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1. Introduction

In spite of significant reductions of emissons of acidifying gasesin Canadaand the United States
in recent years due to control programs in both countries, the impacts of acid depostion in
eastern Canada have not been diminated or reduced to acceptable levels. Environment Canada
has identified a requirement to carry out a new emisson-scenario smulaion with the Acid
Deposition and Oxidant Modd (ADOM) to determine the impact of a reduction of the sulphur
content in heavy fud oilsand light fue oils across eastern Canada.

Project Objective

The primary objective of this project was to investigate the impact of implementing European
sulphur limits on heavy fud oils (HFOs) and light fue oils (LFOs). Sixteen emissons scenarios
had dready been run with ADOM in previous modeling projects. Results from the current
modd smulation combined with earlier ADOM reaults (see Environment Canada [1997],
AETG [1997], and ARM [2000]) are expected to provide additiond insight into the extent to
which controls of sulphur content in HFO and LFO in Canada could contribute to achievement
of aitica-load target for aquatic systems across eastern Canada and to reduce ambient fine-
particulate loading. More specificdly, changes in annua wet SO, depostion, annua near-
surface SO, and SO, air concentrations, and critical-load exceedances will be determined. In
the context of this study, concentration of sulphates will be used as a surrogate for PM, s over
eastern Canada.

Project Execution

The project was carried out in three main steps, comprised of () scenario preparation; (b)
model execution; and (C) results aggregation and anayss.

Emisson-scenario preparation

This task was coordinated by the Scientific Authorities (SA) with initid participation by
personne from the QOil, Gas and Energy Branch of Environment Canada to ensure that dl
required software and qudity-control (QC) protocols and the descriptions of emissons
scenarios were in place. In order to implement the required emission reduction option (scenario)
in ADOM, FORTRAN code modifications were introduced to the ADOM emission
input/output (1/0) subroutine “GETEMS’ (to implement jurisdiction-specific base-case and
scenario scaling masks) and to emission 1/O subroutine “RATEMS’ (to implement changes to
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individua point-source emission rates). These code changes are described in more detall in
Section 3, and ADOM itself is described in more detail in Section 4.

The impact of these coding changes was verified by the SA. Qudity control was performed
both by ingpecting the modified computer code and by examining changes in totd SO,
emissions between the ADOM domain-mass-budget output files for the new scenario and the
reference scenario CCUSA2 (see section 2 for definition) from the previous study carried out
by Environment Canada.

ADOM dmulaions

As outlined in Sections 4 and 5, in order to estimate annud fields, ADOM time integrations
were carried out for each of 33 three-day aggregation episodes for the new emissions scenario.
Predicted flux, concentration, and domain-mass-budget files were extracted from the primary
mode output files and archived on the Meteorological Service of Canada (MSC) Centrd File
Server (CFS) in Montréd in the same way as was done for previous ADOM SO, future-year
emisson-scenario runs (see Environment Canada, 1997). To ensure consstency and
comparability between the new scenario run and the previous ADOM emissions-scenario runs,
the ADOM domain, spatid and temporal resolution, and aggregation episode set used in the
present project were identical to those used for the earlier scenario runs. The model source
code used was dso identica, with the exception of the modifications needed to subroutines
“GETEMS’ and “RATEMS’ to implement the new scenario.

Adggregation of ADOM results and other ADOM post-processng and analys's

This task was carried out with the initid participation of the SA to ensure that the required
software and QC protocols were in place. Post-processng of hourly ADOM output flux and
surface concentration fields was performed to generate daily totals, then three-day episode
totds, and then annud fields usng episode- aggregation weights (see Section 5 and Environment
Canada [1997] for details).

The environmental measures used to eva uate the impact of the emissions control scenario were
the ADOM-predicted future-year sulphate depodtion fidds and the annua sulphate ar
concentration fidld. Wet sulphate (SO,) deposition field predicted by ADOM for the current
SO, emissons scenario was compared againgt the eastern Canadian sulphate-deposition
critical-load field, and areas with critica-load exceedances, that is, areas with deposition above
critica load, were deemed to be in excess of ecologicd carrying capacity. The ambient sulphate
concentration field from the current scenario was compared to the results from the CCUSA2
scenario which was selected as a reference scenario for the current study.
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Report Organization

The new SO, futureyear emissons scenario for eastern North America that has been
invesigated with ADOM is described in Section 2 and its implementation in ADOM is
described in Section 3. Some details about the ADOM modd and ADOM smulations are
provided in Section 4. Section 5 describes the post-processng of the ADOM simulation
results, including the use of episode aggregation to estimate annud fields from a st of short-
term mode results and the critical-10ad- exceedance caculations. Results from the new ADOM
SO, emissons scenario is then presented in Section 6, and these results are discussed and
andyzed further in Section 7. Finaly, some conclusions are given in Section 8.

2. Scenario Descriptions

In terms of domain-scale and didribution of SO, emissons on the ADOM domain the
CCUSA2 scenario was selected as a reference scenario for the current study. The CCUSA2
scenario  corresponds to the actua legidated levels expected in 2010 with voluntary
overcompliance from some mgor point sources (further described in Environment Canada,
1997, Section 3.4.1.1).

The garting point for the Canadian SO, emissions for the CCUSA2 scenario run with ADOM
were the provincid SO, emission caps and voluntary overcompliance agreed to under the
Eagtern Canada Acid Rain Control Program (e.g., Tables 1 and 2 of Environment Canada,
1998). The gtarting point for the U.S. SO, emissions used for the CCUSA2 scenario were the
Phase 2 cgps and limits set under Title IV of the 1990 U.S. Clean Air Act Amendments,
assuming no geographic redistribution through emissons trading.

Emisson fieds used in the CCUSA2 scenario were then modified for the new scenario
(designated as HLFO) in order to achieve the required reduction of 180 Ktonne yr™ of SO,
from eastern Canadian sources, which represents gpproximately a 9% reduction from the
Canadian portion of the ADOM modd domain as compared to the CCUSA2 scenario.
However, this is ardatively smdl reduction overdl — goproximately 1% of the totd emissions
over the model domain as compared to the CCUSA2 scenario (see Table 1).

