model might be run multiple times for the same set of meteo-
rological fields. This can be cost-effective computationally if
a number of emissions scenarios are to be considered but the
meteorology is assumed not to change so that the meteoro-
logical model need only be run once. An off-line AQ model
might also be run several times using meteorological fields
from different meteorological models in order to investigate
sensitivity to meteorological inputs (e.g., Smyth et al. 2006a;
Appel et al. 2010; Vautard et al. 2012).

The off-line configuration, however, also has some draw-
backs, such as high input/output costs, mass inconsistencies
caused by grid and time-step differences, and an inability to
account for pollutant feedbacks to meteorology (e.g., Grell
et al. 2004; Zhang 2008; Gong et al. 2013). A different strat-
egy is to integrate the meteorological model and AQ model
together (i.e., combine the meteorological and AQ compo-
nents in Fig. 4.3); this configuration is sometimes called an
on-line AQ model and sometimes a chemical weather pre-
diction model. A number of such on-line AQ models have
been developed recently, including the Canadian GEM-AQ,
GEM-MACH, and GRAHM models that are described in the
next section.

More information about AQ models may be found in
Peters et al. (1995), Jacobson (1999), Russell and Dennis
(2000), Seigneur and Moran (2004), and Seinfeld and Pan-
dis (2006). AQ model errors can be quantified and assessed
through comparison to AQ measurements in what are called
model performance evaluations. More information about
and examples of such model performance evaluations can be
found in Fox (1981), Clark et al. (1989), Sirois et al. (1999),
McKeen et al. (2005, 2007, 2009), Smyth et al. (2006b),
Appel et al. (2007, 2008), Moran et al. (2008, 2011), Stroud
et al. (2008), and Solazzo et al. (2012a, b).

Errors and uncertainties in AQ model predictions can
arise from a number of sources. One obvious source is errors
in model inputs, particularly in emissions and meteorologi-
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cal fields. Other sources are equivalent to other error sources
in meteorological models: that is, errors in the numerical
techniques and in the physical and chemical parameteriza-
tions used by the model and discretization errors due to the
finite sizes of the model grid spacing and time step. Param-
eterization errors might be due to the algorithm used (e.g.,
treatment of VOC species in a gas-phase chemistry mecha-
nism) but can also be due to the choice of parameter val-
ues required by the parameterization (e.g., the rate constants
used in the gas-phase chemistry mechanism). More infor-
mation about the sources of AQ model error and AQ model
sensitivity and uncertainty can be found in Russell and Den-
nis (2000), Dunker et al. (2002), Hakami et al. (2003), Sei-
gneur and Moran (2004), Zhang et al. (2005), and Koo et al.
(2009), among others.

4.5 Regional and Global AQ Models and
Impact Metrics That Have Been Used
in Canada

4,5.1 Regional AQ Models
Regional AQ models have been used in Canada by the fed-
eral government and by some provincial governments since
the 1980s for AQ management. The first of these models
were developed to study and to manage regional acid de-
position, starting with Environment Canada’s AES (Atmo-
spheric Environment Service: renamed Meteorological Ser-
vice of Canada in 1999) Lagrangian Sulphur Model (ALSM)
(Olson et al. 1982, 1989; Olson and Oikawa 1989; Clark
et al. 1989). Other regional acid deposition models included
the AES Lagrangian Nitrogen Model (ALNM) (Olson et al.
1990, 1992: used by Environment Canada (EC)), the Acid
Deposition and Oxidants Model (ADOM) (Venkatram et al.
1988; Fung et al. 1991; Karamchandani and Venkatram
1992: used by the province of Ontario and EC), and the RE-
gional Lagrangian Acid Deposition model (RELAD) (Cheng
et al. 1995; Cheng and Angle 1996; McDonald et al. 1996:
used by the province of Alberta). All of these AQ models
were off-line models, and various means were used to pro-
vide their emissions and meteorological input files. Reviews
of these models and their applications can be found in Envi-
ronment Canada (1998) and Moran (2005). Note that all of
these early models have now been retired as newer and more
comprehensive regional AQ models have been developed
and come into service.

Beginning in the 1990s regional AQ models were also
developed to study and manage photochemical oxidants, in
particular, ozone. ADOM predicted ozone as well as acid de-
position, and another off-line Eulerian model, the Canadian
Hemispheric and Regional Ozone and NO, System (CHRO-
NOS), was developed by EC specifically to predict ozone

(Pudykiewicz et al. 1997; Sirois et al. 1999). Emissions files
for CHRONOS were prepared using the Canadian Emis-
sions Processing System or CEPS (Moran et al. 1997; Scholtz
et al. 1999) while meteorological files for CHRONOS were
produced by EC’s Global Environmental Multiscale (GEM)
meteorological model (Coté et al. 1998a, b). Another off-line
Eulerian regional AQ model, the Community Multiscale Air
Quality (CMAQ) model, which was developed by the U.S.
Environmental Protection Agency (e.g., Byun and Schere
2006; Appel et al. 2007, 2008), was applied by the National
Research Council of Canada and by EC to predict ozone in
Canada (Smyth et al. 2006b; Fox and Kellerhals 2007). The
CMAQ model uses emissions files prepared by the SMOKE
emissions processing system (CEP 2012) and can use meteo-
rological files prepared by GEM or by other meteorological
models such as the MMS5 (Fifth-Generation Penn State/NCAR
Mesoscale Model) and WRF (Weather Research and Fore-
casting) models (e.g., Smyth et al. 2006a; Appel et al. 2010).

Another pollutant of concern to health officials and poli-
cymakers is particulate matter (PM). As noted in the discus-
sion of Fig. 4.2, PM is a more complex pollutant than ozone,
and so prediction of PM requires the use of more complex
AQ models. The U.S. EPA’s CMAQ model was developed
to predict both ozone and PM and has been applied in Can-
ada to simulate PM (Jiang et al. 2006; Smyth et al. 2006b).
Using the CHRONOS model as a starting point, Environ-
ment Canada developed a new off-line Eulerian regional AQ
modelling system called AURAMS (A Unified Regional Air
quality Modelling System) to predict both ozone and PM
(e.g., Moran et al. 1998; Gong et al. 2006; Smyth et al. 2009;
Makar et al. 2009; Park et al. 2010; Levy et al. 2010). The
AURAMS chemical transport model uses emissions files
prepared by the SMOKE emissions processing system (CEP
2012) and meteorological files prepared by the GEM meteo-
rological model (Coté et al. 1998a, b). AURAMS has also
been used to model acid deposition (Moran et al. 2008), and a
recent AQ management application of AURAMS is discussed
in Sect. 4.6.1 Recently, Gong et al. (2013) provided a sum-
mary of the status, performance, and recent developments
for CHRONOS, AURAMS, and CMAQ, and Bouchet et al.
(2013) provided an overview of the use of these three models
for AQ management in Canada between 2000 and 2007.

4.5.2 Global AQ Models

For some AQ problems of interest, global AQ models are
more suitable tools than regional models because they cover
the entire globe and do not require chemical lateral boundary
conditions to be specified. Two examples of such problems
include modelling long-lived pollutants such as mercury or
persistent organic pollutants (POPs), which can circle the
globe many times, and quantifying the contribution of in-
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tercontinental transport, such as the trans-Pacific transport
of pollutants from Asia to North America or the transport of
pollutants from mid-latitude regions to polar regions (e.g.,
Arctic haze).

The Global-Regional Atmospheric Heavy Metal
(GRAHM) model is a global on-line Eulerian model devel-
oped by EC to model atmospheric mercury (e.g., Dastoor and
Larocque 2004; Dastoor et al. 2008; Durnford et al. 2010).
To build GRAHM, parameterizations of mercury chemis-
try and removal were embedded in the GEM meteorologi-
cal model, which can employ either a regional or a global
grid, and mercury emissions fields are input. GRAHM is
described in more detail and a recent AQ management ap-
plication of GRAHM is discussed in Sect. 4.6.2.

A global on-line PM chemistry version of the GEM
model called GEM-AQ was developed through a collabora-
tion between York University (Ontario) and EC. GEM-AQ
has been used to study the hemispheric and global transport
of both ozone and PM (e.g., O’Neill et al. 2006; Kaminski
et al. 2008; Reidmiller et al. 2009; Gong et al. 2012). GEM-
AQ was also extended by adding modules for the treatment
of gas-particle partitioning and atmosphere-soil and atmo-
sphere-water exchange of semi-volatile persistent organic
pollutants (POPs) to create a special air toxics version called
GEM-POPs (Gong et al. 2007; Huang et al. 2007).

More recently, EC merged a newer version of the GEM
meteorological model with the AURAMS regional AQ
model to create a new on-line multiscale AQ model called
GEM-MACH (Global Environmental Multiscale—Mod-
elling Air quality and CHemistry) (Talbot et al. 2008; An-
selmo et al. 2010; Moran et al. 2010, 2011). Because GEM
can easily be configured to run for either a regional or global
domain, GEM-MACH can also be run as either a regional
or global AQ model. As described in Sect. 4.6.3, a regional
version of GEM-MACH is now being used by EC to produce
operational 48 h AQ forecasts for Canada.

4.5.3 Impact Metrics

Regional and global AQ models can predict concentration,
dry deposition, and wet deposition fields for many chemical
species. Additional calculations can then be performed after
the AQ model simulation has finished (i.e., a post-processing
step) to characterize predicted AQ effects or impacts in dif-
ferent ways in order to match policy requirements or ques-
tions. These impacts typically fall into one of two categories:
(1) human health effects; and (2) environmental effects.

To assess the human health effects of AQ (see Chap. 7),
one common approach is to compare predicted AQ concen-
trations against AQ standards for pollutants such as ozone
and PM, 5 (for some examples, see Bouchet et al. 2013). A
second approach is to combine predicted pollutant concen-

trations into a single index such as the national Air Qual-
ity Health Index (AQHI) discussed in Chap. 18. And a third
approach is to estimate total health impacts by estimating
population exposure to selected pollutants, where predicted
pollutant fields are combined with a population density field
(Fig. 4.5) using one of a number of different exposure mod-
els (e.g., Seigneur and Moran 2004).

While health effects can be either acute (i.e., short-term)
or chronic (long-term), environmental impacts from air
pollutants are generally chronic, that is, long-term and cu-
mulative. To quantify the environmental impacts of air pol-
lutants, one commonly-used approach in the case of ozone
is to calculate the cumulative exposure of agricultural crops
or other vegetation such as forests to ozone over a season
or other period. One such vegetation exposure index, called
AOT40 (Accumulated dose of ozone Over a Threshold
of 40 ppb), has been used extensively in Europe. AOT40
has been used by EC to assess crop-yield impacts, where
hourly ozone concentration increments above 40 ppbv are
accumulated between 5:30 and 21:00 local time from May
1 to July 31. Another cumulative exposure index, referred
to as SUMG60, has also been used in Canada. It is defined
as the sum of hourly ozone concentration increments above
60 ppbv between 08:00 and 19:59 local standard time for
a 3-month or 3-day period, and it has been used for char-
acterizing both season-long and short-term effects (see
CCME 2003).

Another common approach in the case of acid deposition
is to compare a model-predicted deposition field with the
corresponding critical-load field for acid deposition or eu-
trophication. The acid-deposition critical load (ADCL) field,
for example, is a quantitative measure of the acid buffering
capacity of an ecosystem. It provides an objective metric
that can be used to determine both the spatial extent of a
region subject to damaging levels of acid deposition and the
degree of acidification. An ADCL field will typically vary
geographically, since some locations will have a lower acid
buffering capacity than others and hence will be more sensi-
tive to acid deposition. If the difference between the annual
atmospheric total (= wet+dry) acid deposition to an ecosys-
tem predicted by the regional AQ model and the ecosystem’s
ADCL value is positive, then that difference is termed an
exceedance because acid deposition to that ecosystem is pre-
dicted to be larger than the ecosystem’s available acid buff-
ering capacity and hence the ecosystem is becoming more
acidic with time.

