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The Canada-U.S. Air Quality Agreement was estab-
lished to provide “a practical and effective instru-
ment to address shared concerns regarding trans-
boundary air pollution”. Initially, the Agreement was
intended to address the primary pollutants respon-
sible for acid rain. However, the Agreement also con-
firmed the commitment of the United States and
Canada to consult on, and develop, the means to
address other transboundary air pollution issues,
including particulate matter.

The Subcommittee on Scientific Cooperation, of
the Air Quality Committee, was charged to summa-
rize and understand the current knowledge of the
transboundary transport of PM and PM precursors
between Canada and the United States in a scien-
tific Assessment. The seven key objectives can be
summarized as:

Obijective 1: To identify whether or not there
is a fine PM problem in the border region;

Objective 2: To identify the extent of the
problem;

Objective 3: To describe the PM issue in
terms of geographic regions;

Objective 4: To identify PM precursors of
concern on a regional or sub-regional basis;

Obijective 5: To describe sources (or source
regions) of PM and PM precursors;

Objective 6: To describe the characteristics
of the emissions of PM and PM precursors;
and,

Obijective 7: To identify the impact of emis-
sion reduction scenarios on PM levels.

SUMMARY

The Assessment represents a significant co-opera-
tive effort between scientists in Canada and the
United States, and in several cases, the informa-
tion provided is the first presentation of joint sci-
entific results. The report contains findings on
ambient levels, data analyses, and the application
of modelling tools in both Canada and the United
States. This Assessment will provide the initial sci-
entific knowledge required to determine the need
for a PM annex pursuant to the Air Quality
Agreement.

KEY FINDINGS

THE TRANSBOUNDARY TRANSPORT OF
PM CAN CONTRIBUTE TO ABOVE AVER-
AGE PM LEVELS IN BOTH CANADA AND
THE U.S.

e Current ambient levels of PM, 5 in the border
regions exceed the standards set for PM, 5 in
several regions of both Canada and the United
States. In the United States, these sites are pri-
marily in urban areas. The eastern portion of
the border domain (i.e., northeastern United
States, Industrial Midwest, and the Windsor-
Quebec City corridor) exhibits levels that
exceed the 15 pg/m3 annual standard in the
United States and the 30 pg/m?3 98th per-
centile three-year average Canadian standard
for the time periods evaluated.

* PM, 4 is transported across the border region
between Canada and the United States, lead-
ing to elevated concentrations of PM, 5 in
both countries. Most of the analyses point to
sulphur dioxide as a primarily regional con-
tributor and nitrogen oxides as both a local
and regional contributor to PM, 5, while
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organic/black carbon and other PM con-
stituents tend to be more local in nature.

Canadian provinces have been found to con-
tribute to PM, 5 measured at several Class 1
areas in the United States, while the transport
of PM, 5 and PM precursors across the border
region leads to ‘above average’ PM,, 5 concen-
trations in eastern Canada.

In the Georgia Basin - Puget Sound region,
impacts from transboundary transport occur
along the border (within £ 50 km) with some
frequency; however, the incidence of long-
range/regional transport (over 100 km) was
low.

PM LEVELS VARY SIGNIFICANTLY OVER
GEOGRAPHIC REGIONS

Elevated concentrations of PM, 5 are found
more often in the following regions: northeast-
ern United States, Industrial Midwest, south-
western Ontario and the northwestern United
States. Most areas of both Canada and the
United States are subject to elevated concen-
trations during episodic conditions.

Urban concentrations of PM, 5 are higher than
rural concentrations in all regions of both
Canada and the United States; however, rural
sites can exhibit very high PM,, 5 levels during
large-scale PM episodes.

The highest particle sulphate and nitrate con-
centrations are found in areas with high sul-
phur dioxide and nitrogen oxide emissions.
Such areas include the northeastern United
States and southwestern Ontario.

THERE ARE MANY SOURCES OF PM AND
PM PRECURSORS

Local motor vehicle sources (and small nearby
smelter or industrial sources) have a relatively
constant influence on PM,, 5 concentrations in
Toronto, and are most evident on the cleanest

days (which also tend to occur with northerly
wind flows). Coal-related sources have a sub-
stantial transboundary contribution from the
United States, and are particularly important
on days of high PM,, 5 concentration.

A region of high density emissions from coal
fired utilities exists in the northeastern United
States, which influences PM,, 5 concentrations.
A similar analysis for ammonium nitrate indi-
cates a more widespread source region, in the
northeastern United States as well as the
north-central United States, a region of high
agricultural ammonia emissions.

Components and contributing sources to
PM, 5
Toronto include secondary nitrate, regional

identified in both Vancouver and

transport of coal combustion products, diesel
motor vehicles, secondary organic acids and
road dust.

Natural sources of PM (i.e., forest fires and bio-
genic sources) can also influence ambient air
quality.  Satellite observations confirm the
impact of Canadian forest fire events on U.S.

aerosol optical depth.

EMISSION REDUCTION SCENARIOS FOR
PM AND PM PRECURSORS WERE EVALU-
ATED USING AIR QUALITY MODELS

Emissions of sulphur dioxide and nitrogen
oxides are projected to decrease while emis-
sions of ammonia, volatile organic compounds
and carbon monoxide are projected to increase
between base case and control case scenarios.
Sulphur dioxide, nitrogen oxides and ammonia
emissions, and their contributions to PM, 5
levels vary seasonally.

Emissions of sulphur dioxide and nitrogen
oxides under all considered scenarios are con-
centrated in the Industrial Midwest, northeast-
ern United States and southern Ontario, while
emissions of ammonia are concentrated fur-
ther west in the central Midwest region.
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SUMMARY

e U.S. and Canadian controls that are expected
to be implemented result in maximum annual
reductions of PM,, 5 of 1.8 pg/m? in 2010 and
2.3 pg/m?3in 2020. The reductions vary tempo-
rally and spatially.

e Proposed additional sulphur dioxide and
nitrogen oxide emission reductions should
provide additional reductions in ambient
PM, 5 levels in eastern North America. The
observed PM, 5 reductions may vary by sea-
son and depend strongly on reductions in par-
ticle sulphate mass.

e Simultaneous reductions in both sulphur
dioxide and nitrogen oxides may also provide
concurrent reductions in particle ammonium,
due to the reduction of gaseous sulphur diox-
ide and nitrogen oxides available to react with
gaseous ammonia.

e Reductions in sulphur dioxide emissions that
are not accompanied by adequate nitrogen
oxide emissions may result in nitrate increas-
es in some areas. Reductions in nitrogen
oxide emissions will correspond to decreases
in particle nitrate mass in some parts of east-
ern North America but increases in other areas
due to nitrate substitution (i.e. for sulphate
reductions in ammonia-limited locations, the
replacement of sulphate by nitrate in the par-
ticle phase). There is significance placed on
the role of ammonia in this relationship, sug-
gesting there may be value in investigating
possible benefits due to gaseous ammonia
emission reductions in conjunction with sul-
phur dioxide and nitrogen oxide emission
reductions.

THERE ARE LINKAGES BETWEEN PM
AND OTHER AIR QUALITY ISSUES

e Ambient levels of PM precursors also con-
tribute to the wet deposition of nitrate and
sulphate, and resulting ecosystem acidifica-
tion. The highest levels of deposition are

located in the northeastern United States and
eastern Canada, particularly in the border
regions.

e Co-benefits of emission reduction scenarios
include reduced ground-level ozone levels,
reductions in nitrate and sulphate deposition,
and improved visibility.

CONCLUSION

The results of the Canada-United States
Transboundary PM Assessment indicate that there
is a significant relationship between the emissions
of PM and PM precursors and elevated PM levels in
both Canada and the United States. The trans-
boundary transport of PM and PM precursors can
be significant enough in some regions to poten-
tially compromise the attainment of national stan-
dards. The information presented in this
Assessment provides the scientific foundation to
support the future development of joint strategies
under a PM Annex pursuant to the Agreement.
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n March 13, 1991, the President of the United

States and the Prime Minister of Canada
signed the Canada-U.S. Air Quality Agreement
(hereafter referred to as the Agreement). The pur-
pose of the Agreement was to establish “a practical
and effective instrument to address shared con-
cerns regarding transboundary air pollution”. At
the time of inception, the Agreement was intended
to address the primary pollutants responsible for
acid rain. However, the Agreement also confirmed
the commitment of the United States and Canada
to consult on, and develop, the means to address
other transboundary air pollution issues.

In 1997, in response to shared concerns over
the transboundary transport of ozone and fine par-
ticulate matter (PM), Canada and the United
States signed a “Commitment to Develop a Joint
Plan of Action for Addressing Transboundary Air
Pollution.” The commitment articulated the intent
of the Parties to jointly address the shared prob-
lems of ground-level ozone and PM within the
framework of the Agreement.