Canadian and U.S. SO, emission totas on the ADOM domain (see Figure 1) for the new
HLFO scenario, together with those for al other emission reduction scenarios prepared using
ADOM, are given in Table 1. The previous ADOM scenarios are described in Environment
Canada (1997), AETG (1997), and ARM (2000) reports.

SO, emisson levels from HFO and LFO combustion used to define the current scenario are
summarized in Appendix C. From Table C2, the estimated reductions in SO, emissons
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associated with the HFO S-content limit in the Maritimes, Quebec, Ontario, and the Prairies are
108, 21, 29, and O KT y*, respectivdly. The corresponding estimated reductions in SO,
emissions associated with the LFO S content limit in the Maritimes, Quebec, Ontario, and the
Prairiesare 3, 7, 5, and O KT y*, respectively. Overal, emissionswould decrease by 174 kT y
! in eastern Canada: 64% in the Maritimes, 17% in Quebec, 19% in Ontario, and a negligible
amount in the Prairies.

The consumption-based analyses to estimate the SO, emission reductions shown in Table C2
were carried out on a regiond basis usng numbers supplied by Statistics Canada. In order to
gpportion these reductions to the provincid level, it was necessary to obtain additiona
information about the use of HFO and LFO in Canada by province.

One of the SAs (M. Moran) carried out an anaysis of HFO/LFO usage in Canada by province
and source category using the 1990 Canadian nationa criteria-ar-contaminant (CAC) inventory
(see Dedauriers, 1996). He found the inventory to contain emissions from HFO combustion for
13 point-source categories and three area-source categories and emissions from LFO
combugtion for 15 point-source categories and three area-source categories. In 1990,
Newfoundland and Labrador accounted for 22% of the 184 kT y™* of SO, emissions associated
with HFO and LFO combustion in the Maritimes, Prince Edward Idand accounted for 2%,
Nova Scotia accounted for 20%, and New Brunswick accounted for 56%. This geographic
digtribution was used to pro-rate the reduction in SO, emissons given in Table C2 for the
Maritimes to these four individua provinces.

Based on Table C2 and this provincid apportionment for the Maritimes, the HFO/LFO
emissions scenario for ADOM assumed that SO, emissions should be reduced by 24.5 kT y*
in Newfoundland and Labrador, by 24.5 kT y* in Nova Scotiaand PEI, by 62.3 kT y* in New
Brunswick, by 28.8 kT y* in Quebec, and by 33.6 kT y* in Ontario, and O kT y* in Manitoba
and Saskatchewan, for atotal of 173.7 kT y* across the ADOM domain (see Figure 1). The
implementation of these emisson changesin ADOM s discussed in the next section
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Table 1. Tota SO, emissonswithin ADOM domain for 1989 base case and sixteen future-year emission scenarios.

Scenario Nominal SO2 Emissions Fraction Strategy Comments
Name Year (Ktonnes yr-l) of BASE
Canada u.s Total

BASE 1989 2,688 17511 20,199 1.00 Current Base casg, effectively 1988-90 average

CCONLY 194 1,939 17862 19,801 0.98 Sectord Cdn contrals (CC) + overcompliance, new US srcs

CCUsAL 1997 1,939 14865 16804  0.83 Sectord US CAAA Phasel cuts, Canadasame as 1994

CCUSA2 2010 1,939 12446 14385 071 Sectord US CAAA Phase 2 cuts, Canadasame as 1994

5CONLY 2030 1,320 12446 13766  0.68 Regiond Rallback  50% Cdn SOMA red'ns from caps, US same as 2010

25FCAP 2030 1,738 933% 11072 055 Uniform Rollback  25% Cdn red'ns from caps, 25% US from 2010

T5CUS 2030 1277 8794 10071 050 Regiond Rallback  Same as"5CCUS2" except Saskatchewan, Manitoba, Newfoundland, and US
SE, SW, and W left at 2010 leves

5CCU 2030 969 6,223 7192 036 Uniform Rollback ~ 50% cut from "CCUSA2" 2010 scenario

75FCAP 2030 579 3112 3691 018 Uniform Rollback ~ 75% Cdn red'ns from caps, 75% USfrom 2010

PST2010A 2030 1,636 5578 7214 036 Regiond Rallback ~ 50% ON, 45% QU, 25% NB + NS from caps, 55% US from 2010

PST2010B 2030 1,636 4,967 6603 033 Regiond Rallback ~ 50% ON, 45% QU, 25% NB + NS from cgps, 60% US from 2010

PST2010C 2030 1,610 6,204 7814 0.39 Sectora/Reg. Rollbk  50% ON but major sources targetted, 50% QU but Noranda Rouyn targetted,
25% NB + NSfrom caps, 50% US from 2010

PST2010D 2030 1,601 8116 9717 048 Sectord/Reg. Rallbk  Same as"PST2010C" except 30% NB and NBPC redigtribution, 25% NS but
NSPC redigtribution, and 60% red'n in 20 NE US states but rest at 2010 levels

PST2010E 2030 1,601 4,984 6,585 0.33 Sectord/Reg. Rollbk Same as PST2010D except dl U.S. states reduced by 60% from 2010

PST2010a 2030 1,690 5578 7268 036 Regiond Rallback  50% ON, 34% QU, 25% NB + NS from caps, 55% US from 2010

PST2010b 2030 1,690 4,967 6,657 033 Regiond Rallback ~ 50% ON, 34% QU, 25% NB + NS from caps, 60% US from 2010

HLFO 2010 1,759 12446 14,205 0.70 Sectord Reductionsin Canadian heavy and light fuel il sulphur content
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3. Scenario Implementation

In order to implement the SO, emissions scenario described in the previous section, mgor-
point-source emissions records and area- source gridded emissions fields used in the ADOM
2010 scenario “CCUSA2”, described in Environment Canada (1997) and in AETG (1997),
were used as a starting point for the current modding work.