As discussed by Jeffries and Ouimet (2005), Canada-
wide ADCL fields have been developed for two types of eco-
systems: freshwater aquatic ecosystems and upland forest
ecosystems. Figure 4.8 shows a plot of the national ADCL
field for upland forest ecosystems. The most sensitive forest
ecosystems can be seen in the coastal mountains of British
Columbia, in northern Alberta, Saskatchewan, Manitoba,
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Fig. 4.8 National distribution of
acid deposition critical loads for
upland forest soils in the southern
half of Canada. (CCME 2008)

and Ontario, and in Nova Scotia and Newfoundland. Some
sensitive aquatic ecosystems, on the other hand, are located
in other parts of Canada (Jeffries and Ouimet 2005; CCME
2008). Examples of the use of ADCL fields to quantify the
environmental impacts of sulphur and nitrogen deposition
fields in Canada can be found in Moran et al. (2008) and
Bouchet et al. (2013).

4.6 Examples of Recent Canadian
Applications of Regional and Global
AQ Models

The AQ models reviewed in Sect. 4.5 have been used to sup-
port and guide AQ management in Canada for decades. Some
examples of such applications include Olson et al. (1982,
1983, 1990, 1992), Cheng et al. (1995), McDonald et al.
(1996), Environment Canada (1998), Brankov et al. (2003),
Dastoor and Larocque (2004), Moran (2005), Smyth et al.
(2006b), Galvez (2007), Huang et al. (2007), Moran et al.
(2008), Makar et al. (2009), Durnford and Dastoor (2010),
Levy et al. (2010), Park et al. (2010), Cho et al. (2012a, b),
and Kelly et al. (2012). Bouchet et al. (2013) recently pro-
vided an extensive review of applications of the AURAMS,
CHRONOS, and CMAQ regional AQ models performed in
Canada between 2000 and 2007 that were concerned with
ozone and PM, s.

The following three case studies provide additional ex-
amples of more recent AQ model applications in Canada in
support of AQ management. The first case study describes

an application of the regional off-line AURAMS model
to assess the potential impact on ambient AQ and human
health if biodiesel fuel blends were to become widely used
in Canada. The second case study describes an application
of the global on-line GRAHM model to simulate a spring
2004 episode of trans-Pacific transport of mercury emitted
in East Asia to western North America. And the third case
study describes the application of a regional configuration of
the on-line GEM-MACH model to operational national AQ
forecasting in Canada.

4.6.1 Estimated Impacts of Biodiesel Fuel Use

on Ambient Pollutant Concentrations

AQ models can provide guidance to policymakers on the AQ
impacts that may result from proposed technological chang-
es. Recently, Health Canada wished to assess the potential
impact on ambient AQ and human health if biodiesel fuel
blends were to become widely used in Canada. AQ models
are useful to investigate this type of question since they are
capable of simulating AQ for different emissions scenari-
os. In this kind of assessment study, it is customary to use
the model first to estimate the air quality for the base case
without the proposed change and then again for the scenario
with the changed emissions. The calculated difference in AQ
between the scenario and the base case will then provide a
measure of the impact of the use of biodiesel on air quality
from which the health impacts and benefits can be estimated.
This section summarizes the AQ modelling study that was
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Fig. 4.9 Location of the model grid domains: (/eff) Meteorological
outer domain in light grey, AURAMS continental 45 km domain in red
and nested Canadian western and eastern regional 22.5 km domains in

e
o~ e o ——
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darker grey and blue, respectively; (right) High-resolution (3 km grid
spacing) domain covering the Montreal region is shown in green nested
in the eastern regional 22.5 km domain in blue

Table 4.1 List of AURAMS biodiesel scenarios. (Source: Health Canada 2012)

Years Fuel Continental domain Eastern 22.5 km domain ~ Western 22.5 km domain High resolution
2006 and 2020  BO Annual Annual Annual June 12-23
BS Annual Annual Annual June 12-23

B20 summer,
B0 winter

B20: May 1st to Sept 30th,
otherwise BO

carried out for Health Canada and its results. Further infor-
mation about the study, and in particular how health benefits
were estimated, can be found in the complete assessment
published by Health Canada (2012).

Biodiesel is produced from vegetable oil and animal fats
by reaction with an alcohol (generally methanol). Biodiesel
is blended with ultra-low sulphur diesel (ULSD) and the
blends are denoted by the letter B followed by the percent-
age of biodiesel by volume. For example, B5 denotes a blend
containing 5% biodiesel and 95 % ULSD. The scope of the
modelling study was to assess the impact of switching to B5
and B20 blends on emissions from the Canadian heavy-duty
diesel vehicle (HDDV) fleet and on ambient air quality in
2006 and 2020. The reasons to limit the study scope to the
HDDYV fleet are that this vehicle class accounts for 94 % of
diesel fuel use in Canada and emissions measurement data
for biodiesel blends mostly apply to this class.

AQ modelling was performed with the AURAMS region-
al AQ model using a grid-cascade configuration, where the
model was first run for a continental North American domain
with horizontal grid spacing of 45 km, then for two smaller
overlapping regional domains with 22.5 km grid spacing that
were nested within the coarser continental domain, and then
for one even smaller high-resolution domain covering the
Montreal region at 3 km. The AURAMS integrations over

B20: May 1st to Sept
30th, otherwise B0

B20: May 1st to Sept 30th, B20: June 12-23

otherwise B0

the continental domain were performed first to produce ini-
tial and boundary conditions for the two regional domains.
The reason to choose this approach is that it allows a higher-
resolution treatment of a region of interest for lower com-
putational cost while still accounting for the contribution of
long-range transport. The locations of the four AQ model
domains are shown in Fig. 4.9 and the list of emissions sce-
narios that were considered using this nested model configu-
ration is shown in Table 4.1.

For all scenarios in 2006 and 2020, meteorological fields
for 2006 were obtained from Environment Canada’s GEM
weather forecast model and were used for all of the 2006
and 2020 AURAMS CTM simulations. GEM was run for the
entire year 2006 over North America with a grid spacing of
approximately 15 km. The GEM model was also run in cas-
cade mode on a smaller domain with a grid spacing of about
2.5 km to generate higher-resolution meteorological fields in
order to drive the high-resolution AQ domain. The meteo-
rological fields were then interpolated onto each AQ model
grid. The locations of the meteorological model domains are
also illustrated in Fig. 4.9.

Anthropogenic emissions of seven criteria air contaminants
(CO, NO,, SO,, VOC, NH;, PM, 5 and PM,,)) for 2006 were
obtained from the 2006 Canadian national CAC emissions in-
ventory and the 2005 U.S. national CAC emissions inventory.
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Table 4.2 Percent change in Pollutants BS B20

Canadian fleet-average HDDV

emissions from MOBILE6.2C 2006 2020 2006 2020

for BS and B20 compared to the 1,3-Butadiene/Acetaldehyde/Acrolein/Formaldehyde -4 -1 -18 -3

reference fuel (ULSD) in 2006 Benzo[a]pyrene -3 -2 ~14 -9

and 2020. (Source: Health Canada  gopsene -4 -1 _18 4

2012) Carbon monoxide -3 -2 —11 -7
Elemental carbon/Organic carbon -3 -2 —-13 -9
NO, +1 +1 +4 +3
PM, 5 (exhaust) -3 -2 -13 -9
SO,, NH; 0 0 0 0
Toluene/Ethylbenzene/Xylene -4 -1 -18 -3
Total VOC, Total hydrocarbon -4 -1 —-18 -3

The Canadian 2020 emissions projection was obtained from
Environment Canada’s Economic Analysis division, whereas
for the United States the latest available 2020 emissions pro-
jection at the time of the study was the one prepared in 2004
by the U.S. Environmental Protection Agency for the Clean
Air Interstate Rule impact study. These two inventories were
processed with the SMOKE emissions processing system
(CEP 2012) to do spatial allocation onto the AURAMS grids,
temporal allocation, and chemical speciation for the ADOM-
II gas-phase mechanism (Stroud et al. 2008).

Canadian on-road mobile emissions, which were the key
emissions sector of interest in this study, were computed
using the MOBILEG6.2C emissions-factor model, which is
the “Canadianized” version of the U.S. EPA MOBILEG6.2
model. MOBILEG6.2C was modified for this study in order
to account for renewable fuels in the HDDV class based on
available measurement data. Although the modified ver-
sion can handle five separate biodiesel feedstocks, it was
assumed for this study that canola would be the only feed-
stock used by the Canadian on-road fleet. The ambient me-
teorological conditions used by MOBILE6.2C to generate
the 2006 and 2020 on-road mobile emissions were monthly
averages for 2006 in order to be consistent with the 2006
base-year meteorology that was used for the AQ model-
ling. In Canada, on-road mobile emissions were estimated
at the provincial level except where motor-vehicle inspec-
tion/maintenance (I/M) programs were in place (British Co-
lumbia and Ontario), in which case they were estimated at
the sub-provincial level. For the high-resolution AURAMS
domain around Montreal, a traffic-demand model was used
to generate vehicle flow and average speed on every road
segment; these road-segment-based data were then used as
input to MOBILE6.2C to generate the emissions at high
resolution (Noriega et al. 2007).

Table 4.2 illustrates the changes in CAC emissions and
some specific VOCs and PAHs that are expected to result
from the use of biodiesel blends relative to the reference fuel
(ULSD) for the whole country. In summary, as biodiesel con-

centration increases in fuel, emissions of CO, PM,,, PM, s and
VOCs from the on-road transportation sector are expected to
decrease whereas NO, emissions are expected to increase. It
should be noted that the impact of biodiesel on HDDV emis-
sions is expected to be smaller in 2020 than in 2006 due to the
assumption that newer vehicles have been introduced into the
vehicle fleet and older vehicles retired. Moreover, when these
emissions changes are scaled by the corresponding fotal Ca-
nadian anthropogenic emissions, the relative changes in emis-
sions are very small. For example in 2006, the B20 scenario
produced a decrease of 0.1 % in total Canadian anthropogenic
VOC emissions, a decrease of 0.3 % in total Canadian anthro-
pogenic PM, s emissions, and an increase of 0.5% in total
Canadian anthropogenic NO, emissions.

The statistical metrics that were used for human-health
impact assessment were the 1-hour daily maximum and the
24 h daily averages for CO, NO,, PM,,, and PM, 5 concen-
trations for all of 2006 as well as the daily maximum 8 h run-
ning average and 1 h daily maximum for O; concentration
during the summer of 2006. Results for the summer average
of daily maximum 8 h O; concentration and the annual aver-
age PM, 5 concentration were as follows.

Figures 4.10 and 4.11 show the predicted impact of B20
biodiesel on daily maximum 8 h ozone concentration in 2006.
One noticeable feature in Fig. 4.10 is that ozone is predicted
to decrease in major urban centres due to the increase in NO,
emissions. These cities were under a high-NO, emissions re-
gime in 2006, and thus any additional contribution of NO, led
to further scavenging of ozone. On the other hand, the increase
in NO, emissions led to an increase in ozone outside major cit-
ies that is not cancelled by the reductions in VOC emissions.
The same pattern is seen in Fig. 4.11 on the high-resolution
Montreal domain, where ozone scavenging by NO is notice-
able in downtown Montreal and along major highways.