Stemming from this Commitment, the Parties
signed a Joint Work Plan for Transboundary Fine
Inhalable Particles in June 1998. The Joint Work
Plan described the steps necessary to institute
“comparable and harmonized analytical tools to
enable the assessment of transboundary trans-
port, trends and analysis regarding fine inhalable
particles in the transboundary region”. To facili-
tate this process, the Subcommittee on Scientific
Cooperation, or Subcommittee 2 (SC2), of the Air
Quality Committee held three bi-national work-
shops between 1999 and 2003. In addition to facil-
itating the institution of comparable and harmo-
nized analytical tools, SC2 sought to understand
the scientific information needs of the bi-national
policy community, as articulated by the

CHAPTER 1—

INTRODUCTION

Subcommittee on Program Monitoring and
Reporting, or Subcommittee 1 (SC1), and plan and
deliver a scientific assessment of the transbound-
ary transport of PM. During this process, Canada
and the United States agreed to include acid rain
and visibility endpoints in the Assessment where
possible, in recognition of the fact that reductions
in PM and ozone precursors can also affect acid
rain and visibility.

As a cumulative result of the three bi-national
workshops, and of discussions therein, seven key
objectives were identified for the Transboundary
PM Science Assessment:

Obijective 1: To identify whether or not there
is a fine PM problem in the border regions
(ambient observations versus standards)
with a focus on health, visibility and environ-
mental endpoints;

Objective 2: To identify the extent of the
problem (if standards are exceeded, by how
much, where and when are they exceeded);

Objective 3: To describe the PM issue in
terms of geographic regions (i.e. west, cen-
tral, east);

Objective 4: To identify PM precursors of
concern on a regional or sub-regional basis;

Objective 5: To describe sources (or source
regions) of PM and PM precursors in the con-
text of geographic regions (i.e., west, central,
east);

Objective 6: To describe emissions of PM
precursors, the spatial distribution of emis-
sions and the transport characteristics of
these emissions; and,
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Obijective 7: To identify the impact of current
and proposed emission reduction scenarios
on fine PM levels in North America.

The process undertaken for this Assessment
includes an initial overview of the PM issue in
North America, as determined primarily by the
2003 NARSTO PM Science Assessment. This back-
ground is then expanded by examining ambient
observations and emission information, perform-
ing air quality model applications, and analyzing
sources and their corresponding PM levels, specif-
ic to the transboundary region. Each of these
steps concludes with a summary of the key science
messages learned from the analyses; these key sci-
ence messages are then applied in the conclusions
in order to address the objectives listed above.

The Assessment is intended to synthesize the
current state of knowledge on the transboundary
transport of fine inhalable particles, in keeping
with the information needs of the bi-national
policy community. In fulfilling this purpose, this
Assessment and its conclusions are consistent
with the requirements of the 1998 Joint Work Plan
for PM. The conclusions of this Assessment will
provide the scientific support required to deter-
mine the need for a PM annex pursuant to the
Agreement.
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FOUNDATION FOR THE TRANSBOUNDARY PM

even key features of the PM issue have provid-
Sed the impetus for this Transboundary PM
Science Assessment. These key features are listed
below and explored in greater detail in this chapter:
e PM is recognized as an important health
concern.

e High ambient levels of PM and its precursors
are observed in North America.

e Precursors of PM generally contribute to the
acidification of ecosystems.

e PM and its precursors are a significant cause
of visibility impairment.
e PM and its precursors can be transported long

distances.

e PM and its precursors are transported
between the United States and Canada.

e Reductions in SO, are likely to result in reduc-
tions in PM, s, acid deposition, and visibility
impairment.

ISSUE IN NORTH AMERICA'

2.1 PM IS RECOGNIZED AS
AN IMPORTANT HEALTH
CONCERN

PM has been recognized as an important health
concern in both the United States and Canada.
Recent health studies in both countries indicate
an association between adverse health outcomes,
especially of the cardio-respiratory system, and
short- and long-term exposures to ambient PM,
particularly PM, 5. In recognition of these health
outcomes, both countries have committed to
addressing the PM air-quality problem within their
own territories (e.g., Canada-Wide Standard for
PM, 5, U.S. Clean Air Act). Furthermore, Canada
and the United States have developed objectives
and standards for ambient PM (Table 2.1).

1 Unless cited as otherwise, the primary source of information for this chapter is the report by NARSTO entitled “Particulate Matter

Science for Policy Makers: A NARSTO Assessment.” In February 2003, NARSTO, a cooperative public-private sector organization of

Canada, Mexico and the United States, produced this report. The assessment of PM science presents a concise and comprehen-

sive discussion of the current understanding of airborne particulate matter among atmospheric scientists. The goal of the NARSTO

assessment was to provide policy makers with relevant and needed scientific information and as such, the assessment focused on

two primary objectives: the interpretation of complex and new atmospheric science so that it is useful for the management of PM;

and, informing exposure and health scientists about the atmospheric science of PM. While meeting these primary objectives, the

NARSTO assessment summarizes science relevant to the transboundary transport of PM between Canada and the United States.
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Table 2.1  Ambient Air Quality Objectives and Standards for PM,, .

United States Canada

National Ambient Air Quality Canada-Wide Standard

Standards

Averaging Time

15 pg/m3 based upon the 3-year
average of the annual arithmetic
mean concentration.

Annual

24 hour 65 ng/m?3 based upon the 3-year
average of the 98th percentile of

24-hr average concentrations.

30 pg/m3 based upon the 98th percentile
of a 24-hr average, measured over three
consecutive years.

Visibility Improve visibility on the haziest
days and ensure no degradation on
the clearest days, with the ultimate

goal of reaching natural background

conditions in 60 years.

2.2 HIGH AMBIENT LEVELS OF
PM AND ITS PRECURSORS
ARE OBSERVED IN NORTH
AMERICA

The highest annual-mean PM, 5 concentrations
are found in urban areas throughout North
America, particularly in California, the southeast-
ern United States, and the large urban centres of
southeastern Canada (Figure 2.1).

PM, 5 mass measurements typically exhibit
concentration frequency distributions that are
dominated by a large number of low values and a
smaller number of high concentrations. Annual
average PM, 5 concentrations can vary by up to a
factor of two across distances of 50 to 100 km in
some large metropolitan regions. In California,
the southeastern United States, the northeastern
United States, and the Ohio River Valley-Great
Lakes states, annual-mean PM,, 5 mass concentra-
tions at about half of the urban sites exceeded the
U.S. 3-year average annual-mean PM, 5 mass stan-
dard of 15 pg/m3 in 1999 and 2000. In Canada, 24-
hour average concentrations greater than 30 pg/m?

occur over most of southern Ontario and Quebec
approximately 2 percent of the year.

Locally observed PM is composed of multiple
chemical constituents, largely organic carbon
(OQ), sulphate (SOZ), black carbon (BC) and
nitrate (NO3) in combinations that differ by geo-
graphic region. PM composition is influenced by
sources and seasonal meteorology, and has sub-
stantial regional contributions. Typically, SOZ is a
major fraction of PM, 5 in eastern North America
while NO3 is a major component in California.
Nitrate concentrations across North America are
greater in the winter compared to the summer, and
urban concentrations are greater than rural con-
centrations in eastern North America.

2.3 PRECURSORS OF PM
GENERALLY CONTRIBUTE
TO THE ACIDIFICATION OF
ECOSYSTEMS

Wet and dry deposition of SOF and NOj; con-
tributes to the acidification of ecosystems.
Although the most commonly used measures of
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acid deposition focus on wet deposition of SOF

and NOj , research in south-central Ontario indi-
cates that approximately 40% of the total deposi-
tion of sulphur and nitrogen occurs in the form of
dry deposition (Sirois et al., 2001). These acidify-
ing pollutants have been shown to damage terres-
trial and aquatic ecosystems and susceptible
materials at levels measured frequently in Canada
and the northeastern United States.

The geographic region most affected by acid
deposition is southeastern Canada and the north-
eastern United States; east of Manitoba and south
of 52 degrees latitude. The relative contribution of
the sources of acid deposition (local versus long-
range) is area-dependent, however, the majority of
acid deposition in southeastern Canada originates
from long-range transport, as does a significant
proportion of the deposition in the northeastern
United States.

Figure 2.1 - Average PM, 5
concentrations. The U.S. data
are from FRM monitors at sites
in the EPA AIRS database for
July 1998 through July 2000.
Canadian data are from TEOM
and dichotomous samplers
operating from 1995 through
2000. The currently available
data from sites in Mexico
represented less than one year
of sampling and were excluded
from the computation of annual
averages. Spot diameter varies
in proportion to concentration.

(Source: R. Husar, pers. comm.).

2.4 PM AND ITS PRECURSORS
ARE A SIGNIFICANT
CAUSE OF VISIBILITY
IMPAIRMENT.

Optically, PM interferes with visibility by either
absorbing or scattering visible light. Light scatter-
ing is roughly proportional to the mass concentra-
tion of fine particles, while light absorption is
roughly proportional to the mass concentration of
the light-absorbing species. The impairment of
visibility that results from the absorption or scat-
tering of light reduces the distance to which one
can see and decreases the apparent contrast and
colour of distant objects, causing a washed out or
hazy appearance.

The light extinction effects of PM vary with
particle size, chemical composition, and humidity.
The particles with the greatest influence on visibil-
ity are fine particles of the same scale as the wave-
lengths of visible light (approximately 0.3 to I mm
in diameter). These particles are generally com-
posed of SOZ and NOj salts, OC, or BC.
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2.5 PM AND ITS PRECURSORS
CAN BE TRANSPORTED
LONG DISTANCES.

PM can remain in the atmosphere for days to a few
weeks, depending on the size and rate at which it
is removed from the atmosphere (e.g., by precipi-
tation). Particles in any given area may originate
locally or from sources hundreds to thousands of
kilometers away. Particles can also be formed dur-
ing atmospheric transport from precursor gases
originating from either local or long-range sources.