ADOM separates emissons sources into two main categories. “magor point sources’ and “area
sources’ (see aso Section 4). Mgor point sources include such sources as power stations and
non-ferrous smdters and usudly emit from large smokestacks. These sources are treated

individualy by ADOM, including a caculation of plumerise. Area sources, on the other hand,
are asociated with ADOM grid cdlls and in effect are the aggregate of al smal sources located
within agrid cell; they are assumed to emit a the surface.

Two eectricity generating stations in New Brunswick (Courtenay Bay and Coleson Cove) burn
bunker C heavy fud oil and one (Dahousie) burns Orimulsion, a natura bitumen emulsfied in
water usng a surfactant (Robert Hughes, New Brunswick Department of the Environment,
personal communication to Michael Moran, 11 October 2001). One dectricity generating
gation in Nova Scotia (Tufts Cove) uses fud switching and burns both HFO and coa (Michaedl
Hingston, Nova Scotia Department of Environment and Labour, persond communication to
Michael Moran, 11 October 2001).

All four of these generating Stations are contained in ADOM’s emission files as mgor point
sources, S0 it was possible to consder reductions to their SO, emissons individudly. On the
other hand, no significant Ontario or Quebec sources usng HFO or LFO as fud are contained
in the ADOM mgor-point-sourcefile.

Table 2.5 of Tushingham and Bellamy (2001) gives a vaue of 2.2% for the current average S
content of HFO in the Maritimes and an expected average vaue of 0.8% for the future-year
1%-limit scenario. This 8:22 ratio was used to estimate the reduction in SO, emissons from the
four Maritimes generating dations from farly recent (1985) emisson levels due to the
subgtitution of low-S HFO. In dl but one case (Dahouse GS), the estimated reduction was
larger than the level of SO, emissons assumed for these sources in the reference ADOM

emission scenario (“CCUSAZ2"). As a consequence, emissons from these four sources were
reduced to the extent possible by manipulating ADOM mgor-point-source emissions records
upon input for selected sources as identified by record ID. Existing SO, emisson vaues were
replaced by scenario-specific vaues for the HLFO scenario.  The list of point sources and
scding factors is given in Appendix B. The remaining emission reductions for each province
were then obtained by scaing the area- source SO, emissons province by province.
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The area-source scaling factors used for each province are given in Table A1, The desred
reductions were 24.5 kT y* in Newfoundland and Labrador, 24.5 kT y* in Nova Scotia and
PEI, 32.3 kT y* in New Brunswick, 28.8 kT y* in Quebec, and 33.6 kT y* in Ontario, and 0
kT y* in Manitoba and Saskatchewan. New Brunswick was a specia case in that total SO2
emissions from New Brunswick area sources for the ADOM “CCUSA2’" scenario were only
22 kT y'. This mismatich was addressed by setting New Brunswick area-source SO,
emissons to zero and scaling SO, emissons from the Dalhousie Generating Station point source
back by 10.3 kT y™* more than might be expected for that point source due to switching to low-
SHFO (see Table B1).

All of the scding factors used are liged in Appendix A. The jurisdictiond mask composed of
ADOM 127 km by 127 km grid cellsis shown below in Figure 1 superimposed on the ADOM
moddling grid.

Figure 1. Plot of the jurisdictional mask used for emissons scding.

The digribution of SO, emissons on the ADOM eastern North America grid for the HLFO
scenario and for the CCUSA 2 scenario are shown in Figure 2a and 2b, respectively.

The difference in SO, emissions between HLFO scenario and the ADOM 2010 scenario
(“CCUSAZ2") described in Environment Canada (1997) and AETG (1997) is shown in Figure
3. Thelatter scenario corresponds to the “base case’ for the present study.
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Figure 2. Plots of SO, emissions fields in units of Ktonnes yr™: (a) Scenario HLFO; (b)
Scenario CCUSA2.
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Figure 3. Plot of difference between 2010 scenario (*CCUSAZ2") and Scenario HLFO SO,
emissons fields (Ktonnes SO, yr™).
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4. ADOM Simulation

Emisson scenario smulation for this project was carried out with the ADOM episodic Eulerian
chemica transport model (e.g., Venkatram et d., 1988; Misra et d., 1989; Fung et d., 1991;
Padro et d., 1991, Environment Canada, 1997). Verson two of the ADOM chemical
mechanism has been usad in this project. Significant differences between verson two of the
ADOM mechanism (ADOM-I1) and the origind Lurmann et d. (1986) mechanism include an
explicit trestment of aomic oxygen, OCP) and O(*D), and the treatment of isoprene as a
separate species.  The ADOM-II mechanism is comprised of 47 species, 98 chemica
reactions, and 16 photolysis reactions.

Anthropogenic emissions for 18 ADOM chemicd species, including SO, and SO,, have been
taken from a st of moded files of pre-processed emissons originaly developed for the
Canadian ar-qudity moddling community by ORTECH Inc., The MEP Co., and Sophos Inc.
in the late 1980s and early 1990s. The emissions files are partitioned into maor-point-source
emissons files, which contain records for roughly 3000 large individud sources, and other-
sources emissions filess. The ADOM emissons files are based on the NAPAP emissions
inventory for 1985 (U.S. EPA, 1989) with the exception of those mgor SO, point sourcesin
Canada and the United States that are subject to SO, emissons control legidation. These
sources have been set to their capped limitsin Canada or to their EPA dlowances in the case of
U.S. power plants in the mgor-point-source emissions files (see Environment Canada, 1997).
Note that the 32 NAPAP VOC lumped species have been “re-lumped’ using reectivity
weighting to obtain the 11 ADOM VOC lumped species.

ADOM is an episodic regiond ar-qudity modd that predicts hourly concentration and
depogtion fidds. Since ADOM was not designed or intended to be used for long-term
smulations, the episode aggregation technique as described in Environment Canada (1997) has
been used to obtain estimates of annua fidds from a st of ADOM smulations spanning a
period of less than ayear. Accordingly, ADOM integrations were carried out for each of the
emissons scenarios for a set of 33 three-day aggregation episodes. These episodes were
drawn from the summer, autumn, and early winter of 1988 and the late winter and spring of
1990. Predicted flux, surface concentration, and domain-mass-budget files were extracted for
each episode day and archived at the Canadian Meteorologica Centrein Montréd.