Figures 4.12 and 4.13 illustrate the impact of B20 bio-
diesel on annual average PM, 5 concentration in 2006. Since
PM, s primary emissions decreased and SO, emissions re-
mained unchanged (see Table 4.2), annual PM, 5 ambient
concentrations were predicted to decrease in major cities.
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Fig.4.10 Change in summer average (June-August) daily maximum 8 h ozone concentration (ppbv) on a portion of the AURAMS 45 km conti-
nental grid when using a B20 biodiesel fuel blend compared to ULSD in Canada in 2006. (Health Canada 2012)

Fig.4.11 Change in the two-
week average (12-23 June 2006)
of the daily maximum 8 h ozone
concentration (ppbv) on the

3 km high-resolution grid over
the Montreal region when using
B20 compared to ULSD. (Health
Canada 2012)

The NO, emissions increase produced some increase in
PM, 5 concentration in some rural areas around industrial-
ized regions (i.e., Lower Fraser Valley, Calgary-Edmonton
corridor and Windsor-Quebec City corridor) that is mostly a
wintertime contribution to the annual average.

In summary, the B20 and BS5 scenarios, when applied to
2006 emission levels, produced small but significant chang-
es in predicted air quality that were focused in major urban
centres and surrounding areas (Lower Fraser Valley, central
Alberta, southern Ontario, and southern Quebec). B5 results
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Fig.4.12 Change in annual average PM, 5 concentration (ugm~>) on a portion of the AURAMS 45 km continental grid when using B20 compared

to ULSD in Canada in 2006. (Health Canada 2012)

Fig.4.13 Change in the two-
week average (12-23 June 2006)
of PM, 5 concentration (pg m™)
on the 3 km high-resolution grid
over the Montreal region when
using B20 compared to ULSD.
(Health Canada 2012)

(not shown) had the same pattern as B20 but with much
smaller amplitude, consistent with the smaller BS emissions
changes (Table 4.2).

The results for the 2020 projections show that changes
in predicted air quality had the same general pattern as the
2006 results but the differences were much smaller. In par-

ticular, the model results showed that ozone will continue
to decrease in the same major urban centres as in 2006
due to NO, emissions increases, but with a smaller foot-
print. Differences between the scenario and the base case
for 2020 are often close to the limit of model accuracy.
Generally speaking, though, impacts of B20 in 2020 were



4 Long-Range Transport of Air Pollutants and Regional and Global Air Quality Modelling 87

comparable to impacts of B5 in 2006, and impacts of B5
in 2020 (not shown) affected a very limited area, even in
urban centres.

4.6.2 Tracking Long-Range Transport
of Mercury to Canada

Mercury (Hg) is a natural element that is ubiquitous in the
environment and found in virtually all geological media.
Mercury is released to the atmosphere in nature by two pri-
mary source processes: the weathering of rocks and volca-
nic/geothermal activities. It is naturally present in coal and
other fossil fuels, minerals, and metal ores, including zinc,
copper, and gold, and thus can be emitted to the atmosphere
from such human activities as fossil-fuel combustion and ore
processing. Mercury is also released to the environment from
biomass burning. In the pre-industrial period (i.e., before
the mid—18th century), the natural release of mercury to the
atmosphere was generally in balance with the natural pro-
cesses that removed it from the atmosphere (Sunderland and
Mason 2007). Since the Industrial Revolution, however, an-
thropogenic activities have mobilized vast quantities of mer-
cury from the Earth’s crust and redistributed it to the more
biologically active and mobile media of the environment
(surface soils, atmosphere, lakes, rivers, oceans). Analysis of
mercury concentrations in lake sediments shows that current
global mercury deposition rates are approximately 2—5 times
higher than those during pre-industrial times (Lamborg et al.
2002; Biester et al. 2007; Lindberg et al. 2007).

Currently, human activities such as the combustion of fos-
sil fuels, the extraction of metals from ores, as well as the use
and disposal of consumer products containing mercury (e.g.,
batteries and light bulbs) are responsible for the release of
roughly 1,900 tonnes of Hg annually to the atmosphere (Pa-
cyna et al. 2010). As much as 46 % of global anthropogenic
emissions of Hg result from the combustion of fossil fuels,
mainly from coal-fired power plants and industrial and resi-
dential heating. Metal production, cement manufacturing,
and artisanal gold production are also large contributors to
global Hg emissions. Asia is by far the region with the largest
emissions of Hg to the atmosphere, with about 65 % of the
total anthropogenic emissions, followed by North America
and Europe. Deposited Hg is reduced via photochemical and
biochemical processes and may then be re-emitted back to
the atmosphere from soil and vegetation as well as from the
ocean surface. Re-emission is a significant source of Hg to
the atmosphere in comparison to primary emissions. Avail-
able estimates of natural emissions and re-emissions are
within the range 2,000—5,000 tonnes per year and are thus
of the same magnitude as or larger than anthropogenic emis-
sions (Pirrone et al. 2010).

Most of the Hg released to the atmosphere is in its el-
emental gaseous form, Hg’, with smaller amounts emitted
in both gaseous and particulate oxidized forms, Hg'. Hg?,
which is insoluble, has a long lifetime in the atmosphere (~ 1
year) and is transported globally. However, Hg? is slowly
oxidized in the atmosphere to highly soluble Hg", which is
rapidly removed from the atmosphere by wet and dry de-
position. Atmospheric transport followed by deposition and
re-emission is the main pathway for the global dispersal of
Hg. Once deposited to the Earth’s surface, mercury can be
transformed into a highly toxic organic form, methyl-mer-
cury (MeHg), which can bio-accumulate and bio-magnify
through the food chain. MeHg exposure via consumption of
fish leads to adverse neurological and developmental effects
in humans and wildlife (Champoux et al. 2006; Clarkson and
Magos 2006). The impacts of mercury are most significant in
the Arctic region, which acts as a sink for long-range trans-
port of Hg emissions (AMAP 2011).

Since the 1970s, Canada has reduced its domestic emis-
sions of mercury to the atmospheric by approximately 90 %
and currently contributes less than 0.4 % of global anthropo-
genic emissions (Environment Canada 2010). Despite con-
tinuing efforts to regulate anthropogenic mercury emissions
in some regions of the world such as North America and Eu-
rope, however, mercury contamination remains a concern in
Canada due to the long-range transport of mercury. Current-
ly, a large number of fish consumption advisories in Canada
are due to mercury (Environment Canada 2010). Monitoring
data indicate that mercury contamination in Canadian Arctic
biota has generally been increasing during the past 30 years,
and high levels of mercury are found in the tissue of aborigi-
nal people who rely on traditional “country food” such as
marine mammals and fish (AMAP 2011). Mercury is identi-
fied as a toxic substance under the 1999 Canadian Environ-
mental Protection Act and it is included in the List of Toxic
Substances in Schedule I of the Act.

Long-Range Transport of Mercury

The majority of anthropogenic mercury emissions come
from mid latitudes of the Northern Hemisphere. Mercury
is primarily transported within the Northern Hemisphere;
hemispheric exchange is not as significant, as evidenced
by the measured Hg concentration gradient between the
Northern and Southern Hemispheres (Lamborg et al. 2002).
Current mercury monitoring networks are sparse and are un-
evenly distributed; as a consequence, the measurement data
have a limited capability to detect signs of intercontinental
transport. Atmospheric AQ models thus provide a powerful
tool for investigating the long-range transport of mercury.
Global and hemispheric mercury models have been used
to examine the role of long-range transport of atmospheric
mercury in regional mercury contamination (Christensen
et al. 2004; Travnikov 2005; Dastoor et al. 2008; Holmes
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Fig. 4.14 Transport pathway from East Asia to North America for this episode. The left star marks the location of the Hedo Station monitoring
site and the right star marks the location of the Mt. Bachelor Observatory monitoring site

et al. 2010; HTAP, 2010). Environment Canada’s GRAHM
model, which was introduced in Sect. 4.5.2, has been applied
to study the impact of long-range transport on Hg concentra-
tion and deposition in Canada (Durnford et al. 2010).
Durnford et al. (2010) analyzed long-range transport
events from the four major global mercury source regions,
East Asia, Europe, North America, and Russia, into Canada
and the Arctic. East Asia was found to be the largest source
of Hg in Canada, contributing to the most long-range trans-
port events at all Arctic sites combined (43 %), followed by
Russia (27 %), North America (16 %), and Europe (14 %).
Long-range transport from major source regions was found
to occur principally in the mid-troposphere. Measurements
coupled with modelling analyses were used to detect indus-
trial plumes of Hg transported out of East Asia during the
ACE-Asia campaign (Friedli et al. 2004; Pan et al. 2006,
2008, 2010). The outflow of Hg to the Pacific Ocean from
East Asian anthropogenic emissions was estimated to be
681-714 Mg yr' by Pan et al. (2010). Lifting of mercury
plumes from the planetary boundary layer to the free tropo-
sphere above followed by rapid horizontal transport in the
free troposphere is the typical long-range-transport pathway
for Asian Hg outflows to the Pacific Ocean. The transported
plumes then often reach the Earth’s surface through atmo-
spheric subsidence over another continent. Through this
pathway, Asian Hg plumes can be transported relatively un-
diluted to the west coast of North America in about one week.
These plumes are mainly emitted from large point sources

that inject mercury to higher elevations due to high smoke-
stack exit temperatures and subsequent plume rise (Friedli
et al. 2004). Springtime has been found to be the most ac-
tive period for trans-Pacific transport (e.g., Reidmiller et al.
2009; Durnford et al. 2010). At Reifel Island, B.C., a site
on the west coast of Canada, Durnford et al. (2010) found
that Asian mercury explains about 60 % of the variability in
spring and summer, but less than 25% of the variability in
autumn and winter.

Jaffe et al. (2005) conducted a field campaign in spring
2004 to investigate the outflow of Asian mercury across
the Pacific Ocean to North America. They simultaneously
measured air concentrations of Hg? in the western Pacific
at Hedo Station, Okinawa, Japan, which is often located
downwind of major Hg emissions from China, and at the
Mt. Bachelor Observatory in central Oregon, U.S. (see
Fig. 4.14). The Mt. Bachelor Observatory is located at an el-
evation of ~2.7 km above sea level (ASL) and usually mea-
sures free-tropospheric air. During this period, the observed
mean Hg’ concentration at Hedo Station was found to be
2.04 ng m3, which is higher than the Northern Hemisphere
background value of 1.5-1.8 ng m3, due to the impact of
Asian outflows (Fig. 4.15a). Several episodes of enhanced
Hg" concentrations were observed at Hedo Station with peak
concentrations reaching 2.5 ng m~3. The largest episode was
observed around April 19 and lasted about 3 days with peak
concentrations of 3.5 ng m 3. They then analyzed the Hg®
measurements at Mt. Bachelor to identify any episodes of
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Fig. 4.15 Elemental mercury concentrations (ng m—>) at (a) Hedo
Station, Okinawa, Japan as observed (Jaffe et al. 2005; blue) and
simulated by GRAHM using all global emissions (purple) vs. only
East Asian emissions (red) and (b) Mt. Bachelor Observatory, Oregon,

long-range transport of Hg’ that were also observed at the
Hedo Station site. One large episode was observed at Mt.
Bachelor around April 25, where the peak total Hg® concen-
trations reached ~2.5 ng m3, which is ~0.7 ng m~3 above the
background value. The authors used observed ratios of Hg’
to CO concentration as a chemical signature to confirm that
the source of the episode was outflow from East Asia. The
Hg%CO ratio at Mt. Bachelor on April 25 was found to be
very similar to the Hg?/CO ratio measured at Hedo Station
on April 19. Using measured Hg’/CO ratio and CO emis-
sions estimates, they inferred mercury emissions from Asia
to be double the anthropogenic Asian Hg emission estimates
of Pacyna et al. (2010), suggesting that this global inventory
underestimates Asian emissions of mercury.