Both local and regional emissions underlie
local ambient concentrations in many urban areas.
Regional contributions from sources distant from
eastern North American urban sites (including
upwind urban areas) can account for 50 to 75 per-
cent of the total observed PM, 5 mass concentra-
tion within a specific urban area.

2.6 PM AND ITS PRECURSORS
ARE TRANSPORTED
BETWEEN THE UNITED
STATES AND CANADA.

The NARSTO PM Assessment described two studies
in Canada and the United States that demonstrate
the transboundary transport of PM and its
precursors.

Brook et al. (2002) traced 3-day back-trajecto-
ries of air masses arriving at Simcoe, ON during
the warm season (May-September) of 1998 and
1999 (Figure 2.2). These back-trajectories were
divided into categories based on the concentration
of PM, 5 measured at Simcoe and the directionality
of the contributing air mass. This analysis resulted
in three “source-receptor” categories: 1) “low”
PM, 5 (6 hour averages of 6.8 pg/m3) category,
characterized by north-south airflows, 2) “high”
(22.4 pg/m3) PM, 5 category, characterized by

Figure 2.2 - 3-day back-trajectories arriving at Simcoe, Ontario, for the warm season (May-September), 1998 and 1999.

(The sectors shown represent a) northerly flow over predominantly Canadian source regions and b) southerly flow over

U.S source regions. Corresponding median PM,, 5 concentrations are a) Sector 1: 3.8 pg/m? and

b) Sector 2: 20.3 pg/m3).
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south-north airflows, and 3) “unclassified high”
(>30 pg/m?3) PM, 5 category. Category three air
masses were characterized by very short transport
distances, indicating stagnant conditions in the
Midwest and Great Lakes Region. Air mass trajec-
tories associated with high levels of PM, 5 fre-
quently crossed the border between Canada and
the United States.

During 1977-1978, a field study was conducted
in eastern North America to assess the transport
and fate of SOZ. The Sulphate Regional
Experiment (SURE) found a correlation between
air flow patterns and SO aerosol concentrations.
In general, regional PM episodes were character-
ized by the presence of a quasi-stationary high-
pressure ridge oriented in an east-west direction
across Virginia and North Carolina. Higher con-
centrations of SOZ at locations in southern
Ontario were linked to transport from the mid-
western and southern United States.

2.7 REDUCTIONS IN 502 ARE
LIKELY TO RESULT IN
REDUCTIONS IN PM,, ,
VISIBILITY IMPAIRMENT
AND ACID DEPOSITION.

PM, visibility impairment and acid deposition are
related through common emissions and precur-
sors, production pathways and meteorological
processes. Consequently, the typical response of
PM, visibility (by extension of the response of PM),
and acid rain to reductions in SO, and other pol-
lutants (i.e., NO,) have been derived. These rela-
tionships indicate that a reduction in the emis-
sions of SO, is likely to result in reductions in the
SOZ component of PM, total PM, 5 mass, visibili-
ty impairment and acid deposition.

For example, in the last decade, there have
been substantial reductions in emissions of SO, in
North America. In southeastern Canada, these
reductions have resulted in a general decline in

SOZ concentrations in precipitation but with a rel-
atively smaller compensating increase in pH (often
attributed to a parallel decline in base cation con-
centrations).  Similarly, lakes in the affected
regions of southeastern Canada generally exhibit
declining SOZ trends in response to emission
reductions but, as yet, they are not exhibiting
widespread increases in pH or alkalinity. The only
exceptions to these observations are lakes located
near smelters that have dramatically reduced

emissions.

In the eastern United States, wet and dry sul-
phur deposition (and the acidity associated with
sulphur deposition) has also declined with reduc-
tions of SO, emissions (Butler et al., 2001; Likens
et al., 2001; Dutkiewicz et al., 2000; Lynch et al.,
2000; Shannon, 1999). Strong correlations, near
linear, between large scale SO, emission reduc-
tions and large reductions in SO concentrations
in precipitation have been noted for the northeast-
ern United States, one of the areas most affected
by acid deposition (Butler et al., 2003). Some of
the greatest reductions in wet SOZ deposition
occurred in the Mid-Appalachian region, including
Maryland, New York, West Virginia, Virginia, and
Wet SOZ deposition
decreased more than 8 kilograms/hectare (kg/ha)

most of Pennsylvania.

from rates observed throughout the early 1990s in
much of the Ohio River Valley and northeastern
United States. Other less dramatic reductions
were observed across much of New England, por-
tions of the southern Appalachian Mountains and
in the Midwest, most notably Indiana and Illinois.
These reductions are primarily attributed to the
reduction in SOZ from emission sources located in
the Ohio River Valley following implementation of
Title IV of the 1990 Clean Air Act Amendments.
Freshwater monitoring in eastern U.S. lakes and
streams indicates measurable improvements in
surface water chemistry (lower SO concentrations
and decreases in acidity) concomitant with reduc-
tions in SO deposition (Stoddard et al., 2003).
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In three of the five areas studied, one-quarter
to one-third of lakes and streams previously affect-
ed by acid rain are no longer acidic, although they
are still highly sensitive to future changes in depo-
sition. In other areas, signs of recovery are not yet
evident, suggesting that additional reductions will
assist further ecosystem recovery. Increases in the
Acid Neutralizing Capacity of surface waters, an
indicator of aquatic ecosystem recovery, were evi-
dent in three of the regions (Adirondacks,
Northern Appalachian Plateau and Upper
Midwest) and was unchanged in New England and
the Ridge/Blue Ridge region of the southeast U.S.

A review of the state of acid deposition sci-
ence in Canada, completed in 1997, suggested that
a 75 percent reduction in emissions of SO,,
beyond that agreed to in the 1991 Canada-U.S. Air
Quality Agreement, is required to mitigate the
effects of acid deposition on eastern Canadian
ecosystems. Recent assessments of acid deposi-
tion science in the United States have concluded
that further reductions of SOZ deposition beyond
levels achieved by the Title IV SO, emission reduc-
tions are necessary to protect aquatic ecosystems
from further deterioration in the southeast and
achieve ecosystem recovery in the northeast.
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AMBIENT OBSERVATIONS IN BORDER REGIONS

3.1 LEVELS OF AND TRENDS
IN PM,, o
3.1.1 Integrated Observations between

Canada and the United States.

Levels of PM and PM precursors are monitored
and reported across the United States and Canada.
Monitoring techniques vary between the two coun-
tries, but wherever possible in this Assessment,
efforts have been made to account for differences
in techniques and combine monitoring results to
provide a more comprehensive view of PM levels in
the border regions. Figure 3.1 illustrates mean
annual PM,, 5 concentrations at Canadian dichoto-
mous (dichot) and U.S. Federal Reference Method
(FRM) sites. Annual levels of PM,, 5 are as high as
18 pg/m?3 in the northeastern United States, but
are consistently lower than 12 pg/m?3 in the mid-
continental States. The bi-national map in Figure
3.1 shows few monitoring sites north of the
Canada-U.S. border due to differences in sampling
frequency between the two countries.

When Canadian hourly TEOM observations
are included in the database, a more detailed pic-
ture of ambient levels can be achieved. The 98th
percentile values for the years 2000-2002 are
shown in Figure 3.2. The northeastern United
States is again a region of high ambient PM, 5
levels, with 98th percentile values in excess of
30 pyg/m? at a majority of the sites. Canadian loca-
tions exhibit generally lower levels of PM, s,
although concentrations greater than 30 pg/m?3
occur in several regions of the country for the years
2000-2002, particularly in the Windsor-Quebec City
corridor.

Time trends of gaseous SO, particle SO, par-
ticle NHZ and total nitrate (HNO, + NOj3) concen-
trations were
rural/remote sites in the eastern United States and
Canada from 1989 to 2002 (Figures 3.3 and 3.4).
Canadian measurements were made by the
Canadian Air and Precipitation Monitoring
Network (CAPMoN), and U.S. measurements by

investigated at a number of
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Figure 3.1 - Mean annual con-
centration of PM, 5 at
Canadian dichot and U.S. FRM
monitors in the border region
for the data years 2000-2003.
(Note: Canadian sites are years

2000-2002; not all sites include
three full years of data).
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the Clean Air Status and Trends Network
(CASTNet). The two networks use similar filter-
pack sampling technology, but the Canadian meas-
urements are 24-hour average concentrations
while the U.S. measurements are weekly-average
concentrations. This difference has no significant
impact on the comparability of the trends. The
time trends shown in the figures were produced
using a Kernel smoothing technique. The Kernel
smoothing technique uses a moving weighted-
mean smoother. The weighting function has a
maximum value at the center of the moving data
window and a value of zero at the edges of the
window.

Figure 3.3 shows time trends for SO, and par-
ticle SO at seven CASTNet and six CAPMoN sites
for the period 1989 to 2002. The highest SO, and
SOZ concentrations are observed in regions with
high SO, emissions (i.e., Indiana, Ohio,
Pennsylvania) while in contrast, the lowest con-
centrations occur in the northernmost and east-
ernmost regions of Canada, at sites distant from
major emission source areas. Consistent with the
large decline in eastern North American SO, emis-
sions during the 1990s, all of the Canadian and
U.S. sites showed marked decreases in ambient
SO, and SO concentrations between the early
and late 1990s. At most sites, the SOZ and SO,
trends lines follow each other closely, with both

1
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Figure 3.2 - 98th percentile

& | Analysis Reglons
[T v vy

PM, 5 concentrations at

Canadian TEOM and U.S. FRM
ot sites for the data years
e | 2000-2002.