In tota, the model was executed for 116 modd days, where only 82 modd days were
considered to be “episode’ days. The other days were “spin-up days’ a the beginning of an
episode, during which time the mode is reaching a baance between emissons and remova
processes. that is, each aggregation episode consists of 2 spin-up days followed by three
episode days. Although the use of 33 episodes might suggest that 165 days need to be
smulated in totd, there is some overlap between some episodes s0 that fewer days (116)
actudly must be smulated.
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Of these 116 smulation days, 91 days were run in two 12-hour steps and 25 dayswererunin
four 6-hour steps, for atotal of 91* 2+25*4 = 282 separate modd runs. This run configuration
was devised for an older NEC SX-3 multi-processor vector supercomputer but was retained
for this project, where ADOM was executed on a NEC SX-4 multi-processor vector
supercomputer. Each nodel day required approximately 1400 seconds of CPU time, for a
total execution time on the NEC of approximately 50 CPU hours. On a time-sharing computer
like the NEC, this trandates to 7-14 days of “wall-clock time’, depending on system load and
restart occurrences.

The main model output files were archived for each scenario.  The totd Sze of the archive is
400MB per scenario, and it consgsts of 82 flux files, 82 concentration files, and 202 mass

diagnogtic files (a tota of 366 files). In addition, there are about 60MB of intermediate files
produced by the aggregation process (see next section).

5. ADOM Episode Aggregation and Post-Processing

Concept and Pur pose of Episode Aggr egation

Episode aggregation is a semi-empirica approach that utilizes a set of short-term ADOM
smulations to estimate concentration and deposition fields for annua and longer time periods.
The aggregation approach was origindly developed to provide a means for usng the U.S.
EPA’s Regiond Acid Deposition Modd to address policy questions and to support effects
research (Brook et a., 1995a,b). It is based upon o man concepts. (a) that a any given
location in eastern North America, wet deposition is determined by a number of deposition
events belonging to a set of recurring weether patterns; and (b) that, if a series of depogtion
events representative of these different patterns can be identified, they can be combined or
aggregated to produce a redidic estimate of the annual depostion total. Furthermore,
observations of the frequency of occurrence of these recurring weather patterns and the mean
precipitation amount and pollutant concentrations associated with them can be used to devise a
weighting scheme to improve the long-term aggregate modd estimates.

In practice, the two main components of this method are the selection of a representative set of
three-day weather “events’ for modd smulation and the weighted aggregation of the modd-
predicted depostion totas associated with these events to edtimate amnud totas.  See
Environment Canada (1997) for details on the selection of the 33 ADOM aggregation episodes
and the etimation of the ADOM aggregation-episode weighting factor fidds.
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Limitation In Areal Extent of Aqgaregated Fields

Episode aggregation is semi-empirica (i.e. partly dependent on data) because the weighting
factor fiedds needed to combine ADOM episode predictions are determined from
meteorologica and air-quaity measurements a sations. In order to create gridded weighting
factor fields from scattered station measurements, a horizontd interpolation technique caled
kriging was used (e.g., Finkelstein, 1984; Federov, 1989; Schaug et a., 1993). The only
limitation of this approach is that kriging can only estimate vaues within the confines of the
convex hull (the area that is defined by drawing connecting lines between every pair of dations
and then deleting dl interior lines) determined by the geographic distribution of measurement
dations on the periphery of the measurement network. Hence the spatia coverage of the
ADOM-aggregated annud fidds is condrained by the spatid coverage of the historical factor
fields determined from kriged station measurements, even though the “raw” ADOM:-predicted
fields cover the entire ADOM domain (e.g., Figure 2avs. Figure 59).

Hour-To-Day-To-Episode-To-Annual Processing

ADOM outputs hourly fields of concentrations and depositions. A set of scriptsis then used to
produce firgt a st of dally filds from ADOM hourly output fieds, then a set of 3-day episode
fields from three sets of daly fidds and findly, usng the gridded weighting factor fieds
described above, a set of annual concentration and deposition fields is produced by weighted
averaging. The aggregation equations used for this last sep are described in Environment
Canada (1997).

M odd Performance and Wet Deposition Calibration

ADOM performance has undergone extensive evauation, both operationd and diagnogtic, and
has been discussad in a number of publications, including Macdonad et d. (1993), Li et 4.
(1994), Moran (1998), and Environment Canada (1997). As reported in the last document (p.
2-180), for a comparison of ADOM predictions of annua wet SO, deposition in eastern North
America againg station measurements for the period 1986-90, “... the linear regression line has
a slope of 1.00, a yintercept of 0.3 kg ha® (i.e, a dight postive modd bias), and an R
correlaion coefficient of 0.73. Only two points lie outsde the factor-of-2 lines” Thisisavery
good result relative to the performance of other regional acid deposition models.

In addition, following Environment Canada (1997), an adjustment was performed in order to
minimize the impact of datidicd fluctuations resulting from the reatively smdl number of
episodes sampled to represent the full range of meteorologica conditions contributing to the
long-term transport and chemical climatology of eastern North America. The ADOM annud
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wet SO,- deposition fidd estimated by aggregeation for each future-year scenario was mulltiplied
by the ratio of the observed 1986-1990 mean annua wet SO,- deposition field to the predicted
annud wet SO,~ deposition field for the ADOM 1989 base-case smulation (a procedure
equivaent to multiplying the observed fidld by theratio of the future-year to base-case predicted
fidds). This procedure has the advantage of making use of available observations to augment
modd predictions. It dso emphasizes ADOM'’s prediction of relative changes as opposed to
absolute changes for different scenarios. It is worth noting that U.S. EPA guidance for ozone
and PM attainment modelling recommends this same approach, and refersto the ratio of model-
predicted scenario to modd- predicted base case as rel ative-reduction-factor fields.