GRAHM was applied to investigate the mechanism and
the origin of the observed episode of mercury at Mt. Bach-
elor on April 25, 2004. At each model time step, mercury
emissions were injected into the atmosphere, meteorologi-
cal processes were simulated, and three atmospheric mer-
cury species (gaseous Hg, gaseous Hg'' and particulate
Hg'") were transported, transformed chemically and depos-
ited. The primary tropospheric gaseous oxidants of Hg® rep-
resented in GRAHM are O; and OH, whereas in the polar
regions and the marine boundary layer, atomic bromine is
the major oxidant and this reaction was also included in
GRAHM. The representation of dry deposition of the three
Hg species was based on the standard resistance approach
(Zhang et al. 2003). Gaseous and particulate Hg'' species
were also scavenged in GRAHM by hydrometeors both in
and below clouds, but elemental Hg is insoluble and was not
scavenged. The anthropogenic emissions of Hg included in
GRAHM were based on the 2005 global anthropogenic mer-
cury emissions inventory developed by Pacyna et al. (2010).
Global emissions from natural sources and re-emissions of
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U.S. as observed (Jaffe et al. 2005; blue) and simulated by GRAHM
using all global emissions (purple) vs. only East Asian emissions
(red). Note that concentrations for the East Asian simulation use the
scale on the right

previously deposited mercury (from land and oceans) were
based on the global Hg budgets of Mason and Sheu (2002).
Seasonally-varying natural emissions were spatially distrib-
uted according to the natural enrichment of mercury in the
Earth’s crust at different locations, and re-emissions were
spatially distributed according to historic Hg deposition
patterns. In the presence of sunlight, a significant portion
of deposited mercury in snowpacks is known to be rapidly
reduced and revolatilized back to the atmosphere. A multi-
layer snowpack and melt-water parameterization was used
in GRAHM to treat Hg chemistry in snow and fluxes of Hg
between air and snow (Durnford et al. 2012). The model was
first integrated for several years to establish a steady state
between the emissions, atmospheric mercury concentrations,
and deposition. The performance of the GRAHM model has
been evaluated previously using measured surface air con-
centrations of Hg® and wet deposition fluxes (HTAP 2010;
Durnford et al. 2012).

A base model simulation was performed using global
emissions from all sources from all regions. Four control
simulations were also performed in which anthropogenic
emissions from only one source region were included in
each model run. The four major source regions considered
were East Asia, Europe, Russia, and North America. Time
series of Hg" concentrations at Mt. Bachelor Observatory
from each of the control simulations were then compared to
the time series from the base simulation to detect the region
of origin of the April 25 episode at Mt. Bachelor. The spatial
resolution of the model runs was inceased incrementally to
simulate the intensity of the episode better. A model hori-
zontal grid spacing of 0.25°x(.25° latitude-longitude was
found to be successful in reproducing the transport, timing,
and magnitude of the observed episode at Mt. Bachelor with
good accuracy.
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Fig. 4.16 Model-simulated transport of Hg shown as instantaneous mass mixing ratios (ng kg~!) at 500 hPa from April 23, 6 UTC to April 25,
18 UTC at 12-hour intervals (panels are ordered in time from left to right, top row first)

Figure 4.16 shows snapshots of Hg® mass mixing ratio
distributions at ~500 hPa 12 hours apart from April 23, 0600
Universal Time Coordinated (UTC) to April 25, 1800 UTC.
Most of the mercury transport was found to occur between
750-400 hPa and took approximately seven days to cross the
Pacific Ocean and then descend over western North America
through a deep anticyclonic system. The origin of the epi-
sode was confirmed by the control simulation that used only
East Asian anthropogenic emissions. The mercury-rich air
mass from East Asia reached northern British Columbia in
Canada first and then traveled southward on the lee side of
the Rockies, impacting western Canada and the western U.S.
This is a significant pathway for the episodic transport of Hg
from Asia into northern and western Canada as previously
described by Durnford et al. (2010).

Time series of surface air concentrations of Hg” from the
base simulation and the control simulation with only East
Asian anthropogenic emissions along with the observed time
series are presented in Fig. 4.15 for the Hedo Station and
Mt. Bachelor Observatory sites. Excellent correlation be-
tween measured and simulated Hg® concentrations from the
“all emissions” base run as well as the “East Asian emissions
only” run suggests that Hg® concentrations at Hedo Station
are strongly influenced by East Asian emissions. The model
simulation shows that the Hg" episode on April 25, 2004 ob-
served at Mt. Bachelor had earlier impacted the Hedo Station

site around April 19, 2004. The enhancement of Hg?  the
Hedo Station site is underpredicted by the model in both the
base and control runs (~1 ng m3 observed vs. ~0.5 ng m 3 in
the model). These results are thus consistent with the conclu-
sion in Jaffe et al. (2005) that East Asian Hg emissions are
underestimated in the global emissions inventory developed
by Pacyna et al. (2010).

Elevated Hg® concentrations at Mt. Bachelor are clearly
seen around April 25 in Fig. 4.15b. The Hg" concentra-
tion is enhanced by ~0.25 ng m~3 above background in the
“East Asian emissions only” control simulation compared
to the observed enhancement of ~0.7 ng m™3, consistent
with the underprediction at Hedo Station. However, the
model simulation using all emissions simulates the peak
in line with the observations. The base simulation includes
re-emissions of Hg from Asia in addition to anthropogenic
emissions, leading to the conclusion that the contribution
from the re-emissions of Hg from Asia compensates for
the underprediction of the episode in the “all emissions”
model simulation. The uncertainty in re-emission esti-
mates is large; it is thus possible that this source is over-
estimated in the model. In conclusion, this case study pro-
vides both observational and modelling evidence for the
trans-Pacific transport of mercury to Canada and points
to East Asia as the source region of the emissions in this
particular episode.
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Fig. 4.17 Plots of instantaneous (a) NO,, (b) Os, and (¢) PM, 5 surface concentration fields predicted by the 10 km version of GEM-MACH at

4 p.m. EDT, 12 July 2012. Units are ppbv, ppbv, and pg m=

4.6.3 Chemical Weather Forecasting for Canada

By the late 1990s, computers had improved to the point
where it started to become possible to apply regional AQ
models in real time for the prediction of next-day air quality.
This development opened up the possibility of routine AQ
forecasts and public-health advisories and warnings analo-
gous to the weather forecasts, advisories, and warnings that
have been issued for decades (e.g., Kukkonen et al. 2012;
Zhang et al. 2012b, c¢). The requirements for such routine
AQ forecasts include the availability of a reliable numerical
meteorological forecast, emissions fields that are up-to-date
and day-specific, and computational resources that allow a
multi-day AQ forecast to be performed in one or two hours,
but if these requirements can be met, then real-time AQ fore-
casting provides a valuable tool for short-term AQ manage-
ment and public guidance.

Environment Canada has been issuing national two-day
forecasts of ozone since 2001 and of PM, 5 and PM,, since
2003. The first operational AQ forecast model at EC was
CHRONOS (Sect. 4.5.1; Pudykiewicz et al. 2003; McHenry
et al. 2004; McKeen et al. 2005, 2007, 2009). This off-line
regional AQ model was run operationally from 2001 to 2009
on a North American grid with 21 km horizontal grid spacing
and 24 terrain-following vertical levels extending from the
Earth’s surface to 6 km above ground level (AGL). A 3600-s
advective time step was used, and 48-hour forecasts were
made once per day starting at 00 UTC.

Recently, as discussed in Sect. 4.5.2, an on-line multiscale
chemistry model called GEM-MACH has been developed
at EC (Talbot et al. 2008; Anselmo et al. 2010; Moran et al.
2010, 2011). In Nov. 2009 a limited-area version of GEM-
MACH, GEM-MACH]1S5, replaced CHRONOS as EC’s op-
erational regional AQ forecast model. In this initial imple-
mentation, GEM-MACHI15 used a continental-scale North
American rotated latitude-longitude grid with 15 km hori-
zontal grid spacing and 58 vertical sigma-pressure hybrid
levels spanning the atmosphere from the Earth’s surface to
0.1 hPa. A 450-s meteorological time step and 900-s chemis-

, respectively

try time step were selected. Another significant change from
CHRONOS was that some additional process representa-
tions were included and several other process parameteriza-
tions were upgraded using process representations from the
AURAMS CTM (Anselmo et al. 2010). The number of 48-
hour forecasts was also increased to two per day, one begin-
ning at 00 UTC and one beginning at 12 UTC. Results from
a two-year performance evaluation of this version of GEM-
MACH have been reported by Moran et al. (2011).

More recently, in Oct. 2012, a new operational version
of GEM-MACH called GEM-MACH10 was implemented
at EC with 10 km horizontal grid spacing and 80 vertical
hybrid levels to 0.1 hPa (Moran et al. 2013). The meteoro-
logical time step was also decreased from 450 to 300 s for
consistency with the reduced grid spacing. GEM-MACH10
uses hourly emissions input files that were generated by pro-
cessing the 2006 Canadian national CAC emissions invento-
ry, a 2012 projected U.S. CAC emissions inventory, and the
1999 Mexican CAC emissions inventory with the SMOKE
emissions processing system (CEP 2012). The emissions
files input by GEM-MACH10 contain 30 different chemi-
cal species; GEM-MACHI0 in turn outputs predictions of
the concentrations of 59 chemical species, both gas-phase
species and PM chemical and size-fraction components. The
three most important output species are NO,, O, and PM, s
because these species are the three component species con-
sidered in the Canadian national Air Quality Health Index
(AQHLI: see Chap. 18).

Figure 4.17 shows an example of GEM-MACH hourly
forecast fields on the new 10 km model grid for these three
species. The afternoon NO, surface concentration field
(Fig. 4.17a) is very patchy because only values greater than
1 ppbv are coloured. Most of the areas of high NO, con-
centration are associated with urban centres in Canada and
the U.S. The highest NO, values at the time of this plot (4
p.m. EDT) are predicted to occur in Los Angeles, Califor-
nia. The O; spatial pattern (Fig. 4.17b) also displays large
spatial variations but is somewhat smoother than the NO,
pattern. The largest areas of elevated O predicted for this
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Fig.4.18 Mean NO, surface concentration field (ppbv) predicted by the 15 km version of GEM-MACH for a two-month (a) winter 2012 period
(1 Jan.—2 Mar.; 62 days) and (b) summer 2012 period (22 June-2 Sept.: 73 days)

time can be seen over the U.S. midwest, southern Great
Lakes region, and northeastern U.S., with isolated areas of
elevated O; over southern Alberta and southern California.
This pattern also suggests that air with higher O; concen-
trations is being transported from the main North American
landmass eastward to the Canadian Maritimes and the At-
lantic Ocean. The PM, s spatial pattern (Fig. 4.17¢) is more
like the O; pattern than the NO, pattern, consistent with
PM, 5’s dual nature as both a primary and secondary pollut-
ant. In fact the broad-scale PM, 5 and O; patterns display
some noticeable similarities over the U.S. midwest and the
southern Great Lakes.

It is clear from Fig. 4.17 that the GEM-MACH model do-
main covers most of North America and not just Canada. The
reason for this is that it is important to include CAC emis-
sions from the continental U.S. in the domain because of the
importance on many days of long-range transport from the
U.S. to Canada combined with the fact that U.S. CAC emis-
sions are five to 10 times larger in total than Canadian CAC
emissions (e.g., Moran and Makar 2001; Canada-U.S. Air
Quality Committee 2004).