(Note: Canadian sites do not all
include three full years
of data).

species beginning their downward drop around
1989-91. At some sites (Vincennes, IN; Deer Creek,
OH; Prince Edward; VA), however, the decline in
SOZ concentrations occurred two or three years
later than the decline in SO, concentrations. This
may be due to the close proximity of sources with
rapidly declining emissions, whereas particle SOZ;
concentrations may not decline as rapidly due to
relatively larger distances between the sources and
receptors. The SO, and SO7 trends at Canadian
sites generally level off around 1998-2000 while
most U.S. sites continue a downward trend, with
SO7 leveling off at only a few sites.

Particle NH} and total NO; concentration
trends are shown in Figure 3.4 for the same time
period, 1989 to 2002. Total NOj is defined here as
the sum of gaseous HNO, and particle NO3 , both
reaction products of NO,.. Figure 3.4 indicates that
particle NH} concentrations in Canada remained
roughly constant throughout the period while U.S.
concentrations generally decreased between the
early and late 1990s. Ammonium concentrations
were considerably higher in the United States in
comparison to Canada, with the exception of the
site at Longwoods, which is located in a major
agricultural region of southwestern Ontario, a
large source of NH; emissions.

Total NOj; concentrations remained roughly
constant, throughout the 1989-2002 time period at

10
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CAPMoN and CASTNet Air Concentrations
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Figure 3.3 - Long-term trends in the precursor gases SO, (green) and particulate SOZ (blue) at rural CAPMoN and
CASTNet sites, 1989-2002.
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CAPMoN and CASTNet Air Concentrations
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Figure 3.4 - Trends in total nitrate (gaseous HNO, and particulate NO3) (green) and particulate NH (blue) at rural
CAPMoN and CASTNet sites, 1989-2002.
——

12




CHAPTER 3

all Canadian sites. Canadian sites also had lower
total NO; concentrations than the U.S. locations
throughout the measurement period. In contrast,
trends at the U.S. sites were not consistent and
varied from site to site, some showing higher con-
centrations in the late 1990s compared to the early
1990s, some showing decreased concentrations in
the late 1990s and others showing no change. The
variability in the trends at the U.S. sites is possibly
a reflection of changing NO, emissions at near- to
medium-distance sources whereas the trends at
the Canadian sites may reflect NO, emissions
from more distant sources.

3.1.2 Canada

PM, 5 data typically exhibit strongly skewed fre-
quency distributions, characterized by a large
number of low values and a small number of high
values. It has been shown that the accuracy of the
estimated annual means and maxima decreases
with decreasing sampling frequency. Hence, the
mean and extreme values of PM, 5 measurements
from the NAPS (National Air Pollution Surveillance
Network) dichot network will generally be biased
low because of the 1-in-6-day sampling regime.
Errors in the NAPS annual means have been esti-
mated to be about 10 percent. Errors in the annu-
al maxima have been estimated to range from 30
to 50 percent (WGAQOG, 1999). Extreme values
along the tails of the frequency distributions are
often of special interest because they are associat-
ed with high concentration PM episodes.

Figure 3.5 shows the trend in annual median
PM, 5 mass at 11 urban NAPS network sites across
Canada from 1984 to 2002. Overall, there is a
slight decreasing trend in median PM,, 5 mass over
time, although the 98th percentile values have
declined significantly. Data collected between
1984 to the mid-1990s show a decreasing trend,
however; from the mid-1990s onward, the median
mass of PM,, s is relatively stable. The reasons for
these trends are not entirely clear, but the
decrease earlier in the data record may be due to
SO, reductions from acid rain control programs
that occurred in the late 1980s and early 1990s (see
Figure 3.3).
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Figure 3.5 - Trend in annual median PM,, 5, 1984-2002
(median, 75th, 25th percentile). Data are from dichoto-
mous samplers.
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Figure 3.6 - Three-year mean, 10th and 98th percentile
PM, 5 concentrations, 1997-1999. (Except at sites
marked with an *, where the period is 1995-1997. The
solid line shows the current Canada-Wide Standard
(CWS) for PM,, 5 of 30 ug/m?, expressed as a three
year average of 98th percentile 24-hour values.
Victoria data are considered incomplete. Data are from
dichotomous samplers.

Figure 3.6 shows three-year PM, 5 averages
across Canada for the years 1997 through 1999.
The 98th percentile concentrations ranged from a
minimum of 16.5 ug/m?3 at a site in Victoria, to
a maximum of 40 pg/m3 at Egbert, Ontario.
Measurement data indicate that in eastern
Canada, urban and ‘point-source influenced’ sites
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Figure 3.7 - The 98th percentile of Canadian 24-hour
PM, 5 concentrations in 2001. Sites shown are from
west to east. The Canada-Wide Standard numerical
target of 30 pg/m? is shown by the solid line. Data are
from continuous TEOM samplers.

generally experience higher PM, 5 concentrations
than do rural and remote sites. This pattern has
also been observed in Alberta by Cheng et al.
(2000). However, rural sites can also experience
very high PM, 5 levels during large-scale PM
episodes, often comparable to levels observed at
urban locations.

Figure 3.7 presents the one-year 98th per-
centile values of 24-hour PM,, 5 concentrations in
2001 at monitoring sites that satisfied the 75 per-
cent NAPS data completeness criterion (or had a
98th percentile > 30 ug/m3 as per the Canada-Wide
Standard Achievement document), shown by loca-
tion from west to east. In 2001, 98th percentile val-
ues were greater than 30 pg/m3 (shown by the red
line in Figure 3.7) at seventeen sites. All of these
seventeen sites are in urban areas except for the
rural site of Simcoe, Ontario. Outside of Ontario
and Quebec, only Prince George recorded a 98th
percentile value greater than 30 pg/m?.

3.1.3 United States

The U.S. EPA and the states have been using a
national network to measure PM, 5 concentra-
tions since 1999. Summaries through the end of
2002, based on data publicly available from the

Figure 3.8 - U.S regions used for data analysis
purposes.

U.S. EPAs Air Quality System (AQS) as of April
2003, are presented here. PM,, 5 data from the net-
work for Interagency Monitoring of Protected
Visual Environments (IMPROVE) are also
presented. Many data summaries are presented by
region, as shown in Figure 3.8, for understanding
potential differences in the characteristics of PM in
different parts of the United States. Four of these
regions border Canada.

Following the establishment of new ambient
standards for PM, 5 in 1997, the U.S. EPA led a
national effort to deploy and operate over 1000
PM, 5 monitors. The U.S. EPA has analyzed the
available data collected by this network from 2000-
2002. Data from the monitors were screened for
completeness with the purpose of avoiding sea-
sonal bias. To be included in these analyses, a
monitor needed to record at least a full year of
data, defined as either 4, 8, or 12 consecutive quar-
ters with eleven or more observations per quarter.

3.1.3.1 Spatial Variations in Annual Average
PM,, ; Concentrations across the United States

Figures 3.9 is a national map depicting county-
level annual mean PM, 5 concentrations from the
U.S. FRM network. The monitor with the highest
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Figure 3.9 - County-level maximum annual mean
PM, 5 concentrations, averaged over three years,
2000-2002.

concentration in each monitored county is used to
represent the value in that county. The map and
box plots show that many locations in the eastern
United States and in California had annual mean
PM, - concentrations above 15 pg/m?3.

Annual mean PM, 5 concentrations were
above 18 ug/m? in several urban areas throughout
the eastern United States, including Atlanta,
Birmingham, Chicago, Cincinnati,
Detroit, Indianapolis, Knoxville, Louisville,
Pittsburgh, and St. Louis. Los Angeles and the
central valley of California were also above
18 ug/m3. Sites in the upper Midwest, Southwest,
and Northwest regions of the United States had
generally lower annual mean PM, 5 concentra-

Cleveland,

tions, most below 12 pg/m?3.

3.1.3.2 Annual Means of PM, 5 at U.S. FRM Sites
by Region

The annual PM, 5 mean concentrations across
the northern regions of the United States range
from about 6 to 18 ug/m?3, with a median of about
13 pg/m3. The 98th percentiles of the distribution
of 24-hour average concentrations range from
about 8 to 94 pg/m?3, with a median of about
33 ug/m3. Figure 3.10 shows 3 years of annual

Figure 3.10 - Annual PM, 5 means at U.S. FRM sites by
region over three years, 2000-2002. The box identifies
the inter-quartile range, the line in the middle

shows the median, whiskers display 90th and 10th
percentiles, and dots identify the distribution means.

mean concentrations at FRM sites, for the data
years 2000-2002. Most FRM sites are urban
(‘Urban and Center City’ or ‘Suburban’) according
to AQS definitions; FRM sites sample every day,
every 39 day, or every 6th day, with the predomi-
nant measurements being every 3< day.

The left-most graph in Figure 3.10 shows the
three years of data for all sites in the United States
(irrespective of region) and the four other plots
show the northern U.S. regions bordering Canada.
PM, 5 concentrations decreased approximately
7 percent nationwide but the northern United
States did not see such a decrease. Except for the
Industrial Midwest, concentrations in the northern
regions have been much flatter. Average PM, 5
levels are lower than the U.S. averages in all north-
ern regions except for the Industrial Midwest
(Detroit, Cleveland).