Critical-L oad Exceedance Calculation

As noted in Section 1, the environmental measure used to evaluate ADOM-predicted future-
year depogtion fidds for sustainability was the sulphate-depostion critica-load field for eastern
Canadian aguatic ecosystems developed during the 1990 acid-deposition science assessment
(RMCC, 1990). The sulphate-depodtion critica-load field for eastern Canada is shown in
Figure 4 plotted on a 42.3-km-by-42.3-km, grid (cf. Fig. 3.1 of Volume 2 of the 1997
Canadian Acid Rain Assessment report [Environment Canada, 1997]).
13
9

I8
Unknown

Figure 4. Plot of wet-sulphate-depostion critica-load fidd for Canada a 5% lake-
sacrifice leve in units of kg SO, ha* yr* (from Environment Canada [1997] and based
on RMCC [1990]).

20
16

14

To identify areas with wet SO, deposition critical-load exceedances, thet is, deposition values
larger than critical load, the predicted scenario annua wet SO, deposition fidd (in units of kg
SO, ha* yr!) on the ADOM 127-kmby-127-km grid was first horizontally interpolated to the
higher-resolution, 42.3-km-by-42.3-km critica-load grid by bilinear interpolation. The critical-
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load field was then subtracted from the scenario wet SO, deposition field for each scenario.
Any postive vaues correspond to areas where the wet SO, deposition is predicted to remain
higher than the critical load for the same area.

Note that the impact of acid deposition depends on tota deposition, that is, on the sum of both
wet and dry deposition. Dry deposition is still amuch more difficult quantity than wet deposition
to measure. In developing the critical-load field a decade ago, dry deposition was accounted
for in a crude way by dividing the critica-1oad SO, total-deposition value by 1.15, based on the
assumption that dry SO, deposition is equal to 15% of wet SO, deposition (eg., Jeffrieset d.,
2000). Note, too, that a lake sacrifice level of 5% was assumed in caculating these aguatic-
ecosystem-based critica-load vaues, thet is, the criticd-load vaue is the tota SO, deposition
that can be sustained or tolerated by 95% of area lakes.

6. Results

A plot of a cdibrated wet SO, annud deposition patterns is shown in Figure 5. The first panel
shows the predicted patterns corresponding to the current HLFO scenario, whereas the second
panel shows the wet SO, annua depostion pattern for the ADOM 2010 scenario
(“CCUSA2": see Table 1). The CCUSA2 scenario serves here as a nominal “base” scenario,
since the new scenario consders further emission reductions relative to 2010 emission levels

Figure 6 shows the difference between the cdibrated wet SO, annua deposition pattern for the
ADOM 2010 (or “CCUSA?2") scenario and the current HLFO ADOM scenario.

Figure 7 shows the percentage difference between the cdibrated wet SO, annua deposition
pattern for the ADOM 2010 (“CCUSA2") scenario and the current HLFO ADOM scenario.

Figure 8 shows the wet SO, deposition critica-load exceedance fields or critica-load “ gaps’
for eastern Canada in units of kg SO, ha* yr*. Those regions of eastern Canada predicted to
be in exceedance for the new emissions scenario have tota SO, depositions greater than can be
neutralized (as noted in Section 5, dry deposition has dso been taken into account in a rough
way in developing Figure 4). Negative numbers indicate deposition vaues less than the critical-
load plotted in Figure 4, that is, sustainable acid deposition levdl.

The difference between wet SO, deposition critical-1oad exceedance fields (units of kg SO, ha*
yr!) for CCUSA2 and HLFO SO, emission scenarios is shown in Figure 9.
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Figure 5. Plots of cdibrated wet SO, annud deposition patternsin units of
kg SO, ha* yr* for (a) HLFO and (b) CCUSA2 ADOM SO, emissions scenarios.
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Figure 6. Plot of difference between wet SO, annua deposition fields (units of kg SO, ha* yr?)
for CCUSA2 and HLFO SO, emission scenarios.
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Figure 7. Same as Figure 6, but for percentage difference (%).
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Figure 8. Plots of wet SO, deposition critica-load exceedance fields (units of kg SO,
ha yr!) (@) HLFO and (b) CCUSA2 ADOM SO, emissions scenarios.
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Figure 9. Plot of difference of wet SO, deposition critical-load exceedance fidds (units
of kg SO, ha* yr'") for CCUSA2 and HLFO SO, emission scenarios.
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A plot of ambient near-surface SO, ar concentration patterns is shown in Figure 10. The firgt
panel shows the predicted patterns corresponding to the current HLFO scenario, whereas the
second pand shows ambient SO, concentration pattern for the ADOM 2010 scenario
(“CCUSAZ": see Table 1). Again, the CCUSA2 scenario serves here as a nomina “base”
scenario, since the new scenario consders further emission reductions relative to 2010 emisson
levels.

Figure 11 shows the difference between ambient near-surface SO, air concentration patterns
for the ADOM 2010 (or “CCUSAZ2") scenario and the current HLFO ADOM scenario.

Figure 12 shows the percentage difference between the ambient SO, patterns for the ADOM
2010 (“CCUSA?2") scenario and the current HLFO ADOM scenario.
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Figure 10. Plots of ambient near-surface SO, annud ar-concentration patternsin units of ng SO,
m*for (a) HLFO and (b) CCUSA2 ADOM SO, emissons scenarios.
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Figure 11. Plot of difference between ambient SO, annud fidds (units of ng M) for the
CCUSA2 and HLFO SO, emisson scenarios.
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Figure 12. Plot of percentage difference (%) between ambient SO, annud fields for the
CCUSA2 and HLFO SO, emission scenarios. The map was enlarged over the impacted area.