Figure 4.18 shows the predicted mean hourly NO, surface
concentration field over North America for a winter 2012
period and a summer 2012 period. Note that only locations
with NO, concentrations greater than 1 ppbv have been
coloured. It is clear from this figure that NO, levels vary
widely geographically and tend to be higher in the winter
than the summer, consistent with the reduced vertical mixing
near the Earth’s surface expected in the cold season. Average
fields like these two-month mean fields are smoother than
instantaneous fields (i.e., “snapshots”) due to the averaging
of day-to-day meteorological fluctuations that result in NO,
emissions being transported in different directions by differ-
ent wind patterns (contrast Fig. 4.18b with the instantaneous
NO, concentration field shown in Fig. 4.17a). Mean spatial

concentration patterns tend to emphasize locations with high
NO, emissions, with local maxima in the NO, concentra-
tion field (i.e., “hot spots™) centred over these high emis-
sions areas. As a consequence, large urban centres such as
Vancouver, Calgary, Edmonton, Chicago, Detroit, Toronto,
Montreal, and New York City are readily identifiable in this
Fig. 4.6 (and compare this figure with the NO emissions plot
shown in Fig. 4.6).

While Fig. 4.17 showed plots of surface pollutant con-
centration fields in space predicted by GEM-MACH at one
instant in time, Fig. 4.19 shows two examples of predicted
changes of ozone concentration in time over a 48-h period in
the summer at a single location in space, in this case, a 10 km
by 10 km surface grid cell located over midtown Montreal.
For both of the two-day periods shown, the model predicted
daytime O; peaks very well but significantly underpredicted
nighttime minimum values. From the public-health perspec-
tive, though, maximum values are of greater interest than
minimum values.

The last steps in the forecast chain are the dissemi-
nation and communication of forecasts. Once a GEM-
MACH AQ forecast run has finished, the results are dis-
seminated to AQ forecasters in Environment Canada and
in some provinces and municipalities. As well, the AQ
forecasts are made available to the public in several ways.
One route is through the local broadcast media as AQHI
forecasts. Another route is by the Internet. Daily national
GEM-MACH forecasts of O; and PM, s fields can be ac-
cessed by the public at the EC Weatheroffice website (see
http://weather.gc.ca/aqfm/index e.html), and local AQHI
forecasts based on GEM-MACH forecasts can be accessed
at the same website from the forecasts for individual cities
(see http://weather.gc.ca/canada_e.html) or from the EC
AQHI webpage http://www.ec.gc.ca/cas-aghi/ (see also
Chaps. 6 and 18).
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Fig. 4.19 Time series of hourly O; surface concentration (ppbv) for a
grid box located over Montreal from the 00 UTC 48-hour forecast made
by 10 km version of GEM-MACH (plotted in red) vs. the measure-

4.7 Summary

Air pollutants that are emitted directly to the atmosphere
are called primary pollutants. Air pollutants that do not have
emissions sources but instead are created by chemical reac-
tions are called secondary pollutants. The long-range trans-
port of air pollutants, where the term “long range” refers to
distances of 100 km or more, has an important influence on
air quality in many parts of Canada and a number of exam-
ples have been provided in this chapter. Long-range trans-
port also involves a complex set of atmospheric processes.
During long-range transport, meteorological conditions will
vary and there will be sufficient time both for chemical trans-
formations to occur, which may allow secondary pollutants
such as ozone to form, and for the removal of pollutants by
dry or wet processes. The chemical reactions may occur in
clear air, inside water droplets in clouds or fog, and on aero-
sol particle surfaces.

Regional and global AQ models are the only tools avail-
able that can take into account both pollutant emissions and
the complex set of atmospheric processes associated with
long-range transport and then predict the pollutant concen-
tration and deposition fields that will result. This capabil-
ity allows AQ models to provide important information and
guidance in support of AQ management, although model er-
rors and uncertainties must also be considered. A long list of
potential applications of AQ models to AQ management has
been provided in this chapter.

The formulation and architecture of regional and global
AQ models has also been described, including the differ-
ences between AQ and dispersion models, Eulerian and La-
grangian models, regional and global models, and off-line
and on-line models. It was also noted that it is more accurate
to talk about an AQ modelling system than an AQ model,

50

= Observed (station:50109)
L= Predicted

T2 1200 71312 000 7312 1200 8112 0000

ments from a surface monitor (no. 50109) located in the same grid box
(plotted in blue) for two periods: (a) 12—13 July 2012; and (b) 30-31
July 2012. Time is in UTC units (where 12 UTC=08 EDT)

where such a system consists of three primary components:
an emissions component; a meteorological component; and
an AQ component. Details about each of these components
and their individual uncertainties were provided.

A summary of the different regional and global AQ mod-
els and their companion meteorological models and emis-
sions processing systems that have been applied over the past
three decades to support AQ management in Canada was
also provided. The first of these were the following regional
Lagrangian and Eulerian acid deposition models: ALSM,
ALNM, RELAD, and ADOM. Then, as more attention began
to be paid to photochemical smog, especially ozone and PM,
new regional Eulerian AQ models were developed or adopt-
ed, including CHRONOS, AURAMS, CMAQ, and GEM-
MACH. A few global AQ models have also been developed
and employed in Canada to study such global pollutants as
mercury, ozone, and persistent organic pollutants, including
GRAHM, GEM/POPs, GEM-AQ, and GEM-MACH.

In order to characterize the health and environmental im-
pacts of air pollutants, the output fields from AQ models are
often processed to calculate additional statistical or chemical
metrics. Some examples of these metrics, including exceed-
ances of ambient AQ standards, of AQ indexes, and of acid-
deposition critical loads and the calculation of population or
crop exposures, have been provided.

Finally, three recent Canadian case studies were summa-
rized to provide concrete examples of how AQ models can
be applied to AQ management. The first case study described
an application of the regional off-line AURAMS model to
assess the potential impact on ambient AQ and human health
if biodiesel fuel blends were to become widely used in Can-
ada. The second case study described an application of the
global on-line GRAHM model to simulate a spring 2004
episode of trans-Pacific transport of mercury emitted in East
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Asia to western North America. And the third case study de-
scribed an application of a regional configuration of the on-
line GEM-MACH model to operational national-scale AQ
forecasting in Canada.
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Modelling the Dispersion of Pollutants:

Two Case Studies

Bob Humphries and Tyler Abel

Abstract

This Chapter will describe air quality modelling in and around an urban area and a mixed
urban/rural area, using two case studies. One case study is a power plant that was proposed
near Nanaimo, BC and the other case study is a major road development in the Metro
Vancouver area. In the interest of public health and environmental protection, government
agencies monitor current ambient air quality and regularly assess the impact that human
activities can have on these interests. Any major project that will potentially impact the
ambient air quality must be assessed before the project can go forward. Air quality models
are one of the tools used for such assessments. The chapter begins with a general discus-
sion of dispersion models, the types of models, where one can access approved models,
and the input data requirements of dispersion models. This chapter includes excerpts from
“Guidelines for Air Quality Dispersion Modelling in British Columbia” (BC MoE, http://
www.elp.gov.bc.ca/epd/beairquality/reports/air_disp_model 08.html, 2008) and “A Primer
on the Guidelines for Air Quality Dispersion Modelling in British Columbia” (BC MoE,
http://www.elp.gov.bc.ca/epd/bcairquality/reports/aq_disp_model 06 primer.html, 2006).

Keywords

Dispersion model - Screening dispersion model - Refined dispersion model - Advanced
model - Point source - Area source - Volume source - CALPUFF - AERMOD - CALINE 3 -

SCREENS3 - Dispersion model domain -

Dispersion model receptors -+ Modelling acid

deposition - Criteria air contaminants - Gaussian plume

5.1 Whatis a Dispersion Model?

Air quality dispersion modelling uses mathematical
equations and numerical methods to describe the physical
and chemical processes that affect air pollutants (gases or
particles) as they react and move through the air after being
emitted from sources such as industrial plants, vehicular
traffic, sewage lagoons, etc. The equations are used to esti-
mate or predict the downwind concentrations of the emitted
pollutants, which provide useful information for the air per-
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mitting and environmental assessment process. In the past
these equations were used in manual calculations but have
now been converted into algorithms used in computer pro-
grams generally referred to as dispersion models.

There are many types of dispersions models available and
many ways to apply them. The United States Environmental
Protection Agency (US EPA) lists over two-dozen preferred
or recommended models as well as many alternative models
that may be used for assessing air emission sources. The US
EPA Support Center for Regulatory Atmospheric Modeling
(SCRAM) categorizes air quality models into three categories:
dispersion models, photochemical models, and receptor models.

Dispersion models, which are the focus of this chapter,
are typically used in the air permitting or environmental
assessment process to estimate the concentration of pol-
lutants at specified ground-level locations surrounding an
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emissions source; referred to as receptors. Photochemical
models are typically used in regulatory or policy assessments
to simulate the impacts from all sources by estimating pol-
lutant concentrations and deposition of both inert and chemi-
cally reactive pollutants over large spatial scales. Receptor
models are observational techniques which use the chemical
and physical characteristics of gases and particles measured
at source and receptor to both identify the presence of and
to quantify source contributions to receptor concentrations.
Each jurisdiction has its own set of preferred or recom-
mended models, but most will follow the lead of the US

EPA. All US EPA preferred/recommended and alternative

models are available for download from their SCRAM web

site!. A few of the models listed on the US EPA website are:

e AERMOD Modeling System—is a steady-state plume
model that has some Gaussian plume characteristics, but
also contains new or improved algorithms that incorpo-
rates air dispersion based on planetary boundary layer
turbulence structure and scaling concepts, including
treatment of both surface and elevated sources, and both
simple and complex terrain.

e CALPUFF Modeling System—is a non-steady-state puff
dispersion model that simulates the effects of time- and
space-varying meteorological conditions on pollution
transport, transformation, and removal. CALPUFF can be
applied for long-range transport and for complex terrain.

e CALINE3—is a steady-state Gaussian dispersion model
designed to determine air pollution concentrations at
receptor locations downwind of highways located in rela-
tively uncomplicated terrain.

e SCREEN3—is a single source Gaussian plume model
which provides maximum ground-level concentrations
for point, area, flare, and volume sources, as well as con-
centrations in the cavity zone, and concentrations due to
inversion break-up and shoreline fumigation.

e Community Multi-scale Air Quality (CMAQ)—the
EPA’s CMAQ modeling system is supported by the
Community Modeling and Analysis System (CMAS)
Center. The CMAQ model includes state-of-the-science
capabilities for conducting urban to regional scale simu-
lations of multiple air quality issues, including tropo-
spheric ozone, fine particles, toxics, acid deposition, and
visibility degradation.

There is no one single model that is able to handle all geo-

physical, atmospheric and source situations as well as a range

of applications. The available models can be roughly catego-

rized as Screening, Refined and Advanced (BC MoE 2006).

o A Screening model provides a quick way to calculate and
“flag” the “worst case” concentration that might possibly
occur. It requires very little input as it has a built-in set

1US EPA Support Center for Regulatory Atmospheric Modeling
(SCRAM) http://www.epa.gov/ttn/scram/. Accesssed May 2013.

of meteorological conditions and is relatively simple to

use. This type of model is useful to identify those sources,

which may require more focused effort (either for control
actions, or more detailed modelling to confirm whether or
not they are a concern).

e A Refined model includes more rigorous treatment of
meteorology, dispersion, and atmospheric processes than

a Screening model and therefore requires more input and

expertise to run. It needs hourly measures of meteorology

over a period (a year is common) that represent the condi-
tions experienced by the emission and thus makes predic-
tions that are site specific and more detailed. The output
consists of concentration predictions for a range of time
averages (typically 1 h to annual) at specified locations.

These provide a rich dataset of information from which to

understand the air quality impacts that reflect the meteo-

rological conditions experienced at the emission source.
e An Advanced model includes comprehensive treatments

of the physics and chemistry of emissions in the atmo-

sphere, and thus requires considerable expertise and com-

puter resources to set-up, run and interpret the results.
Of the models that are listed above, SCREEN3, as its name
implies is a screening model; AERMOD, CALPUFF and
CALINE3 are refined models; and CMAQ is an advanced
model.