3.1.3.3 Annual Means of PM, 5 at U.S. FRM Sites
within 300 km of Border by Region

Figure 3.11 focuses on U.S. FRM sites within 300
km of the Canadian border. This boundary was rec-
ommended based on various analyses of correla-
tion distance, back trajectories, and source attribu-
tion analysis. The left-most plot shows PM,, 5 con-
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Figure 3.11 - Annual mean PM, 5 at U.S. FRM sites
within 300 km of the Canadian border by region, over
three years, 2000-2002.

centrations at all U.S. sites within 300 km of the
border. This figure includes all of the sites in the 4
plots to the right (with one exception) since none
of the ‘southern’ regions have points that close.
The exception is one site (Alaska) which is not
included in a region, but meets the completeness
criterion. Mean PM, 5 concentrations for all sites
(within 300 km) are relatively flat with the
Industrial Midwest driving the ‘all regions’ plot
since about half of the 158 sites are located there.
Sites in the Northwest show a large decline,
-22 percent (in average mean PM, 5 concentra-
tions) from 2000 to 2002. The 10 sites closest to
the Canadian border show a decline in mean
PM, 5 of 10 percent.

3.1.3.4 Annual Means of PM, 5 at U.S. IMPROVE
Sites by Region

Figure 3.12 shows the U.S. annual mean PM, 5 at
the rural IMPROVE network sites for the data years
2000-2002. PM, 5 levels are relatively unchanged
over the three years, with a slight increase in the
middle year (with the exception of the Northwest
region). Annual mean concentrations declined
from 1998 to 2001 at the three sites in the
Industrial Midwest. Annual mean levels of PM,, 5
at sites in the Northwest and Upper Midwest are
consistent with national averages (at IMPROVE
sites). The levels in the two eastern regions, par-

Figure 3.12 - Annual PM, 5 means at rural U.S.
IMPROVE sites by region.

ticularly the Industrial Midwest, are higher on aver-
age than the other sites.

3.1.3.5 Three year Annual Means and 98t
Percentiles (2000-2002) of PM,, 5 for U.S. Sites
(FRM) within 200 fm of the Canadian Border

Figure 3.13 shows 3-year average 98th percentile
(triangle) and 3-year average annual mean (dot)
concentrations of PM,, 5 at ‘border’ sites. The data
for FRM sites are for the years 2000-2002. The dis-
tance criterion of ‘within 200 km of the border’ is
useful to show relationships, while removing any
significant clutter observed on the figures when
the distance from the border is increased. Sites
are shown (left to right) in a west-to-east longitude
order while the vertical lines separate the regions.
The first site (left-most) in the Northwest is really
located in Alaska (undefined region). The dashed
horizontal line at 15 pg/m3 corresponds to the
annual U.S. National Ambient Air Quality Standard
for PM, 5. Numerous FRM sites in the Industrial
Midwest have annual means over the standard.
Only 1 site elsewhere (Northwest; Libby, Montana)
exceeds the annual standard. PM, 5 concentra-
tions measured at the IMPROVE sites (mean and
98th) while not displayed, are below most of the
concentrations measured at the FRM sites, as
expected from the rural and urban comparison.
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3.1.3.6 Long-term Trends in PM,, 5

Figure 3.14 shows the composite long-term trend
(1992-2001) at 9 eastern sites, 23 western sites,
and I urban site in Washington, D.C, all from the
IMPROVE network.
measured PM,, 5 decreased about 16 percent from

At the rural eastern sites,

Figure 3.13 - 3-year
annual means (dots)
and 98th percentiles
(triangles) (2000-2002)
for U.S. sites within 200
km of the border (FRM)

Figure 3.14 - Average
measured annual PM,, 5
concentration trend at
IMPROVE sites, 1992-
2001. To be included
sites must have 8 of

10 valid years of data;
missing years are inter-
polated. Measured mass
represents measurement
from the filter.

1992 to 2001. At the rural western sites PM, 5
decreased about 10 percent from 1992 to 2001. At
the Washington, D.C. site, the annual average
PM, 5 concentration in 2001 was about 30 percent
lower than the 10-year peak in 1994,
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3.2 AMBIENT CHARACTERIZATION
OF PM

3.2.1 Canada

There are significant differences in the chemical
composition of PM across Canada, resulting from
differences in contributing sources. Toward the
goal of effectively managing the emission and for-
mation of PM, recent work has sought to deter-
mine the chemical composition of PM at urban
sites (Brook et al., 1997, 1999; Brook and Dann,
1999). Analyses of PM, s, collected at 14 cities
across Canada, indicate that seven major chemical
fractions are present (Figure 3.15). In approximate
order of size from largest to smallest, these frac-
tions are “undetermined” (generally assumed to be
black and organic carbon), SOZ, NH, soil, NO3,
sodium chloride (NaCl) and “other” (thought to be
major ions, metals and possibly water, not allocated
to the other components).

Figure 3.16 shows the contribution of SOZ,
NO3, NHZ and Total Carbonaceous Mass (TCM) to

PM, 5 concentrations across Canada. TCM com-
prises a large component of PM, 5 in Canada,
along with SOF, NOj;, and NHZ.

In these figures, TCM is estimated as:
[Organic Carbon Mass (OCM) + Black Carbon (BC)|

OCM is estimated as measured and blank-
corrected Organic Carbon (OC) multiplied by 1.40
to convert OC to OCM. Crustal concentrations are
estimated using the IMPROVE method.

The composition of PM, 5 varies seasonally
and has been examined at a rural site (Egbert,
Ontario) during both winter and summer “high
PM” episodic conditions (Figure 3.17). In the win-
ter episode, the seven major fractions of PM, 5
from largest to smallest were NO5, NH}, SOZ,
organic carbon compounds, black carbon, soil and
other (major ions and metals not allocated to the
other components). In the summer episode, the
seven major fractions in descending order of size
were SOZ, NHZ, organic carbon compounds, NO3,
soil, black carbon and other. These data suggest
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Figure 3.15 - The fractional chemical composition of PM, 5 at various urban sites based on 1995-98 NAPS dichot data.
(In parentheses are the mean mass concentrations in pg/m?. The “Undetermined” component is assumed to consist of
black and organic carbon. The “Other” component consists of the major ions, metals and possibly water not allocated

to the other components.)
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Figure 3.16 - PM,, 5 speciation data for NAPS network sites in Canada September 2001-August 2002. Size of pie graphs

indicates average PM, 5 concentration for the time period evaluated.

that episodic conditions at this rural site are
driven by secondary NO; formation in the winter
season, and secondary SOZ formation in the
summer. In addition to the differences observed
in PM, 5 composition between seasons, it is
suggested that there are major differences in PM
composition between urban and rural sites.
Samples of PM,, 5 from urban sites in Canada have
higher average fractions of black and organic
carbon and lower fractions of SO7 and NOj than
rural sites. This is consistently attributed to the
increased contribution of the mobile source sector
(including on-road, off-road and diesel vehicles) in
urban areas.

3.2.1.1 Chemical Composition of the Organic
Fraction of PM,,

Of the organic mass that is chemically resolved in
measurements, it is estimated that primary carbon
is a larger component of the mass compared with
the products of VOC oxidation. To date, it is pos-
sible to identify only 10 to 20 percent of the organ-
ic species composing the total organic carbon frac-
tion of PM; however, monitoring technology for
this fraction is evolving. At present, measurement
information is insufficient for determining whether
the unresolved portion of the organic mass origi-
nates as direct organic particle emissions, VOC
emissions that condense directly to particles, or
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(Njedley et al., 2003).)

the condensation of VOC oxidation products. Of
the resolved portion of organic mass composing
PM, researchers have identified organic acids, fatty
acids, polycyclic aromatic hydrocarbons, petrole-
um biomarkers and straight-chain alkanes (Rogge
et al., 1993; Schauer et al., 1996). In Canada,
recent work has allowed the identification of each
of these groups of compounds by various analyti-
cal techniques; however, the application of these
techniques to ambient data is in the initial stages
(Blanchard et al., 2002).

3.2.2 United States

Atmospheric PM,, 5 is composed of many different
chemical components that vary by location, time
of day, and time of year. Recent data from the rural
IMPROVE network and from the urban speciation
network provide indications of regional differences
in composition for PM, 5.

Figures 3.18 shows the composition of annual
average PM, 5 mass collected recently at several
sites in nine different regions. Figure 3.18 identi-
fies NH} as a separate component of PM, 5 mass;
however, it is associated with either SO or NO;

(as (NH,),SO, or NH,NO,) roughly in proportion
to the amount of SOZ and NO; indicated.

In general, fine-fraction particles in the east-
ern U.S. regions are dominated by carbon com-
pounds (TCM) and (NH,),SO,,. In the western U.S.
regions, fine-fraction particles have a greater mass
of carbon compounds. With the exception of rural
locations in the desert west region, crustal materi-
al is a very small portion of fine-fraction particles.
The NH,NO, component is more prevalent in
urban aerosols than in rural aerosols, especially in
the California region, but also in the Industrial
Midwest and Northeast, and is an indication of
population-driven NO, sources, such as trans-
portation activity and combustion sources.
Similarly, the carbon component by estimated
mass is larger in urban areas compared to
surrounding rural areas and is an indication of
local contributing sources.