Atmospheric Research and Moddling Consultants



Emissions-Scenario Smulations Usng ADOM January 31, 2002
Contract No. KM 155-01-0225 Peage 26

7. Discussion and Analysis

The implemented emisson reductions conditute about 9% of the totad SO2 emitted over
Canada (i.e., 180 vs 1,939 Ktonnes yr™). The emission reductions are rdatively smal on
domain-scale (i.e., 180 vs. 14,385 Ktonnes yr™), on the other hand, and constitute about 1% of
the tota SO, emitted over the domain. However, the impacts of the emisson reductions are
locdlized and large because the reductions are concentrated in Maritimes. The decrease of 4
8% in wet SO, deposition (Figure 7), corresponding to 0.25-0.75 kg ha (Figure 6), is
aufficient to impact on critica-load gaps in the Maritimes. The size of the area of eastern
Canada in exceedance of critica load is summarized in Table 2 for the reference (CCUSA2)
and the current (HLFO) ADOM SO, emisson scenarios.  As discussed in Environment
Canada (1997), this quantity is one possble metric for comparing different scenarios
quantitatively. The contribution that emisson reductions make to wet SO, depostion in
Ontario, Quebec and in the Maritimes is suggested by the differences between Figures 8a and
8b. There is a small decrease (~1.4%) of the land area in exceedance in Quebec and in
Newfoundland and L &brador.

Table 2. Eastern Canadian land areain exceedance of wet SO, critical load for ADOM
CCUSA?2 and HLFO SO, emisson scenarios.

Area (x 1,000 knt)
Scenario Nominal Year Ontario Quebec New Nova Nfld & All Eastern
Name Brunswick  Scotia Labrador Canada
CCUSA2 2010 204 406 9%5 82 4 791
HLFO 2010 204 399 9%5 82 0 780

The sze of the area of eastern Canada in exceedance for different threshold levels (same as in
Figures 8 and 9) of critica load is summarized in Table 3 for the reference (CCUSA2) and the
current (HLFO) ADOM SO, emission scenarios. Also, the tota eastern Canadian land area
where exceedance of wet SO, critical load was reduced from above 1 kg SO, ha* yr* to
below 1 kg SO, ha' yr* for the ADOM HLFO SO, emisson scenario as compared to the
ADOM CCUSA?2 scenario was 37,634 kn'.

Table 3. Eastern Canadian land area (in 1,000 kn) in exceedance of wet SO, critical load for
ADOM CCUSA2 and HLFO SO, emission scenarios for different thresholds.

Exceedance threshold (kg SO, ha’yr™)

Scenario Nominal
Name Year 0-2

N

-4 4-6 6-8 >8
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CCUSA2 2010 290 246 125 81 50
HLFO 2010 308 229 122 73 48

The smulated emission reductions resulted in an 8-28% reduction in ambient SO, concentration
in the Maritimes and a 2-6% reduction from Toronto to Montred as shown in Figure 12. The
decrease in ambient SO, concentrations would aso result in a decrease in fine particul ate matter
(PM2.s), of which sulphate particles are a Sgnificant fraction in eastern Canada (up to 40%: see
Environment Canada, 2001), and thus result in improved hedlth conditions (eg., Environment
Canada, 2001).

8. Conclusons

The impact of the proposed reduction to sulphur content in HFO and LFO resulted in SO,
emissons reduction of 180 Ktonnes yr in eastern Canada, but the reductions were
concentrated in the Maritimes.

The resulting changes in wet SO, deposition and ambient SO, concentration were largest in the
Maritimes. The reduction in ambient sulphate concentration was on the order of 2% in southern
Ontario, 6% around Montred, and ~28% in the Maritimes, where up to 40% fine particulate
mater is made up of sulphate. These changes are dominated by the local emisson reductions
and asmdl decrease in long-range transport from Ontario and Quebec.
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Appendix A — Scenario Scaling Factors

Table Al. Scenario scaling factors used in ADOM scenario implementation for Scenario
HLFO.

Province ID | Scenario Scale

Factor
Saskatchewan 1 1.0000
Manitoba 2 1.0000
Ontario 3 0.7832
Quebec (*) 4 0.8041
New Brunswick (*) 5 0.0000
Nova Scotia/PEI 6 0.4896
Newfoundland 7 0.3875
us -1 1.0000

(*) The jurisdiction of ADOM grid point (24,23) was re-assigned from Quebec to New
Brunswick so that the New Brunswick Power Commission Generating Station a Dalhousie,
located near the southern edge of this grid cdll, would be scaled properly.

Note that the scenario scaling factors are complements of the reduction factors. for example, for
a21.68% reduction, Ontario SO, emissions are scaled by 78.32%.

Appendix B — Point-Sour ce-Specific Emissions Values

The SO, emissions used in the reference scenario (*CCUSAZ2") for the three New Brunswick
generating stations that use HFO, Courtenay Bay, Coleson Cove, and Dahousie, were 3.6,
21.3, and 43.4 kT y*, respectively. As shown in Table B1, emissions from these three sources
were reduced by 3.6, 21.3, and 28.0 kT y*, respectively, for the new HFO/LFO ADOM
scenario. SO, emissons for Tufts Cove Generating Station in Nova Scotia had aready been
st to zero in the reference scenario, so these were not changed for the new scenario. Note that
two smokestacks are consgdered for Dalhousie Generating Station.

Table B1. Changes made to individual Canadian mgor point sources.

ADOM Source Name Emissions Scaling
Record ID
3425 Courtenay Bay GS, N.B. Emissons set to zero
3428 Coleson Cove GS, N.B. Emissions set to zero
3426 Dahouse GS, N.B. Eev=Eoiq * 0.6452

Atmospheric Research and Moddling Consultants




Emissions-Scenario Smulations Usng ADOM January 31, 2002
Contract No. KM 155-01-0225 Page 32

| 3427 | Dahousie GS, N.B. | Enew=Eqa* 06452 |
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Table C1 was compiled from Tables 2.5 and 3.6 of the discussion paper by Tushingham and
Bdlamy (2001). It includes the net contributions to each region of internationd exports but not
the contribution of inter-regiona transfers within Canada.

Table C1. SO, emission levels based on production of HFO and LFO per region.

