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understanding, or the results of ongoing assessment studies become available.
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early 1982. Other transboundary air pollution issues will also be included in

these reports.

Dept. of External Mf_airs
Min. des Affaites extérieures

N L yoon
s - @

RETURK TO QEFARTNENTAL LISRARY
RETOURNER A LA BIBLIOTREGCE BU “IIISTERE




U.S. DEPARTMENT OF COMMERCE .
National Oceanic and Atmospheric Administration
ENVIRONMENTAL RESEARCH LABORATORIES

B HEH

JAN 1 4 vl
D. L. Hawkins R. M. Robinson
Assistant Administrator ” Assistant Deputy Minister
for Air, Noise and Radiation Environmental Protection Service
” U.S. Environmental Protection Agency Environment Canada
Washington, DC 20460 . Ottawa, Ontario

Canada K1lA 1Cs8

Dear Méssrs. Hawkins and Robinson:

We are pleased to transmit under cover of this letter the
final interim report of Work Group 2 kAtmospheric Modeling) as
required by ouf terms of reference and work plan. We believe that
this report satisfies, ip a scientifically responsible manner, our
Phase I objectives. |

Sincerely,

Lester Machta,
U.S. Chairman, R
‘Work Group 2

i HHEBEHEE

Wor—"

Howard rguson
‘Canadian Chairman
Work Group 2 i

cc: S.E. Ahmad
E.G. Lee

10TH ANNIVERSARY 1970-1980

National Oceanic and Atmospheric Administration

A young agency with a historic
traditian of service ta the Nation




rrrrrrrrrl

WORK GROUP 2

ATMOSPHERIC MODELLING
INTERIM REPORT




SUMMARY

As outlined in the Memorandum of Intent, the Atmospheric
Modeling Work Group was charged with describing the transport
of air pollutants from their sources to final deposition,
especially deposition in sensi£ive ecological areas. The
first phase of the work has been completed with the submission
of this report. The overall purpose of the report is.to
describe the development ofrstate-of—the-art, source-receptor
relationships based on available model results and measured
deposition values from monitofing‘networks., Though this
exercise-is in a preliminary stage, it is believed that the
activities of the Group have produced the best available
information to guide transboundary air pollution control
strategies in both countries.

Several models have been developed in both canada and
the U.S. which could be used for long-range transport studies.
The Group decided to use only models that met certain criteria.
In general, the models had to be fully operational, numerically
practical, flexible enough to include new data and other such
factors. Features of the individual models are reviewed in
this report. '

The long-range transport models selecﬁed for intercom-

parison in this report have several important features. These

models use emission and meteorological data, and meteorological,




chemical and empirical parameters to calculate the transport
of a given pollutant to a sensitive area. To date the models
have been successful in describing sulfur deposition on an
annual basis. Hydrogen and nitrate ion deposition, two impor-
tant factoré in acid rain, have not yet been successfully
incorporated in the models. Initial source-receptor relaﬁion-
ships for sulfur have been determined using model calculations.

If the models are to be useful to satisfy the require-
ments of the Memorandum of Intent, a quantitative relationshié
between pollution emissions and depositiod in sensitive areas
must be established. To do this, a transfer matrix approach
has been adoptedf Theoretically, by using this method, a
change in a source strengﬁh can be tied to a change in the -
deposition amount of the given pollutant in a sensitive area.
Preliminary transfer matrix results are discussed in this
report, but these results are subject to future dﬁanges,
possibly significant, as modeling techniques are refined.
.Though preliminary in nature, the report sets up the needed
framework to produce a more accurate transfer matrix during
Phase II. .

In order to check the accuracy of the models, field
measurements of the deéosition from the existing monitoring
networks in both countries are required. At present, wet

deposition/acid rain is being measured reasonably well.
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Dry déposition, an important factor in ecological effects, can
not yet be measured on a routine basis. Existing deposition
data will be used to evaluate the selected models utilized by
the Group throughout its Phase II effort.

Though the long-range tranéport models do have restfictions
on their usefulness, they are an important and possibly the
only guide to establishingisource receptor relationships.

Thei; further deQelopment and intéfcomparison will be an

ongoing activity of the Gréup.in Phase II.
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Chapter 1

INTRODUCTION

The Atmospheric Modeling Work Group was established under
\ ) : ' i
the Memorandum of Intent in order to provide information, based

on cooperative atmospheric modeling and analysis of monitoring

network and other data, which would lead to a further under-

standing of the transport of air pollutants between source

regions and sensitivg areas. In addition, the Group was to . /
prepare proposals for the "Reséarch, Modeling and Monitoring"”

element of an agreément. The Terms of Reference of the

Group and Work Group membership are contained in Appendices'

1 and 2, respectively.