Figures 3.19 and 3.20 illustrate how SOZ,
NOj;, and TCM (black and organic carbon) along
with other components, contribute to PM, 5 con-
centrations across the United States. These maps
represent the year with the most data where data
analysis has been completed: September 2001-
August 2002.
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Regionalized Urban Speciation Patterns
Annual Average: Sep 2001-Aug 2002
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Figure 3.18 - Annual average composition of PM,, 5 in the United States by region (Urban data from the EPA Speciation

Trends Network).

The U.S. EPA speciation data in Figure 3.19
illustrate that sites in urban areas generally have
higher annual PM,, 5 concentrations than the rural
stations shown in Figure 3.20. Urban sites in the
East include a large percentage of TCM, SOZ, and
associated NHJ, whereas, urban sites in the
Midwest and far West include a large percentage of
TCM and NOj. These patterns are also evident at
the Canadian locations (Figure 3.16). There are,
however, several sites in southern California where
the NOj; fraction is of equal or greater proportion
than the carbon fraction.

The IMPROVE data in Figure 3.20 illustrate
that PM, 5 levels in the rural areas are highest in
the eastern United States and southern California,
as indicated by the larger circles. Sulphates and
associated NH,* dominate the east, with TCM as
the next most prevalent component. Sulphate
concentrations in the east largely result from SO,
emissions from coal-fired power plants. In
California and in the Midwest, TCM and NO3; make
up most of the measured PM, .

Sulphates play a major role in the East,
Midwest, and South. Nitrates contribute to PM, 5
mass most in the Midwest and Northern locations.
Sites closest to the Canadian border (the North
Plains and Northwest sub-regions) are seen to
have relatively lower annual PM, 5 mass and con-
tain mostly carbon, SOZ, and NOj, in that order.
For the domain of sites investigated, it is also seen
that the highest mass sites (for the year in ques-
tion) are in the East Coast, Northeast, and
Midwest.

Figure 3.21 shows seasonal variations for the
same grouping of urban and rural sites. In urban
areas, SO and carbon dominate PM, 5 mass in
the summer season while NO; and TCM dominate
wintertime PM, 5 mass. Fall and spring show tran-
sitional amounts of each of the species when com-
pared to the summer and winter concentrations.
There is more NO3 in the spring when compared to
the fall and higher TCM in the fall compared to the

spring.
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Figure 3.19 - Summary of urban speciation data for PM,, 5 in the United States (EPA Speciation Network). Size of pie
graphs indicates average PM, 5 concentration for the time period evaluated.
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Figure 3.20 - Summary of rural speciation data (IMPROVE network). Size of pie graphs indicates average PM, 5
concentration for the time period evaluated.
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Select Urban Sites from EPA Speciation Network
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Figure 3.21 - Seasonal variation in PM species for selected urban areas in the United States.

In the regions bordering Canada (Far
Northeast, Northwest, and North Plains sub-
regions), carbon and SOZ are seen to be the dom-
inant species in summer, fall, and spring PM, 5
aerosols. Nitrates are a major species in the
winter in the Northeast and TCM is a major species
in the winter in the Northwest. FRM mass is seen
to be highest in the winter and summer months.

3.3 LEVELS OF SULPHATE
AND NITRATE DEPOSITION

Sulphate and nitrate are the products of SO, and
NO, oxidation respectively, reactions which may
also involve cloud water. Water droplets turn into
raindrops and precursors dissolved within these
are removed from the atmosphere via precipita-

tion. Falling rain droplets may pick up additional
precursor gases as well as particle mass. Sulphate
is a major component of fine particle mass in east-
ern North America and due to the relatively low
deposition velocity; these particles can spread
over large regions (Environment Canada, 2001).
The prevalence of the SOZ component of PM and
the acidifying power of this compound demon-
strates the linkage between PM and acid deposition.

3.3.1 Wet Sulphate Deposition and
Critical Load Exceedances

Figure 3.22 illustrates the observed mean annual
wet SO deposition in eastern North America for
1996-2001. Levels range from less than 5 kg/ha/yr
to greater than 25 kg/ha/yr. The highest levels of
wet deposition are observed in the region of the
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Figure 3.22 - Spatial distribution of wet SO
deposition (kg/ha/yr) in eastern North America,
1996-2001.

5-Year (1996-2000) Mean XS04 Wet Deposition Exceedance (kg/ha/yr)

L

Figure 3.23 - Five-year (1996-2000) mean wet deposi-
tion exceedance of critical SOZ loads (kg SOZ/ha/yr)
for 95% lake protection level.

Ohio River Valley. When compared to the critical
loads for wet SO deposition in eastern Canada!,
large areas of eastern Canada are receiving wet SOZ
deposition in excess of critical loads (Figure 3.23).

There has been a decrease in observed lake
acidity near Sudbury, Ontario as a result of sub-
stantial reductions in SO, emissions from local
smelters and other sources outside the region.
However, in other areas of Ontario, Quebec and
Atlantic Canada, there has been a lack of change in
acidity and acid neutralizing capacity. This is partly
a result of the long-term depletion of base cations
in watershed soils, which control lake chemistry as
well as forest health. It is predicted that with cur-
rent emission reduction commitments, an area of
almost 800,000 km? in southeastern Canada will
receive harmful levels of acid deposition in 2010.

Canada is currently using a geochemical
model, Model of Acidification of Groundwater in
Catchments (MAGIC), to analyze the current status
of lakes, rivers and forest soils and to predict
recovery timelines. The predicted response of lakes
and rivers to a hypothetical 50-percent SO, reduc-
tion scenario, despite a quick pH recovery, is a
base cation recovery lag time of 100 years (Clair et
al., 2003). The recovery period is predicted to be
much slower for forests.

3.3.2 Wet Nitrate Deposition

Nitrogen is a growth-limiting nutrient which is
taken up and retained by vegetation. However, in
many watersheds, prolonged NO; deposition has
resulted in soil acidification. It is possible that
even with reduced SOZ deposition received by
ecosystems, the effects of continued NO3 acidifica-
tion on forest and aquatic ecosystems will coun-

I Critical load values for wet SOZ deposition to aquatic ecosystems in eastern Canada were estimated in 1990 (RMCC, 1990). Values

were estimated using the average geochemical characteristics of tertiary watersheds and assigning a protection level for lakes of

95%. Areas with critical load values of less than 8 kg/ha/yr are considered to be very sensitive to acidification. It should be noted

however, that the use of wet SO deposition as the primary environmental criterion for ecosystem protection has two limitations.

First, because the concurrent deposition of nitrate ions and base cations has not been included, such a criterion considers only

residual SO deposition rather than the more general issue of residual acidification. The second limitation concerns the use of wet

deposition information only. In eastern Canada, depending on the distance downwind from source regions, up to an additional 40%

of sulphur (and other chemical species) is dry deposited, contributing to acidification.
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Figure 3.24 - Spatial distribution of wet NO3
deposition (kg/ha/yr) in eastern North America,
1996-2001.

teract the benefits gained from SO, emission
reductions.

Figure 3.24 illustrates the observed mean
annual wet NOj3 deposition in eastern North
America for 1996-2001. Levels range from less than
5 kg/ha/yr to greater than 25 kg/ha/yr. The highest
levels of wet NO3 deposition are observed in the
region of Lake Erie and eastern Lake Ontario.

3.4 KEY SCIENCE MESSAGES

e Current ambient levels of PM, 5 in the border
regions exceed both the Canadian and U.S.
standards set for PM, 5 in several regions of
both countries (primarily urban locations). The
eastern portion of the border domain (i.e.,
Northeastern United States, Industrial Midwest
and the Windsor-Quebec City corridor) exhibits
levels that exceed the 15 pg/m3 annual stan-
dard in the United States and the 30 pg/m3 98th
percentile 3-year average Canadian standard for
the time periods evaluated.

There are sites with elevated PM, 5 levels (with
very few sites exceeding either standard for the
time periods evaluated) in the Georgia Basin-
Puget Sound airshed, but the problem is more
confined, and the levels generally lower than in
the Northeastern airshed.

Urban concentrations of PM,, 5 are higher than
rural sites in all regions of both Canada and the
United States.

Levels of PM,, 5 and PM precursors (SO,, NO, )
have declined, particularly early on in the data
record; however, since the mid-1990s, levels of
PM, 5 and PM precursors have generally
remained unchanged.

PM, 5 in the border region at most sites exam-
ined consists of, in order of relative importance
to annual PM, 5 levels, organic and black
carbon, SO7, NO3, NHZ, soil dust and trace
elements. Secondary particulate (i.e., NHZ,
NOj and SOZ) is found to play a key role under
episodic conditions in Ontario. In the border
region, TCM and SO are seen to be the domi-
nant species in summer, fall, and spring PM,, 5
aerosols. Nitrates are a major species in the
winter in the Northeast, and TCM is a major
species in the winter in the Northwest.
Ambient levels of PM precursors also con-
tribute to the wet deposition of NO; and SOZ,
and resulting ecosystem acidification. The high-
est levels of deposition are located in the north-
eastern United States and eastern Canada, par-
ticularly in the border regions.
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4.1 DEVELOPMENT OF
EMISSION INVENTORIES

4.1.1 Development of Canadian and
U.S. Emission Inventories for
REMSAD and AURAMS

National annual and seasonal emission invento-
ries for Canada and the United States were devel-
oped for application with the Regional Modelling
System for Aerosols and Deposition (REMSAD)
and A Unified Regional Air Quality Modelling
System (AURAMS). Applications of the two air-
quality models were employed to examine the
effects of U.S. and Canadian emission control
strategies on ambient concentrations of PM, 5 in
North America in 2010 and 2020. The purpose of
this section is to describe the assumptions used to
develop the emission inventories and the emis-
sion files used in these model applications.