Current SO, Emissions 1% HFO/1000ppm LFO Scenario Difference
(tonnes yr'l) (tonnes yr'l) (tonnes yr'l)

REGION | HFO LFO HFO+LFO HFO  LFO HFO+LFO HFO  LFO HFO+LFO
Atlantic 146,346 3,144 149489 53227 1,784 55011 93119 1,354 94,475
Quebec 54,174 6,944 61,114 34696 2,067 36,763 19478 4,871 24,355
Ontario 60,180 4,864 65,044 25082 1,63 2671 35098 3,224 38,326
Prairies 13,926 4 13,926 8415 4 8415 5511 4 5,511
B.C. 2,686 124 2,810 1245 124 1,369 1,441 c 1,441
CANADA 277312 15,072 202384 122665 5611 128276 154,647 9,461 164,108
Table C2 was congtructed from Tables 2.1 and 3.1 of Tushingham and Bdlamy (2001) usng
the sum of sdes and refinery consumption in the course of the production process as a
consumption surrogate.  These figures account for production and net imports within each
region, induding both inter-regiond and internationa trangport, and hence better reflect regiond
SO, emissons from HFO and LFO combustion within each region.

Table C2. SO, emission levels based on consumption of HFO and LFO per region.
Current SO, Emissons 1% HFO/1000ppm LFO Scenario Difference
(tonnes yr'l) (tonnes yr'l) (tonnes yr'l)

REGION | HFO LFO HFO+LFO HFO  LFO HFO+LFO HFO LFO HFO+LFO
Atlantic 170309 4,007 174,408 61931 1,164 63094 108379 2,93 111,311
Quebec 59435 8,689 68124 38069 1,203 309362 21,366 7,3% 28,762
Ontario 49455  56% 55,152 20617 958 21579 28838 4,739 33,577
Prairies 1,446 123 1,569 874 26 0Q 572 97 669
B.C. 28,100 2 28,102 13,024 c 13029 15076 1 15,077
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CANADA

308,746

18,606 327,352
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134515 3441 137,956 174231 15,165 189,394
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Appendix D — Literature Review and Guideto ADOM L egacy

ADOM - Development

The Acid Depostion and Oxidant Modd (ADOM) was developed by a US consulting
company ERT (Environmenta Research and Technology), under a contract to severd
governmentd  agencies. the Ontario Minisry of the Environment (OME), the
Umwe tBundesamt of West Germany, and Environment Canada (EC).

The firgt verson of the model was released in February 1986. A User’s Guide was provided
(Scireet al., 1986).

Saire, J.S, FW. Lurmann, P. Karamchandani, A. Venkatram, R. Yamartino, J. Young, and J. Pleim,
ADOM/TADAP user’s guide, ADOM/TADAP Mode development program, Volume 9, ERT,
1986.

The chemicd mechaniam in the origind mode was based on work published by Lurmann et
al. (1986).

Lurmann, F. W., A. C. Lloyd and R. Atkinson, A chemical mechanism for use in longrange
trangport/acid deposition computer modeling, J. Geophys. Res., 91, 10905-10936, 1986.

Initid mode testing and evauation was carried out by researchers from the origind  model
development team and summarized by Venkatram et al. (1988).

Venkatram, A., P. K. Karamchandani and P. K. Migra, Testing a comprehensive acid deposition
modd, Atmos. Environ., 22, 737-747, 1988.

Subsequent modd improvements were carried out by severa groups of researchers at
Environment Canada and the Ontario Ministry of the Environment.

Research on parameterization of dry deposition was carried out by Padro et al. (1991, 1993)
at EC and resulted in severd modifications to the dry deposition module in ADOM.

Padro, J., G. Den Hartog and H. H. Neumann, An investigation of the ADOM dry deposition
module using summertime O; measurements above a deciduous forest, Atmos. Environ., 25, 1689-
1704, 1991.

Padro, J., K.J. Puckett, and D.N. Woolridge, The sengtivity of regiondly averaged G, and SO,
concentrations to ADOM dry deposition velocity parameterizations. Atmos. Environ., 27A,
2239—2242,1993.
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Research on sulphate chemistry and wet deposition was carried out at OME Misra et al.,
1989; Fung et al., 1991, 1992).

Misa PK., R. Blaxam, C. Fung, and S. Wong, Non-linear response of wet deposition to emissions
reduction: amodd study. Atmos. Environ., 23, 671-687, 1989.

Fung, C. S, PK. Miga, R. Bloxam, and S. Wong, A numericd experiment on the relative
importance of H,O, and O; in agueous conversion of SO, to SO*,. Atmos. Environ., 25A, 411-
423,1991.

Fung, C,, R. Bloxam, PK. Misa, S. Wong, and D. Yap, Evauating the comprehensve modd
ADOM with data from three seasons. OME Report PIBS2064, Ontario Ministry of the
Environment, Toronto, Ontario, 64 pp., 1992.

Further research on sulphate production and in-cloud chemistry was caried out by
Karamchandani and Venkatram (1992).

Karamchandani, P.K. and A. Venkatram, The role of non-precipitating clouds in producing ambient
sulfate during summer: results from smulations with the Acid Deposition and Oxidant Model
(ADOM). Atmos. Environ., 26A, 1041-1052, 1992.

An extensve modd overview isincluded in an Environment Canada (1997) report.

Environment Canada, 1997 Canadian Acid Rain Assessment, Volume 2, Atmospheric
Science Assessment Report, Supply and Services Canada, 302 pp., 1997.

ADOM - Performance Evaluation

Modd peformance evaduaion and intercomparison with another comprehensve acid
deposition modd, RADM (Regiona Acid Depostion Modd: Chang et al., 1987) was carried
out by severd groups a OME and EC.

ChangJ S, R. A.Brog, I. S. A. Isaksen, S. Madronich, P. Middleton, W. R. Stockwell and C. J.
Walcek, A three-dimensiond Eulerian acid deposition model: Physical concepts and formulation, J.
Geophys. Res,, 92, 14681-14700, 1987.

ERP, Eulerian Modd Evauation Fidd Study (EMEFS): Report of the Fourth Meeting of the
Externa Review Pand. Draft report, May 25-27, Niagara-on-the-Lake, Ontario, Caneda, July, 18
pp. [Available from ARQP, Atmospheric Environment Service, Downsview, Ontario], 1994.

The Eulerian Modd Evaduation Fidd Study (EMEFS) dso provided an opportunity for
evauation of different components of ADOM using surface data by Sirois et al. (1995) and
Moran (1998).