The purpose of this Phase I report is to provide as

complete a response as possible to all the scientific and

technical areas identified in the Terms of Reference and as
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specified in its approved work plan. During Phase I the

Work Group has devoted its efforts to:

(1) Preparing a work plén for the first two phases;
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(2) identifying required inputs from and outputs to i
other Work Goups:;

(3) Developing data bases and analytical methods which
will be required in subsequent work:

(4) Developing preliminary source-receptor relationships

based on-available modeling results which can be

utilized in Phase II by other Work Groups; and




(5) Developing a glossary of terms which all Work Groups

can use (see Appendix 3). :
During Phase II, the Work Group will:

(1) Endéavor to evaluate several selected models against
available monitoring data sets and to intércompare further
these models and their results with one another:

(2) Review‘the sciencé of atmospheric transport and
deposition of pollution in order to understand better
the applicability and limitation of available models to
predict the response in ambient pollutant concentrations
and deposition rates to changes in emission rates; and

(3) Review and improve the source-feceptor relationships

. to be used in the Phase III Work Group effort.
In this regard it is expected that some revision of designated
sensitive areas and soﬁrce areas to be used following Phase II
will be accomplished by the appropriate Work Groups during
Phase II.

Many édvaﬁces in understanding the regional and long-range
iransport of air pollutants have been gained in recent years, in:
large part due to an expansion of basic research efforts coupled.
with the development and use of large mathematical models to
integrate available scientific information. Even so, it is not
possible to describe fully all aspects of &ir pollution transport
on a regional or continental scale. Cohsequently, many simpli-

fications have been made in the analyses of results presented

g ' s




in this report. A major effort will be made during Phase II
to review available research results, both published and
unpublished, in order‘to'specify4more precisely the validity
and range of uncertainty thaﬁ characterize the methodologies
utilized and results presented in this and subsequent reports.

Although many substances may undergo transboundary atmos-

" pheric transport and have harmful effects upon either the

atmosphere or surface receptors, acid deposition is the
phénomenon of primary concern for the first two phases of our
WQrﬁ Group activities. As a consequence, highest priority
has been given to the study of oxides of sulfur and nitrogen,
the main‘precursors of acid precipitation. During this first
phase, emphasis has also been placed on the development of the
"transfer matrix" concept. ‘It is this application of estéb—
lishing quantitative relationships between sources and éensiﬁive
receptors for which-mathematical models are uniquely suited,
and the development of useful; comprehensible display of this
information is of great importénce. ‘

This first report is struétured to follow closely the terms
of referepce'for the Group. The following two chapters describe
the role of models in the particular application at hand, and
those models which’haveibeen selected for use in Canada and the
Unifed States. In Chapter 4 source region and sensitive area

development and the source-receptor matrix concept are presented.

The fifth chapter,'perhaps the most important of this Phase I
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report, presents source-receptor matrices from the five models
for a variety of concentration and depositionrparameters.
Although these results are of a preliminary nature, they
provide a good indication of the values and limitations of
the approach, as well as some first'estimates of the relative
importance of various sou;cé regions. Chapter 5 will form
the basis for refinements in Phase II, and for the work of
Work Groups 3A and 3B. Chapter 6 is a brief survey of avail-
able field data, which provide valuable comparisons for the
modeling results. The final chapter of this report, "Con-
clusions, Recommendations., and Work Plan", is of a preliminary
nature, but does chart the future coufse of action of cthe
Work Group. It is .intended that the Phase II report will
primarily be an elaboration uéon this Phase I report; for

this reason the report structure will remain the same, with

upgrading of information and additions being made as necessary.

\ .




A large amount of reference material is available for the

modeling work described in this report.

Research Consultation Group on'the Long Range Transport of Air

This work draws

. heavily upon what was accomplished in the Canada-United States

Pollutants as described in their recent reports.* Complete

documentation of the models used herein is available, as are

references to much other modeling work underway at the present

time.

* Altshuller, A.P. and McBean, G.A., 1980. Second report
of the United States-Canada Research Consultation Group
on the Long-Range Transport of Air Pollutants. U.S.

State Department, Canada Department of External Affairs,

November 1980, 40 pp.

Smith. L.F. and Whelpdale, D.M., 1980. Atmospheric

Transport and Deposition Modeling:
and Recommendations. Report to the United States - Canada
Research Consultation Group on LRTAP.