Detailed descriptions of dispersion models are provided
in several of the references provided at the end of this chap-
ter (Turner 1994; Zannetti 2003; Beychok 1994). However,
it is useful to understand in simple terms what is meant by
Gaussian, steady-state plume, and non-steady-state plume
models.

The term Gaussian plume model assumes that a pollut-
ant plume is carried downwind from its emission source by
a mean wind and that concentrations in the plume can be
approximated by assuming that the highest concentrations
occur on the horizontal and vertical midlines of the plume,
with the distribution about these midlines characterized by
Gaussian or bell-shaped concentration profiles. Figure 5.1
show a Gaussian distribution, while Fig. 5.2 shows a plume
where the concentration of pollutants varies according to a
Gaussian distribution.

Gaussian-plume models assume steady-state conditions
where the Gaussian-plume dispersion formulae do not de-
pend on time, although they do represent an ensemble time
average, typically an hour. The meteorological conditions
are assumed to remain constant during the dispersion from
source to receptor, which is effectively instantaneous. Emis-
sions and meteorological conditions can vary from hour to
hour but the model calculations in each hour are independent
of those in other hours.

The assumptions of steady state used in models results in
several limitations. First, steady state models assume that for
each hour the plume extends instantaneously out to infinity.
Concentrations may then be found at points too distant for
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Fig.5.1 A Gaussian distribution or normal distribution (Turner 1994)

Fig. 5.2 Coordinate system showing Gaussian distributions of pollut-
ant concentration in the horizontal and vertical

emitted pollutants to have reached them in an hour. Second-
ly, these models do not handle calm or light wind conditions.
Consequently these models are mainly used to estimate pol-
lutant concentrations within 50 km of the source and for
wind conditions above 1 m/s. Finally, steady-state models
assume straight-line plume trajectories with spatially uni-
form meteorological conditions. These assumptions com-
bined with the independent treatment of each time step’s,
predicted concentration make steady-state models less than
ideal for application in areas with complex terrain or multi-
hour atmospheric processes (i.e. inversions and fumigation).

Puff

Plume

N\

Fig. 5.3 A schematic depicting the tracking differences of a puff and
a plume model (from Lakes Environment CALPUFF View brochure)

A non-steady-state puff dispersion model assumes that a
continuously emitted plume or instantaneous cloud of pol-
lutants can be simulated by the release of a series of puffs or
discrete packets of pollutants that will be carried in a time-
and space-varying wind field. The puffs are assumed to have
Gaussian or bell-shaped concentration profiles in their ver-
tical and horizontal planes’. The model keeps track of the
movement and dispersion of each “puff” from hour-to-hour
on a grid point system, allowing for pollutant transport and
dispersion over multiple hours to be treated more realistical-
ly. In Fig. 5.3 a steady wind from the West shows that both
the puffs (in red) and the steady state plume (in blue) lie along
the same line. However when the wind shifts to come from
the northwest the individual puffs shift with the wind but only
the most recent puffs line up along the new wind direction.

5.2 Dispersion Model Inputs

Air dispersion models require emission information in order
to predict downwind concentrations of the contaminant.
It follows that uncertainties and errors in the emissions
estimates will be reflected in the modelling results (i.e. the
model will not magically correct errors or reduce uncertainty)
so considerable effort is required to determine the following
source information: source type (point, area, volume, line)
and dimensions, physical height above ground where the
emission occurs (stack, roof vent, road); exit temperature and
speed of the effluent; and the mass emission rate.



102

B. Humphries and T. Abel

Fig. 5.4 Examples of point sources showing a rendition of the pro-
posed VIGP power plant plus the existing pulp mill at the right edge
of the picture

Fig. 5.5 A field of lava in Hawaii. The gaseous emissions would be
treated as an area source

Source parameters, such as exit temperature, exit veloc-
ity and emission rate tend to vary over time. These varia-
tions may be due to normal process changes or abnormal
conditions such as start-up, shutdown and upset conditions.
Although the latter situation may occur very infrequently,
the resulting emission rates could lead to serious air quality
problems. These variations, whether under normal or abnor-
mal operations, should be considered as part of the air qual-
ity assessment and modelled accordingly.

Emission Sources— can be simplified into four types based

on geometry: point, area, volume, and line sources.

e A point source is a stationary, specific point of origin
where contaminants are emitted into the atmosphere (such
as a stack, exhaust vent, etc.). The source parameters nor-
mally required for point sources include the UTM or grid
coordinates, release height (i.e., stack height), exit veloc-
ity, stack diameter, exit temperature, and mass emission

Fig. 5.6 Fugitive dust from stockpile of sand. This is an example of a
volume source because the source of the wind blown dust comes from
the sides and the top of the stockpile

rates of the contaminants of concern. A flare is considered
to be a point source, but special treatment is required. See
Fig. 5.4 for examples of point sources.

e An area source is an emission into the atmosphere that
is distributed over a stationary spatial area. Examples of
area sources include settling ponds, feedlots, and even
urban regions that include multiple point sources (which
combined together act as an area source). Parameters nor-
mally required for area sources include the coordinates
of the area perimeter, the release height, and the mass
emission flux rate of the pollutants of concern (i.e., mass
emission rate per unit of area, g/s m?). Figure 5.5 shows
emissions from a lava field in Hawaii. This emission
source would be treated as an area source for dispersion
modelling.

e A volume source is an emission to the atmosphere that
has an initial width and depth at a stationary release point.
An example of a volume source is dust emission from
an aggregate storage pile. Parameters normally required
for volume sources include the coordinates and initial
dimensions of the release and the mass emission rates.
Figure 5.6 shows an example of fugitive dust emissions
from a stockpile of sand.

e A line source is an emission to the atmosphere that is
distributed over a line. Examples of line sources include
conveyor belts, roadways, and rail lines. Parameters nor-
mally required for line sources include the dimensions
of the line, release height, and the mass emission rates.
Figure 5.7 is an example of a roadway line source.

Meteorological Data— should provide a dispersion model
with a description of the atmospheric conditions that con-
trol the transport and mixing of the contaminant. Refined
dispersion models require a time series of hourly sequential
meteorological data. The ideal meteorological input data
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Fig. 5.7 Although not visible, these automobiles and trucks are emit-
ting pollutants. Such roadway emissions are treated as a line source

would come from a specially designed and sited meteorolog-

ical collection program and would represent the conditions

that determine the behaviour of the modelled emissions.

However, such data is not always available, and sometimes

not practical to collect. When this is the case, one may use:

e measurements at a different location that represent the
key features of the conditions at the site,

e data produced by a prognostic, mesoscale meteorological
model, or

e screening meteorological data that represents all pos-
sible realistic combinations of wind speed, stability class,
and mixing heights. As such, the data may not reflect the
actual meteorological conditions at the location of inter-
est, and can only be used to model one-hour averages
(unless averaging time adjustments are made for longer
time-averages.

The Model Domain— is the area within which model pre-
dictions are made. The domain will generally be greater for
large buoyant sources (e.g., tall stacks with buoyant emis-
sions) where a domain of 50 by 50 km centred on the stack
may be required for a flat terrain area. For shorter stacks, a
smaller domain may be appropriate (e.g., 10 km by 10 km).
The domain may be altered to include sensitive receptor
areas such as a community or recreation area. The shape of
the domain does not have to be square if there are features
such as a valley, which could constrain the plume.

Receptors— are the locations within the model domain
where the concentration/deposition predictions are calcu-
lated. Some models allow the user to select polar or Car-
tesian receptor grids. A polar grid is most applicable when
evaluating a single source (i.e., a single stack). The polar
grid is typically selected to correspond to 36 equally spaced
radials with a 10-degree separation. A Cartesian grid is better

for evaluating multiple source facilities, area sources or for
evaluating multiple facilities.

Since the number of receptors impacts model run-times,
modellers typically select receptors that are more densely
located in areas where the maximum concentrations are
expected. For example receptors may have 20 m along the
plant boundary and the spacing could increase with distance
from the source to 1,000 m beyond 5 km.

In some cases, it may be desirable to identify sensitive re-
ceptors that should be included as discrete receptors. Sensi-
tive receptors may include individual residences, residential
areas, schools, hospitals, campgrounds, parks, recreational
areas, commercial day care and seniors’ centres, sensitive
ecosystems, etc.

Many models allow the user to select the receptor height,
called flagpole receptors. Where ground level concentrations
are of interest the receptor height is 0 m, but if the interest
is in the concentration at the height of an average person,
including children, the receptor height could be set to 1.5 m.
Elevated receptors would be used for determining concentra-
tions at treetop heights or at the heights of apartment build-
ing balconies.

Geophysical Data— is required when the core or pre-
processing models require the geophysical setting of the
source(s) to be defined. Depending on the model, this can
be a simple switch to indicate whether the surrounding area
is urban or rural, or can include detailed topographical and
land use information with corresponding values of surface
roughness, Albedo? and Bowen?® ratios.

Existing Air Quality— dispersion models can predict the
incremental change in concentrations due to a new source
or a change to an existing source. There is always an exist-
ing level (or “background”) due to sources not included in
the model predictions. Some of these sources may be so far
away or so diverse and complex that it is not possible to
include them all in the model. Hence the existing background
ambient concentration of pollutants of interest is needed to
compare with or add to the modelled concentrations. If the
background is high, new emissions may cause ambient con-
centrations to exceed regulatory objectives. In these areas,
new emission sources may be required to implement more
rigorous emission control technologies or techniques.

In cases where, background concentrations of pollutants
of interest are not well known, there may be a requirement

2 Albedo is the fraction of solar energy (shortwave radiation) reflected
from the Earth back into space.

3Bowen ratio for any moist surface is the ratio of heat energy used for
sensible heating (conduction and convection) to the heat energy used
for latent heating (evaporation of water or sublimation of snow).
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Fig. 5.8 General location of the
proposed VIGP plant site

to install ambient monitoring equipment to obtain measure-
ments of ambient concentrations.

In order to understand the application of dispersion mod-
els, two cases studies are provided. Each case has its own
unique modelling requirements.

5.3 Case Study 1—Use of CALPUFF to Assess
Air Quality Impacts from a Proposed
Power Plant

On November 27, 2003 the government of British Columbia
issued an Environmental Assessment Certificate for the Van-
couver Island Generation Project (VIGP) to be built at Duke
Point near Nanaimo, British Columbia. Although the project
received the required approvals, certificates and permits, the
facility has not been developed. However, the air quality as-
sessment of the project serves as a good example of how
air dispersion models are used in the environmental assess-
ment process. The assessment included predictions of future
ambient concentrations of emitted pollutants, determination
of potential fog events resulting from emissions of water va-
pour, assessment of acidic deposition and determination of
visibility impacts from the plant’s emitted plume.

5.3.1 The Project

Vancouver Island Energy Corporation (VIEC), a wholly
owned subsidiary of BC Hydro, had proposed to develop a
$ 370 million power generation project based on advanced,

combined-cycle gas turbine technology capable of produc-

ing nominally 265 MW (increased to 295 MW with duct-

firing) of electricity for delivery to the BC Hydro power grid.

The plant was to use state of the art technology and would

have been fuelled with natural gas to generate electricity at

high efficiency and with low emissions. The site proposed
for the power plant was 10.1 ha in area and located at Duke

Point near Nanaimo, BC (Fig. 5.8). Figure 5.4 shows a rendi-

tion of the VIGP facility.