Srois A., M.P. Olson, and B. Pabla. The use of spectrd analysisto examine mode and observed
O; data. Atmos. Environ., 29, 411-422, 1995.
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Moran, M.D., Operationd evauation of ADOM seasond performance with surface datafrom the
Eulerian Modd Evauation Fidd Sudy. Proc. 10" AMSAWMA Joint Conf. on Applications
of Air Pollution Meteorology, Jan. 11-16, Phoenix, Arizona, American Meteorologica Society,
Boston, pp. 404-408, 1998.

Modd evduation with vertical measurements was carried out by Macdondd et d. (1993) and
by Hoff et d. (1995).

Macdondd, A.M., C.M. Banic, W.R. Lesitch, and K.J. Puckett, Evauation of the Eulerian Acid
Deposgition and Oxidant Modd (ADOM) with summer 1988 aircreft data Atmos. Environ., 27A,
1019-1034, 1993.

Hoff, RM., R.E. Mickle, and C. Fung, Vertica profiles of ozone during the EMEFS | experiment in
southern Ontario. Atmos. Environ., 29, 1735-1747, 1995.

Modd evauation for severa species using principa component andlysis was carried out by Li
et al. (1994).

Li, S-M., K.G. Anlauf, HAA. Wiebe, JW. Bottenhem, and K.J. Puckeit, Evauation of a
comprehensive Eulerian air quaity modd with multiple chemical species measurements using
principa component anaysis. Atmos. Environ., 28, 3449-3461, 1994.

ADOM - Episode Aggregation

Work on episode aggregation was carried out by Brook et al. (1995a,b). Episode
aggregation is a semi-empirical approach that utilizes a set of short-term ADOM smulations to
esimate concentration and deposition fieds for annua and longer time periods. Episode
aggregation goproach is used in generating ADOM emissons reduction scenarios.  The
gpplication of episode aggregation in ADOM s described in Environment Canada (1997).

Brook, JR., P.J. Samson, and S. Sillman, Aggregation of sdected three-day periods to estimate
annua and seasond wet deposition totas for sulfate, nitrate, and acidity. Part . A synoptic and
chemica dimatology for eastern North America. J. Appl. Meteor., 34, 297-325, 1995a

Brook, JR., P.J. Samson, and S. Sillman, Aggregation of sdected three-day periods to estimate
annud and seasond wet deposition totas for sulfate, nitrate, and acidity. Part II. Selection of
events, deposition totals, and source-receptor relaionships. J. Appl. Meteor., 34, 326-339,
1995h.

Environment Canada, 1997 Canadian Acid Rain Assessment, Volume 2, Atmospheric
Science Assessment Report, Supply and Services Canada, 302 pp., 1997.
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ADOM - Applications and Assessments

Application of ADOM to different emission reduction scenarios was carried out over the years.
A lig of seventeen ADOM scenariosis given in Table 1. Results of ADOM scenario smulations
are described in severd of the reports. Also, resuts from ADOM smulaions were used in
severd of the assessment reports listed below.

AETG, Towards A National Acid Rain Strategy. Report submitted to the National Air Issues
Coordinating Committee by the Acidifying Emissions Task Group, Environment Canada, 98 pp.,
Oct. 1997.

ARM Conaultants, Emissions-scenario smulaions using the Acid Depaosition and Oxidant Modd,
Report prepared for the Canadian Council of Minigters of the Environment Inc., 53 pp., October
2000.

Environment Canada, 1994 Annual Report on the Federal-Provincial Agreements for the
Eastern Canada Acid Rain Program, Cat. EN40-11/29-1994E, ISBN: 0-662-23665-3,
Environment Canada, 14 pp., 1994.

[Seedso website http:/Amww.ec.ge.calpdb/pdb_er.html]

Environment Canada, 1997 Canadian Acid Rain Assessment, Volume 2, Atmospheric
Science Assessment Report, Supply and Services Canada, 302 pp., 1997.

Environment Canada, 1997 Annual Report on the Federal-Provincial Agreements for the
Eastern Canada Acid Rain Program, Cat. EN40-11/29-1997, ISBN: 0-662-63700-3, ISSN:
0846-3964, Environment Canada, 5 pp., 1998.

[See dso webgte hitp:/Amww.ec.gc.calpdb/pdb_er.html]

Environment Canada, Precursor contributions to ambient fine particulate matter in Canada, Cat.
EN56-167/2001E, 1SBN:0-662-30650-3, 237pp., 2001.
[Seedso webste http://www.msc-Smc.ec.gc.calsab)

RMCC (Federd/Provincia Research and Monitoring Coordinating Committee), The 1990
Canadian Long-Range Transport of Air Pollutants and Acid Deposition Assessment
Report: Part 4— Aquatic Effects, 151 pp., Federd/Provincid Research and Monitoring
Coordinating Committee, Environment Canada, Ottawa, 1990.

ADOM - Emissons

Generation of modd emissons files from US and Canadian inventories is described in
ORTECH (2000). In addition, Canadian emisson inventory is described in Dedlauriers
(1996). However, the model emissions files for 1985 and 1988 generated for ADOM were
documented in some internd MEP and ORTECH reports and the corresponding inventories
were described in two EPA reports (1989a,b).

Dedauriers, M. Canadian emission inventory of criteria air contaminants (1990). Environmental
Protection Service Report EPS 5/AP/7E, Environmenta Protection Service, Environment Canada.
Ottawa, 75 pp., 1996.
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ORTECH, Preparation of 1990 North American emissions inventory modeling files for AES
regiond ar quaity modds, Report 10193 (find) by Canadian ORTECH Environmenta, 298 pp + 6
gppendices, 2000.

U.S. EPA, The 1985 NAPAP emission inventory (version 2). Development of the annual
data and modelers' tapes, Rep. EPA-600/7-89-012a, United States Environmenta Protection
Agency, 692 pp., Tech. Info. Serv., Springfield, Va, 1989

U.S. EPA (United States Environmentd Protection Agency), Aerometric Information Retrieval
System (AIRS) User's Guide, Office of Air Qudity Planning and Standards, Research Triangle
Park, N.C., Dec. 1989b.
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