123 pp.

These two reports can be obtained from:

LPO Office,

Atmospheric Environment Service

4905 pufferin Street
Ontario,

Downsview,

Canada M3H5T4

Inventory, Analysis

December 1980,

Program Integration and Policy Staff, RD-681
U. S. Environmental Protection Agency
D.

Washington,

c.

20460
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Chapter 2

THE ROLE OF MODELING IN THE DEVELOPMENT OF EMISSION CONTROL

STRATEGIES

|

Goals

Work Group 2 will provide several major putput preoducts
to Groups 3A and 3B. One'éf these, a review of exﬁerimentally
obse;ved atmoépheric loadings forrhydrogen'and sulfate ion,
is discussed in Chapter 6 of this report. These lcadings
will be used by Group 3B as the starting pointrfor planning
strategies to reduce ldadings in sensitive areas. A second
major output is the transfer matrices (i.e., source-receptor
relationships) for acid-deposition-related species. These
matrices will be the major tool which Groups 3A and 3B will
employ to develop strategies for the control of acid deposition
species and precursors. Chapters 2 through 5 of this report
discuss the development of ihese matrices in some detail in
order that the present and future utility of this tool is
well understood. |

What is a Long Range Transport Mocdel

Before intfoducing the concept of a transfef matrix,
the concept of modeling in general will be reviewed.

A model is essentially a description of physical or
chemical processes in the language of mathematics. Relation-

ships between the variables df the system being modeled are




replaced by logical connections or equations in the mathematical
model. The model can be used to study4the ¢ompiex cause-effect
relationships by well defined rules of mathematics. The long-
range transport (LRT) model is a combination of submodels

of the physical and chemical processes involved iﬁ long-range
trahsport of various species under consideration. In order

to keep the computing effort manageable, the submodels of a

LRT model are often simplified by parameterization. This

means that the LRT model may not reflect the degree of under-

standing we actually have of long-range transport. However,
it is generally believed that the errors introduced by ’
parameterization are not significant when the model outputs-
are averaged over time scales of the order of several months.

The basic components of a LRT model are

(15 A submodel for the transport of pollutants;

(2) A submodel for the chemical transformations of the

pollutants to other (secondary) pollutants; and
(3) A submodel for the wet and dry removal of primary

and secondary pollutants as they are transported.

The main inputs to an LRT model are

(1) Emission inventory of pollutants;

(2) Meteorological data such as wind speed, precipitation,

boundary layer height and solar radiation;
(3) Ground cover data on the region of interest. This data

might include variables such as surface roughness,
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vegetative cover, type of surface (land, water),
etc.; and

(4) Parameter values.

The precise nature of the input data requirements is a function
of the complexity of the long-range transport model and i£s
application.

' The main uses and advéntages of LRT models include the
folléwing:

(l) A model is a vital component of data interpretation.
For example, parameters such as the oxidation rate of
SO, to particulate-sulfate .material can be inferred
by fitting model results to measurements. "

(2) A model can be uéed to interpélate between monitqred
observation points. This application is important
in the computation of deposition over an area covered
by a limited number of monitors.

(3) A model is an invaluabie tool in the'planning of
large scale field experiments and in the design of
monitoring networks. Sensitivity studies can be
done to determine the relative importance of physical
variables to be measured. Also, simulations can be
used to estimate the optimal location of monitors.

(4) The computer simulation is the only way to estimate

the relative contribution of mahy different source

areas to the deposition at a receptor of interest.
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For this last aéplication, the contributions £o the depositions
or ambient concentrations at a series qf receptor areas of
interest from a series of specified source regions can be
displayed conveniently in matrix form. This format of presen-
tation is called a "transfer matrix"” because each element of
the matrix expresses, quantitatively, the physical relatiénship'
between a spécified receptor area and a specified source area
for the species and variable’of interest. One can thus relate
source to recéétor, or "transfer" the effect of a change at
source to the receptor. The matrix elements can be made
independent of source strength, but they are functions of

the chemical species, the variable chosen, and the averaging
time used.

A transfer matrix is a convenient format in which to "dis-
play changes in concentration or deéosition patterns, corre-:
sponding to various emission reduction scenarios. Details
of the use of the transfer matrix are given in Chapter 4.

The impacts of emission reduction scenarios depend upon the
formulation of the matrix, and the matrix in turn is only
valid within the limitations 6f the LRT model used in its
construction.