The emission inventories developed by
Environment Canada and the U.S. EPA to support
these analyses include the following:

e 1995/1996 Base Year;

e 2010 Base Caseg;

e 2010 Control Case;

e 2020 Base Case; and

e 2020 Control Case.

4.1.1.1 Base Year Inventories

The Canadian 1995 comprehensive Criteria Air
Contaminants (CAC) emission inventory, version 2,
and the U.S. 1996 National Emission Inventory
(NEI) version 3.12 (EPA, 2001) were used for the
model applications. These inventories include
reported air pollutant emissions for oxides of
nitrogen (NO,), volatile organic compounds
(VOC), carbon monoxide (CO), oxides of sulphur
(SO,), primary particulate matter with an aero-
dynamic diameter less than or equal to 10 micro-
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meters and 2.5 micrometers (PM,, and PM, o)
and ammonia (NH3). The inventories include all
stationary, mobile and other sources that emit cri-
teria air pollutants. The specifics of the invento-
ries are discussed below.

CANADA: The Canadian 1995 CAC inventory
version 2 is produced via a collaborative effort
between Environment Canada and the provincial
and territorial governments. Due to confidentiality
issues, Canadian point sources were processed by
an outside consultant to maintain the confiden-
tiality of the information. Temporal profiles for
sources and sectors were made available for the
inventory processing. Mobile emissions in the
Canadian inventories were calculated using a
hybrid MOBILE 5C model, incorporating many new
MOBILE6 features for the on-road transportation
sector for 1995 and future years. Emission infor-
mation was then converted into a format compati-
ble with the REMSAD model.

UNITED STATES: The NEI is a national data-
base of air emission information with input from
numerous state and local air agencies, tribes, and
industry. The national inventories for this analysis
were prepared for the 48 contiguous states at the
county-level for on-highway mobile sources, elec-
tric generating units (EGUs), non-EGU point
sources, stationary area sources, and non-road
sources. The inventories do not include the states
of Alaska and Hawaii. The inventories contain
annual and typical summer season-day emissions
for the pollutants.

4.1.1.2 Base Case Inventories for 2010 and 2020

CANADA: To project CAC emissions to 2010 and
2020, annual growth factors are applied to the 1995
emissions for each industrial sector at the provin-
cial level. The growth factors are calculated from
surrogate data or from indicators obtained from
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Natural Resources Canada (NRCan) report
“Canada’s Emissions Qutlook: An Update,
December 1999”. The national CAC forecast is the
sum of the provincial and territorial forecasts.

Environment Canada “grew” the 1995
Canadian inventory to 2010 and 2020 using the
Canadian CAC emission forecast scenario by
province and sector. The changes from the base
case to the future case scenario were then backed
out of the resulting files. The base case 2010 and
2020 inventories incorporate all of the emission
reduction measures that are already in place.
These include: Tier 1 and NLEV vehicles, Tier 2,
and heavy duty vehicle NMHC, NO,, PM standards,
and low sulphur on-road diesel and gasoline.
Inputs from provincial and territorial governments
and private industry were incorporated into the
forecast.

UNITED STATES: The 2010 and 2020 projec-
tion year base case files were calculated using
methods and models designed to support the U.S.
EPA's Proposed Program for Low-Emission
Nonroad Diesel Engines and Fuel (68 FR 28327)
and the Clear Skies Initiative (EPA, 2003a).
Included in the development of these estimates
was an adjusted version of EPAs MOBILE 5B
model, accounting for changes anticipated at the
time of this analysis to be included in the first
release of MOBILE 6, the March 2002 version of
EPA's NONROAD model, and for stationary, point,
and area sources, inventories (2020) and interpola-
tions from projected inventories (2010) as
designed to support the proposed nonroad rule
(EPA, 2003b). The emission projection files were
estimated using the 1996 base-year emission
inventory by applying growth and control factors
developed to simulate economic changes and con-
trol programs in place for each respective projec-
tion year and were designed to include the specif-
ic Clean Air Act Amendments emission reduction
measures promulgated and proposed by the U.S.
EPA at the time of the nonroad rule’s publication
in the Federal Register.

Projection-year unit-level output files from the
EPA Modelling Applications 2003 version of the
Integrated Planning Model (IPM) were generated by

the U.S. EPA for the EGU sector base case for 2010
and 2020. Included in the base case runs were a
court-remanded version of the Regional Transport
NO, SIP Call reductions and state-specific emis-
sion caps in Connecticut, Massachusetts, Missouri,
New Hampshire, North Carolina, Texas, and
Wisconsin. The IPM files include heat input, SO,
emissions, NO, emissions, and unit characteristics
such as prime mover (boiler, gas turbine), primary
fuel, boiler type, and firing type. In order to com-
plete the file to include all criteria pollutants and
data elements necessary to process the EGU sector
through an emission model, the U.S. EPA added to
the parsed IPM files emissions for VOC, CO, PM,,,
PM, 5, and NH; as well as physical characteristic
data elements needed for modelling (e.g., county
codes, coordinates, and stack parameters).

The base case assumptions between the U.S.
and Canadian 2010 and 2020 non-road and non-
EGU point source emissions differed slightly as a
result of the timing of the generation of these files.
The overall impact of these differences is believed
to be insignificant and therefore did not warrant
the rerun of the emission and air-quality models
for this analysis.

4.1.1.3 Control Case Inventories for 2010 and 2020

Control cases for Canadian and U.S. emissions are
based on proposed legislation or reduction initia-
tives that would further reduce emissions of con-
taminants that lead to ambient PM, acid deposi-
tion, and ground-level ozone.

CANADA: The control scenario for Canada
includes further reductions in 2010 and 2020 emis-
sions of SO, and NO, as part of the Canada-Wide
Standards for Particulate Matter and Ozone, and
the Canada-Wide Acid Rain Strategy. The 2010 and
2020 emissions were produced by “growing” the
1995 base year inventory to the required years
using Environment Canada’s CAC forecast. Due to
time considerations, the inventory was “grown” by
province and sector. Due to a lack of information,
the NH; portion of the inventory was held con-
stant for the 1995, 2010 and 2020 data years (data
on Canadian NH, trends for the 1995-2000 period
are expected to be available in fall 2004).
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UNITED STATES: The control scenario
modelled for this analysis is based on the Clear
Skies Initiative in the United States. The proposed
Clear Skies legislation would create a mandatory
program that would reduce power plant emissions
of SO,, NO,, and mercury by setting a national cap
on each pollutant. As in the base case, projection
year unit-level output files from the EPA Modelling
Applications 2003 version of IPM were generated
by the U.S. EPA for the EGU sector control case for
2010 and 2020.

Clear Skies was proposed in response to a
growing need for an emission reduction plan that
will protect human health and the environment
while providing regulatory certainty to the indus-
try. Currently, the Clear Skies initiative has been
modified and is now known as the Clean Air
Interstate Rule. More information and a complete
technical analysis of the 2003 proposed Clear Skies
legislation are now available at http:/www.epa.gov/
clearskies/. Information on the Clean Air Interstate
Rule can be found at http://www.epa.gov/air/
interstateairquality/index.html.

4.1.2 Processing of Canadian and U.S.
Emission Inventories for REMSAD
and AURAMS

4.1.2.1 Processing of Emission Inventories for REMSAD

The emission files that were used in the REMSAD
air-quality model runs were processed through the
Sparse Matrix Operator Kernel Emissions
(SMOKE) Modelling System for annual meteoro-
logical episodes on a 36-km square domain cover-
ing Canada and the United States. A description of
SMOKE and the formats of its various required
inputs can be found at http://www.emc.mcnc.org/
products/smoke/.

Modifications were made to the emission-
inventory input files processed with SMOKE in
order to adjust the emission estimates to better
match the regional modelling objectives and spa-
tial scales and to provide a consistent basis
between base and projection year modelling
results for the development of relative reduction
factors (RRF).

One modification to the emissions processed
through SMOKE was the application of a crustal
PM transport factor to some fugitive dust emis-
sions. The purpose of this subgrid-scale adjust-
ment factor was to account for the fugitive dust
that is emitted into the atmosphere but is then
removed near the source (i.e., not all suspendable
particles are transported long distances: Watson
and Chow, 2000; Countess et al., 2001). For the
SMOKE input files, a factor of 25 percent (75 per-
cent reduction) was applied to PM, , and PM,, 5 for
the SCCs associated with fugitive dust activities in
Canada and the United States. In addition, emis-
sions from wind erosion of natural geogenic
sources, on-site residential incineration, and for-
est wildfire emissions were excluded from the
modelling files due to their episodic nature or
unpredictability in future year emission estimates.
This assumption is not unreasonable given that
the focus of the future-year scenarios considered
in this study are emission control strategies for
two PM precursor gases, SO, and NO,. Although
prescribed fire activity was capped at base year lev-
els in the U.S. inventory, this practice was not
applied to Canadian emissions of the same source
category.