The major air emission related components of the power
plant (Fig. 5.9) were to consist of:

e a GE 7FA natural gas fired combustion turbine generator
equipped with dry low NO, (and low CO) emission com-
bustors;

e a heat recovery steam generator (HRSG) with duct burn-
ers that would provide additional heat input and steam
generation during peak electricity demand periods;

e a selective catalytic reduction (SCR) unit with an aque-
ous ammonia storage and handling system to reduce NO,
emissions to the atmosphere;

e asingle condensing steam turbine generator (STG); and

e a surface condenser, cooling water circuit, and wet cool-
ing tower to condense the exhaust steam from the STG
and vent this heat to the atmosphere.

5.3.2 Assessment Tasks

The first step in an air quality assessment is to meet with the
appropriate regulatory agencies and agree on a terms of ref-
erence (TOR). In this case meetings were held with the BC
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Fig. 5.9 Simplified process schematic diagram and typical stream Temperatures for the Vancouver Island generation project

Environmental Assessment Office (BC EAO) and the BC

Ministry of Environment (BC MoE). All related documen-

tation can be found on the BC EAO web site (http://www.

eao.gov.bc.ca). The following key points, which impact the
dispersion modelling, were contained within the agreed upon

TOR:

e Carry out baseline studies to determine the existing back-
ground ambient air quality concentrations for PM, s,
PM,, O3, and NO,. In addition to the existing ambient
air quality monitoring stations operated by the BC MoE,
VIGP installed two additional monitoring stations in the
Nanaimo area to provide additional observations of PM,,,.
O; and NO,. Locations and pollutants monitored at these
stations are presented in Tables 5.1 and 5.2 and shown in
Fig. 5.10.

e Examine available meteorological and climatological
data to ensure the meteorological data used in the disper-
sion model represented the climatology of the region.

e [dentify major point sources of emissions in the airshed.

e Estimate emissions of concern from existing point
sources.

e Model air quality impacts for two assessment areas.
Assess local impacts for the Nanaimo region using a
square area of about 50 km per side centred on the VIGP.
Assess long-range air quality impacts in the southern
Georgia Basin using an area of 80 km (N-S) by 104 km
(E-W) centred over the southern tip of Gabriola Island.

e Compare predicted concentrations with federal and pro-
vincial ambient air quality objectives and determine the
acute and chronic risks to human health.

e Determine the impact of acidic deposition caused by
emissions of SO, and NO, (oxides of nitrogen).

e Determine the characteristics of the brown plume
that would be formed by secondary particulate matter
((NH,),SO, and NH,NO;) from precursor emissions of
NO, and SO,, and primary emissions of PM, s.

e Because of the complexity of the terrain in the region,
the requirement to model out to the mainland, Vancou-
ver and the International border plus the influence of the
ocean and the requirement to model acid deposition, the
CALPUFF model was selected for this project (Figs. 5.11
and 5.12). Note the CALPUFF modelling domain was
chosen to be slightly smaller than the CALMET model-
ling domain, to ensure the elimination of any numerical
“edge” effects.

e The Fog model was selected for modeling water vapour
emissions. The algorithms in the Fog model have been
incorporated in recent versions of CALPUFF.

e Model the impact of the water vapour plume from the
cooling tower on the local highway to the ferry terminal.

5.3.3 Modelling Methodology for VIGP

Meteorology and Climatology Meteorology is one of
the most important and complex data sets required by the
CALPUFF model. The meteorological information required
by CALPUFF is provided by CALMET, which is a diagnos-
tic computer model that produces detailed three-dimensional
fields of meteorological parameters based on surface, marine
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Table 5.2 VIGP station locations and pollutants monitored in the Nanaimo Area

Station Information

Pollutant Monitoring Period

Station Name Location Latitude  Longitude PM,, PM,s Oy NO, CO SO,
Harmac-Cedar (HC) 1624 Woobank Road 490678 1235096 — - 2/02-07/02  2/02-07/02 - -
Department of National ~ Nanaimo Lakes Road and 4909 03 123 5755 2/02-07/02 - 2/02-07/02  2/02-07/02 - -
Defence Nanaimo Parkway
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Fig.5.10 Location of air quality and meteorological monitoring stations in the study area (VIGP Stations note by orange circles)

(optional) and upper air weather measurements, digital land
use data, terrain data, and prognostic meteorological data
(optional). Figure 5.13 shows the location of the surface and
marine based meteorological stations that were used in this
study. In this application, CALMET was executed for two
entire model years, using meteorological input data from
five surface stations, two upper air stations, and one marine
buoy station. Digital terrain and land use data covering the
model domain were included in the CALMET input data

set. In addition, three-dimensional prognostic meteorologi-
cal data produced by two different mesoscale meteorologi-
cal models were used to improve the performance of the
CALMET model.

The British Columbia and Alberta Governments commis-
sioned a project where the fifth generation NCAR/Penn State
Mesoscale Model (MMS5) was executed at a 20-km horizon-
tal grid resolution for Western Canada for the entire year of
1995. However, at a 20-km grid resolution, it is difficult for
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Fig.5.11 Regional topographi-
cal map displaying the model
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the prognostic model to capture the complex topography in
the Georgia basin. It was therefore decided, for the purposes
of this application, to augment the prognostic meteorological
input data set by generating another 12 months of prognostic
data at a higher grid resolution. The University of British
Columbia (UBC) was commissioned to run the MC2 model
at a 3.3-km resolution for a one-year period starting in July
2000. Hence, the two model years that were used in the local
impacts assessment: 1995 and 2000-2001. Because of the
MC2 prognostic data set’s better resolution, long range mod-
elling only used the 2000-2001 data set.

A comparison of the meteorology in the region with the
climate normals from Nanaimo Airport showed that the
1995 and 20002001 data from the four surface stations are
climatologically representative of the region. For example,
Figs. 5.14 and 5.15 show the temperature normals and the
temperature observations for 1995 and the 2000-2001 pe-
riod for the Nanaimo Airport. The Meteorological Service
of Canada (MSC) provided the data. The temperature trends
and values for 1995 and 2000-2001 are similar to the 30-
year normals.

I | I 1 | I
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Note in Fig. 5.10 the wind rose plots, which show the
frequency of the time that the wind is blowing from a given
direction. The wind rose plots for the Entrance Island and
Harmac Mill stations show the influence of the Strait of
Georgia, which forces winds to align up and down the strait.
The Nanaimo Airport station is further inland and is clearly
not affected as much by the strait.

5.3.4 Air Quality Baseline for the Power Plant

Ambient Air Quality The existing air quality was deter-
mined by analyzing the data from the BC MoE monitor-
ing stations as well as the two stations that VIGP installed.
Tables 5.1 and 5.2 summarize the pollutants monitored and
the time period that was used in the analysis. Analysis of the
data indicated that at the time of the assessment (2002) air
quality in Nanaimo was relatively good, with the frequency
of exceeding various objectives and standards ranging from
low to none. Nanaimo air quality is typical of the east coast
of Vancouver Island, and cleaner than larger urban centres
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Fig. 5.12 Topographical map L ! L

displaying the long-range model
domain boundaries. (The star
shows the location of the VIGP)
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with respect to particulate matter. It did however experience
higher ozone levels than Victoria and Vancouver, which may
be an indirect result of having low NO, concentrations, as
NO, can scavenge ozone from the air. The baseline levels
were based on the 98th percentiles for 1-h and 24-h values
and the average for the annual values:

e PM,,—24-h value was 23 pg/m’ and annual average was

11 pg/m3,

e PM, s—24-h value was 12 pg/m® and annual average was

4.4 pg/m3,

e NO,—I-hourly value was 35 pg/m?, 24-h value was 19 pg/

m?, and period average was 11 pug/m>.

The baseline, referred to as the background ambient air qual-
ity concentrations for each pollutant was added to the model-
ling results as part of the assessment. The ambient air quality
objectives of interest for the two case studies are shown in
Table 5.3.

In addition to analysis of the existing air quality data and
the emission inventory, emissions from the existing Harmac
mill were modelled with CALPUFF. The mill was includ-
ed because it was a significant nearby emission source. By
modelling both facilities the cumulative air quality impacts
of the existing mill and the proposed power plant could be
evaluated.

400

T
440
UTM Easting (km)

T
420

5.3.5 Dispersion Modelling of the Power Plant

CALMET Files for CALPUFF The first step was to gather
together and format for CALMET the upper air and surface
meteorological data, topographic data, land use informa-
tion, and the three-dimensional fields of meteorological
data generated by prognostic models (MM5 and MC2).
The CALMET model was then run and the three dimen-
sional wind fields generated by the model were reviewed
to ensure the results were realistic. In this application, vari-
ous combinations of weighting parameters and surface sta-
tion maximum radii of influence were tested for CALMET
to produce final wind fields that are representative of the
meteorological wind fields in the area. Within the CALMET
modelling domain, a square horizontal grid at a one-kilome-
tre resolution was used. (Appendix E of the assessment pro-
vides more details on the process of refining the CALMET
model results.)

Emission Data for CALUFF The main emission source for
the power plant was the exhaust stack for the gas turbine (see
Fig. 5.9). As noted in the discussion of the baseline study,
the existing emissions from the Harmac Mill were modelled
with CALPUFF. The stack parameters and emission rates for
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Fig. 5.13 Locations of surface
and marine meteorological
stations (/ Comox Airport; 2
Crofton Mill; 3 Entrance Island;
4 Halibut Bank Buoy; 5 Harmac
Pacific Mill; 6 Nanaimo Airport)

Fig. 5.14 Temperature normals
for Nanaimo Airport (1961-1991)
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Fig.5.15 1995 and 20002001

temperature observations for 20
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the criteria air contaminants (CACs) for the power plant and
the mill are shown in Table 5.4.

Receptor Grid CALPUFF and other dispersion models
calculate concentrations at points along a grid, which are
defined by the dispersion modeller. Figure 5.16 shows the
nested receptor grid used for the local modelling. The hourly
concentrations are calculated at each point on the grid for
every hour of available data.

Model Results The CALPUFF model was run once for the
Harmac Mill sources and once for the Power Plant. Post pro-
cessing software allowed for the two model runs to be added
together in order to assess cumulative air quality impacts.
The output files from CALPUFF were processed by con-
touring software, which showed the spatial distribution of
the ambient concentrations of the emitted pollutants. Only
a few examples of the output are provided here for illustra-
tion. Table 5.5 shows the maximum predicted concentrations
for the CACs for the Mill plus VIGP emissions and for each
source alone.
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Table 5.3 Summary of ambient air quality objectives for B.C. and Canada

Parameter British Columbia Objective Federal Objective Metro Vancouver
Level A*  Level B? Level C*  Maximum® Maximum® Maximum®  Objective (ug/m?)
(ug/m®) (ug/m®) (ng/m?) Desirable Acceptable Tolerable
(ng/m’) (ng/m’) (ng/m’)
Nitrogen Dioxide (NO,)
1-h Maximum - - - - 400 1,000 200
24-h Maximum - - - - 200 300 -
Annual Mean - - - 60 100 - 40
Carbon Monoxide (CO)
1-h Maximum 14,300 28,000 35,000 15,000 35,000 - 30,000
8-h Maximum 5,500 11,000 14,300 6,000 15,000 20,000 10,000
Sulphur Dioxide (SO,)
1-h Maximum 450 900 900-1,300 450 900 - 450
24-h Maximum 160 260 360 150 300 800 125
Annual Mean 25 50 80 30 60 - 30
PM,,
24-h Maximum - 50 - - - - 50
Annual Mean - - - - - - 20
PM, s
24-h Maximum — - - - 30¢ - 25
Annual Mean — — — — — — 12
Ozone (O3)
1-h Maximum - - - 100 160 300 -
24-h Maximum - - - 30 50 - 1264
Annual Mean - — - — 30 — -

@ Concentrations given at 20°C, 101.3 kPa, dry basis
b Concentrations given at 25°C, 101.3 kPa, dry basis