A third modification relates to NH, emissions.
The default seasonal temporal profile for NH,
emissions from agricultural activities used by
SMOKE is uniform or the same for each season,
which is clearly unrealistic. ~This profile was
replaced by one from EPAs Office of Research
and Development based on the results of inverse
modelling using observed NH} wet concentrations
(Gilliland et al., 2003). U.S. NH; emissions from
livestock activities were seasonally distributed
using the new seasonal temporal profile, although
this practice was not applied to Canadian emis-
sions of the same source categories (EPA, 2001).

4.1.2.2 Processing of Emission Inventories for
AURAMS

The Canadian AURAMS model data was processed
in a different manner from REMSAD. Due to time
and other constraints, the Canadian 1990 emission
information that was contained in the model emis-
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sion files was adjusted to reflect the 1995

Canadian and 1996 U.S. emission inventories by

considering provincial and sectoral changes from

1990 to 1995. The result is that emission levels

used correspond to 1995 and 1996 levels but the

spatial distribution of emissions is based on the

1990 Canadian and U.S. emission inventories.

Some of the limitations of this process are that:

e 1990 inventories were distributed more on a
population basis than later inventories, which
use more spatial gridding surrogates;

e The same scaling factors were applied to all
provincial and state sources within sectors,
which may have resulted in unrealistic emis-
sions for some sources, given the larger number
of point sources in later year inventories.

The AURAMS domain considered is shown in
Chapter 5, Figure 5.15. The gas-phase chemistry
mechanism considered is the ADOM-II mecha-
nism. As well, six primary PM chemical compo-
nents are considered: SOZ, NO;, NH}, BC, OC,
and crustal material.

4.1.3 Development and Processing of
Emissions used for CMAQ

The emission model selected to provide CMAQ
with the required temporal, spatial, and speciation
data was SMOKE, version 1.3. To the extent possi-
ble, the base year for emission data used in this
study was 2000. When year 2000 data were
unavailable, 1995 data were “grown” to the year
2000. U.S. data for 1996 were used alongside
Canadian data for 1995. U.S. data for 2002 were
used together with Canadian data for 2000, and
where 2002 data were unavailable, 1999 data were
used. Point, area, mobile (including marine), and
biogenic emission datasets were prepared (RWDI,
2003a) at a resolution of 4-km. For the 12-km res-
olution simulations with CMAQ, the emission data
were simply aggregated upward. Emission data
were assembled for both the summer and winter
periods. As with the REMSAD and AURAMS appli-
cations, wildfire emissions were not used due to
their episodic nature.

It should be noted that there are differences
between the lower Fraser Valley emission data
used in the model and those in the final version of
the GVRD year 2000 inventory. These small differ-
ences are the result of updated information and
improved emission estimates that were not avail-
able at the time of preparation of the model input
datasets. To gain insight into the impacts of trans-
boundary transport of air pollutants, two emission
scenarios were derived from the 2000 base case
emissions. In the first, all U.S. anthropogenic
sources were removed while in the second, all
Canadian anthropogenic sources were removed
(RWDI, 2003b). To gain insight into the impacts on
ambient air quality of future emissions, forecasted
emission inventories for the years 2010 and 2020
were prepared (RWDI, 2003c¢).

4.2 DESCRIPTION OF
EMISSIONS IN THE
UNITED STATES AND
CANADA

4.2.1 Emissions Used in AURAMS and
REMSAD

Table 4.1 lists the total emissions of PM, 5, PM,,
PMc (coarse fraction PM) and their precursors for
both Canada and the United States on an annual
basis, used as input into the REMSAD model.
Table 4.2 shows the same numbers for PM and PM
precursors, used as input into the AURAMS model.
These emissions are aggregated by state and
province, and summed to give annual totals for
each country. Between the base year of 1996 and
the forecasted year 2010, SO,, NO,, and VOC emis-
sions are all expected to decrease significantly
in both countries, whereas NH, emissions are
expected to increase slightly in the United States
(Canadian NH, emissions were held constant). For
the future-year scenarios, NO, and SO, emissions
in both countries are projected to decrease signifi-
cantly, while CO, VOCs and NH, change only slightly
between the base case and control scenarios.
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Table 4.1  Country-total anthropogenic emissions for PM and PM precursors on the REMSAD domain for

the 1996, 2010 base, 2010 control, 2020 base, and 2020 control inventory scenarios used as

REMSAD input. Units are in kilotons per year (and NO, as NO,). Note: Canadian 1996 totals

do not include point sources.

Canada United States
Pollutant | 1996 2010b 2010c 2020b 2020c | 1996 2010b 2010c 2020b 2020c
CcO 12,808 8,266 8266 9,045 9,045 94,804 87,777 87,785 98,216 98,236
NOy 3,023 2262 2,184 2,183 1,994 24,653 17,733 15968 14,578 12,313
VOC 2928 2391 2370 2,542 2,507 18,245 13,803 13,802 13,899 13,898
NH, 578 578 578 578 578 4,838 5,001 5,001 5,230 5,230
SO, 2,563 2017 1,858 1,843 1,692 18,423 15,306 11,735 14,678 10,074
PM, 4 5125 2194 2194 2582 2,582 9,724 9,391 9,391 9,568 9,568
PM,, 5 1,021 660 660 729 729 3,678 3,358 3,358 3,378 3,378
PMC 4,104 1534 1534 1,853 1,853 6,046 6,033 6,033 6,190 6,189
Table 4.2  Country-total anthropogenic emissions for PM and PM precursors on the AURAMS domain
for the 1996, 2010 base, 2010 control, 2020 base, and 2020 control inventory scenarios used
as AURAMS input. Units are in kilotons per year (and NO, as NO,).
Canada United States

Pollutant 1996 2010b 2010c 2020b 2020c 1996 2010b 2010c 2020b 2020c
CcO 7916 5,290 5,298 5,797 5,807 73,935 69,201 69,209 77,728 77,746
NOy 1,461 1,105 1,047 1,009 937 20,116 14,277 12,796 11,726 9,776
VOC 1,440 1,236 1,181 1,343 1,271 14,565 11,110 11,109 11,218 11,217
NH, 305 305 305 305 305 3,898 4,087 4,087 4277 47277
SO, 1,702 1,520 1,335 1,373 1,165 16,715 13,943 10,424 13,227 8,720
PM, 1,239 1,656 1,654 1,920 1916 7,172 6,993 6993 7,149 7,149
PM, 5 320 403 401 447 443 2,740 2,494 2494 2511 2511
PMC 919 1,253 1,253 1,473 1,473 4432 4499 4499 4,638 4,638

Emission inputs to REMSAD and AURAMS for
SO,, NO,, NH,, PM,, 5, VOC, CO and PM, , for the
1996 base case and the 2010 and 2020 base and
control cases are shown visually in Figures 4.1
through 4.7. The anticipated additional U.S. and
Canadian control programs result in a significant
reduction in SO, and NO, emissions. Summer
weekday SO, emission input to REMSAD for the
1996 base year is provided in Figure 4.1a. Summer
weekday base-case SO, emission input to REM-
SAD for 2010 and 2020 is provided in Figures 4.1b
and 4.2a, where summer refers to June, July, and

August and summer weekday is an average of
Mondays to Fridays throughout these three
months. Summer seasonal SO, emissions are
illustrated because emissions of SO, lead to the
formation of particle SO and summer concentra-
tions of SO exceed winter concentrations. Winter
weekday NO, emissions for the 1996 base year are
illustrated in Figure 4.3a. Winter weekday base-
case NO, emission input to REMSAD for 2010 and
2020 are provided in Figures 4.3b and 4.4a. Winter
NO, emissions are shown as NO, emissions lead
to the formation of particle nitrate, and winter
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ambient concentrations of particle nitrate are
higher than summer concentrations. Summer and
winter NH, emissions for the 1996 base year are
shown in Figures 4.5a and 4.5b. Summer base-
case NH, emission inputs for 2010 and 2020 are
provided in Figures 4.6a and 4.7a. Emissions of
ammonia are significant due to the role of ammo-
nia in the formation of ammonium sulphate and
ammonium nitrate.

The reduction in summer weekday SO, emis-
sions with the additional U.S. and Canadian con-
trols for 2010 and 2020 are shown in Figures 4.1c
and 4.2b. The reduction in winter weekday NO,
emissions with the additional U.S. and Canadian
controls are shown in Figures 4.3c and 4.4b. Only
reductions for these two PM precursors are shown

because the additional control measures for 2020,
discussed in Section 4.1.1.3, are concerned only
with these two pollutants (plus mercury for the
proposed Clear Skies legislation). Note that the
reductions in both SO, and NO, are concentrated
in the eastern half of the domain, which suggests
that the atmospheric response to these reductions
will also be concentrated in this region. Winter
base-case NH, emission inputs for 2010 and 2020
are provided in Figures 4.6b and 4.7b. The emis-
sions of NH; in the winter season are significant
because they are involved with the reaction of NO,
emissions to form particle ammonium nitrate.
Winter NH, emission inputs are significantly less
than summer NH, emission inputs, particularly in
the U.S. portion of the domain.
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Base Case SO2 Emissions
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Base Case SO2 Emissions
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Base Case NOx Emissions
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