¢ Canada Wide Standard
48-h average

Table 5.4 Modelling stack parameters for emissions from VIGP at 100 % load and Harmac Mill sources

Emission Sources Source Modelling Characteristics
Inside Stack Stack Height  Exit Temp. Exit Velocity CO NO, PM;" PM,s" SO, voC
Diameter (m) (m) (K) (m/s) (g/s)  (g/s) (g9 (g/s) (g/s) (g/s)
Modelled VIGP Emission Scenarios:
1. With Duct Burning 5.46 45.72 348.67 20.86 696 3.28 0.289 0289 035 0.53
2. Without Duct Burning ~ 5.46 45.72 354.56 21.15 4.64 297 0264 0264 032 041
3. Without duct burning,  5.46 45.72 354.56 21.15 464 763 0264 0264 032 041
and without SCR.
Existing Harmac Mill:
Power Boilers 1,2 & 9 4.22 76.2 440 11.01 2692 299 225 1.94 234 0.64
Recovery Boilers 4 & 5 3.70 76.2 478 12.20 35.19 1.59  7.06 6.08 54.13 256
Recovery Boiler 6 3.61 76.2 489 15.89 4026 2.84 2.74 2.37 7.53 293
East Lime Kiln 1.51 30.48 483 9.04 034 036 0.10 0.07 0.68 0.02
West Lime Kiln 1.51 30.48 472 13.80 0.58 0.69 0.08 0.06 2.02 0.04
Dissolving Tank 4 1.07 25.73 339 5.12 - - 0.14 0.13 - -
Dissolving Tank 5 1.21 30.68 351 7.23 — — 0.42 0.37 — —
Dissolving Tank 6 1.79 52.73 344 7.98 — — 2.09 1.86 - —

2 Filterable particulate
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The contour plots for the maximum predicted 1-h NO,
concentration for VIGP and for VIGP plus the Harmac Mill
are shown in Figs. 5.17 and 5.18 (note the red star in the
two figures marks the location of the Mill and the blue star
the location of VIGP) the location. Clearly the greatest con-
centrations occur close to the sources. One interesting plot
(Fig. 5.19) shows the net increase in the 24-h PM, 5 concen-
trations. This plot shows that the power plant was predicted
to increase concentrations by less than 1 pg/m? and typically
less than 0.1 pg/m?>.

Models like CALPUFF provide the ability to look at dif-
ference plots, 98th percentile plots, 1-h, 8-h, 24-h, and an-
nual or period averages. The post processing programs of
the CALPUFF model suite as well as the tools provided by
various plots programs allow one to combine sources, calcu-
late various time averages, and calculate various percentile
values.

Long Range Modelling for VIGP Because the city
of Vancouver and the United States/Canada border
were within 50 km of the power plant CALMET and
CALPUFF were run for long-range modelling Domain.
The CALMET long-range domain covered an 84 (N-S)
by 108 (E-W) kilometre area centred on the southern
part of Gabriola Island. The emissions of interest were
NO,, PM, 5, and SO,. The modelling results indicated
that VIGP would have had no measurable impact on the
air quality of the southern portion of the Strait of Georgia
and, in particular, the Lower Fraser Valley airshed.

Acidic Deposition Effects of VIGP Acidic deposition
occurs through wet and dry deposition processes. Wet
acid deposition results from the dissolution of sulphur
dioxide (SO,) and oxides of nitrogen (NO,) in water
present in the atmosphere (cloud/fog droplets, rain,
snow). The result is the formation of dilute sulphuric
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T_able 5.5 Predicted congentra- Pollutant | Averaging Predicted Concentration (pg/ms) Strictest
tions from the Harmac Mill and Period - Ambient
VIGP together for the combined Harmac Mill Plus VIGP VIGP Alone | Harmac Alone Objective
1995 and 2000-2001 modelling Maximum 98th ] Maximum Maximum (rg/m®)
period Percentile
1-hour 123.2 27.6 32.1 123.2 400
NO, 24-hour 31.1 16.0 12.7 31.1 200
Annual 3.1 AL 0.8 3.1 60
PM10 24-hour 58.6 37.3 1.1 58.6 50
Annual 8.6 A 0.07 8.6 ARSI
24-hour 52.2 33.0 11 52.2 30 (98th
PM, 5 percentile)
Annual 7.5 L 0.07 7.5 R,
1-hour 515.5 158.8 3.4 515.5 450
SO, 24-hour 136.9 116.7 1.4 136.9 150
Annual 24.8 G, 0.09 24.8 25
1-hour 753.0 178.2 68.2 753.0 14300
CcO 8-hour 201.8 156.9 31 201.8 5500
Annual 28.5 A A AR 284 IS
1-hour 44.6 11.4 5.2 44.6 70000
VOC | 24-hour 10.7 8.9 2.1 10.7 00
Annual 1.8 A 0.1 1.8 A,

VIGP is assumed to be operating at 295 MW power output with duct firing

acid (H,SO,) and nitric acid (HNO;). This acidic atmo-
spheric moisture then deposits on soil, vegetation, water, and
structures, at which point it can affect the receiving environ-
ment. Dry acid deposition refers to the direct deposition of
acidic gases and particles onto receiving surfaces.

Since the proposed facility would emit NO, and, to a
much lesser extent, SO, an assessment was conducted of the
potential for VIGP emissions to increase local acidic deposi-
tion rates and affect water quality and aquatic habitats.

The modelling predicted maximum acid deposition rates
in the Nanaimo area resulting from worst-case VIGP emis-
sions. The model takes into account the various possible
fates of emitted SO, and NO,, local meteorology and cli-
matology, as well as the dispersion of NO, and SO, emis-
sions in the atmosphere. Modelling results showed that
the increase in acidic deposition from VIGP emissions
would be very small, and would have been dispersed over
a large area, as shown in the plot of results for 2000/2001
(Fig. 5.20).

Miscellaneous Modelling Results Brown Plume—The poten-
tial for VIGP emissions to affect visibility in the Nanaimo
region was assessed using the CALPUFF model outputs and
the visibility option of the CALPOST postprocessor utility.
Given CALPUFF model outputs of hourly concentration
of sulphates and/or nitrates and/or other particulate matter
resulting from emission sources, the CALPOST utility com-
putes and summarizes the corresponding light extinction
coefficient (b,,,), relative to the background light extinction
(Scire et al. 2000). The light extinction coefficient includes

both scattering and absorption components and is a measure
of the attenuation of light over a unit distance, expressed in
inverse megameters (1/Mm) where a megameter is one mil-
lion meters, or 1,000 km. Another measure derived from b,
is also computed to indicate perceived visibility on a linear
scale. The deciview (dv) is defined as

dv=10 1n|:bm:|
10

Here, a reference extinction coefficient of 10 (1/Mm) in the
denominator of the logarithm corresponds to a pristine en-
vironment (with only Rayleigh scattering from clean dry air
exclusive) and a deciview of zero.

CALPUFF was run to produce hourly concentration es-
timates of secondary particulate matter ((NH,),SO, and
NH4NO;) from precursor emissions of NO, and SO,, and
primary emissions of PM, 5 (see Appendix E of assessment).
Results of these runs were summed and then processed with
the CALPOST visibility algorithms using the EPA criteria
for assessment of impacts on CLASS 1 visibility sensitive
areas as background.

The CALPOST postprocessor assesses visibility changes
on both a 24-h and a run-length basis. The 24-h assessment
gives the maximum change in both extinction coefficient
and deciview predicted for any of the modelled receptors for
each day in the model run. This is presented as the number
of days that show a maximum visibility change greater than
some threshold criteria (i.e. a A deciview greater than 1).
The model results showed that there were no receptors that
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Fig.5.17 Maximum predicted
1-h NO, concentration for VIGP
for the combined 1995 and
2000-2001 modelling period
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showed an annual extinction change greater than 1% and
there were no receptors that showed a change in Deciview
of more than 0.10.

Water Vapour Plume—Plume Visibility and the poten-
tial for ground-level fog occurrence were assessed using the
FOG model (Scire 1997). FOG is a Gaussian plume based
model designed explicitly for dispersion of water vapour. It
contains equations for calculating ambient water content and
saturation mixing ratio from hourly measurements of tem-
perature and relative humidity in addition to a plume based
atmospheric dispersion module. The model uses a terrain
following ‘plume path coefficient’ to simulate complex ter-
rain effects on plume height. The reader is referred to Scire
(1997) for details on the mathematical implementation of
these features. The algorithms of the FOG model have been
incorporated into CALPUFF.

The FOG model was used to examine the water vapour
plume from the cooling towers. VIGP’s cooling tower was
predicted to produce ground level fog on a maximum of
1.3% of hours modelled for the winter emissions scenario.
This amounts to 114 h out of the year modelled. For the
summer emissions load 0.44 % of modelled hours produced
ground level fog, equal to 39 h. For both scenarios, the ex-
tent of areas with fog potential was limited to a small pro-
portion of the model domain. Furthermore, there were no
occurrences of ground-based icing or ice plumes in any of
the model runs. These results provided an indication that the
VIGP facility would have minimal impact on driving condi-
tions along the local highway to the ferry terminal.

Start-up and Partial Load Assessment—NO, and CO
emissions from a gas turbine can increase by a factor of 10—
100 under partial load. The impact of increased NO, and CO
emissions under partial load was assessed using SCREEN3.
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Fig.5.18 Maximum predicted
1-h NO, concentration for VIGP
and the Harmac Mill together
for the combined 1995 and
2000-2001 modelling period
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Although a simple model, SCREEN3 was a good choice
for this analysis because one could quickly compare the
SCREENS3 results for base load and for warm and cold start-
up scenarios.

The SCREEN 3 predicted maximum 1-h NO, and CO
concentrations for VIGP under start-up and partial load con-
ditions (Table 5.6) were similar in magnitude to the values
predicted from normal operation. The screening of these ad-
ditional scenarios provided an indication that impacts under
start-up and partial load conditions were acceptable given
that the higher emission rates under these scenarios would
occur over a period of 2 h or less.

Non-criteria Pollutants from VIGP—The maximum am-
bient concentrations of non-criteria pollutants (e.g. Acetal-
dehyde and Acrolien) emitted from the VIGP combustion
processes were predicted using the same modelling methods
described previously for the CACs. These predicted values
were used in the public health impact assessment, demon-

120 ;,lg,"m3

strating that dispersion models are useful tools for a variety
of environmental impacts studies.

5.3.6 Conclusion Regarding the Dispersion
Modelling of a Power Plant

The preceding case study provides an overview of an air
quality assessment of a proposed power plant. Dispersion
modelling was used as a tool to:

e Predict ambient concentrations of pollutants emitted from
the proposed power plant. Predicted concentrations were
then compared to government objectives and used in a
health impact assessment to assess the impacts of the
plant.

e Predict acid deposition

e Assess impacts to visibility.
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Fig.5.19 Net increase in the
maximum predicted 24-h PM, s
concentration for VIGP plus the
Harmac Mill Compared to that
for the Harmac Mill Alone
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e Provide guidance on the impact of the water vapour
plume on ground level visibility and icing conditions.

e Screen various emissions scenarios within the complex
air quality assessment for quick comparison of potential
impacts.

5.4 Case Study 2—Use of CALINE to Assess
the Air Quality Impacts from the South
Fraser Perimeter Road (SFPR)

5.4.1 The Project

The South Fraser Perimeter Road (SFPR) project consisted

of building a new highway, and upgrading existing roads to

highway standard over an approximately 40 km route on the
south side of the Fraser River between Delta, BC and Surrey,

BC (Fig. 5.21). Part of the overall environmental assessment
for this project included an air quality assessment to identify
the impacts that vehicle emission could 