Present Limitations of ﬁRT Models

Our incomplete understanding of the physical and chemical
process involved in long;range transport as well as limitations

on computing resources prevent us from constructing a “"perfect"




model. The necessary simplifications introduced inﬁo most
available models will lead to errors in model outputs.
Those areas in which simplifications are most likely to
affect model results and which afe currentl& being improved
are l |
(1) The relationship between tﬁe Ht ion and precursor
sulfur compounds, especially SO5;
(2) The characterization of the nitrogen-oxidants cyclé
in connection with H* ion; and .
(3) The representation of the wet removal of pollutants
via scavenging processes during rain or snow events.
The availability, accuracy and resolution of field‘
measurements alsou limit both our ability to make reliable
model predictions (when the data are used as model inputs)
and our ability to assess the degreé of uncertainty in model
outputs (when the data are used for comparison purposes).
In addition, the evaluation of model simulations of total and
dry deposition are difficult bécause dry deposition cannot

yet be measured reliably.

Typically, on an annual,ﬁasis, model estimates and reliable

field observations are expected to agree to within a factor of

two. It is expected that this range of uncertainty will be

narrowed in the future.



The above discussion points out the need for caution
when using small differences in model results as a basis for
choosing between alternaté emission reduction scenarios.

For example, a small percentage difference in the deposition
contribution from two source regions could not be considered
significant; similarly, a small percentage difference at the
same receptor using different emission scenarios could not be

considered significant.

Phase I Transfer Matrices

In PhasesVII and III, LRT model limitations will_be
critically analyzed in terms of current research, and it is
expected that some limitations will be removed, and others
quantitatively defined. While the "transfer matrices" given
in this report must not be used as "final" in the strategy
development exercise, it is the opinion of this Work éroup
that the present matrices can be used by Groups 3A and 3B to
begin to consider the major elements of strategies which
will alleviate excessive acid deposition. The present
matrices can be considered to be qualitatively correct,
based on evaluation work done-to date by the various modeling
groups. Only by having information (albeit qualitative)
begin to flow among all the parties concerned in strategy
development, can the entire process begin to function in an

integrated fashion.




Chapter 3

SUMMARY OF SELECTED MODELS

Types of Models Available

| . .
There are two basic types of LRT Models: Lagrangian

(trajectory) and Eulerian {(grid).

A Lagrangian Model séives the conservation equations in
a coordinate system fixed to each moving air parcel.

An Eulerian Model solves the conservation equations in
a fixed cdordinate,system throuéh which air masses are advected
-and diffused. The computation points are usually arranged in
a fixed grid.

All models are then variations of these two basic
aéproaches. One can have, for example, a statistical Laéran-
gian model or an analytical Eulerian model, the choice being
made by the modeler to allow a certain form of output or to
use a given form of input data.

The basic types of LRT models can be applied to both
short-term (multi-day episodgs) and long-term (monthly,
seasonal, and annual) simulation periods, and outputs of both
can be displayed as point values, areal values, or gridded
values.

Work Group 11 decided that the annuai time period should
be the primary focus for-modeling source-receptor relation-
ships and fluxes for Phases I and II due to the large amount

of preparatory work required to provide adequate shorter time




period modeling results. A survey of modeling groupsr(see
Appendix 4) revealed that there are about fifteen active
modeling efforts in the U.S. and Canada and that thevmajority
of the models are of the Lagrangian type and have been applied
to monthly-to-annual time periods. The gffort on Eulerian

and episode type models has increased during the past yeaf,
providing more balance in the overall modeling effort.

Discussion of Models Selected

The models selected for this exercise fulfilled several
important critéria, namely:
(1) They are fully operational;
(2) They are numerically practical;
(3) They éan be éxpanded as the knowledge base'increaées:
(4) They éan be‘used over the geographical and temporal
time scales of interest; and ‘ |
(5) They have each been at least partially evaluated
throﬁgh compa:ison with measurements.
Two regional air quality simulation models developed in
. Canada and three deveLoped in the United States were selected
for Phése I. It is conceivable that additional Canadian
and/or U.S. developed models coﬁld be added to or replace
this initial group of models as a result of the Phase II
work effort. Appendices 4 and 5 summarize current North
American modeling efforts and describe more fully those

models used in Phase I analysis.




AES-LRT Model

The Atmospheric Environment Service of Canada (AES) has
developed and applied a Lagrangian box model to simulate
ambient concentrations and deposition pa;terns‘of'sulfur
throughout eastern North America (Olsonvet al., 1979). The
AES-LRT model is based on trajectories, at approximately 600
meters above the éurface, which are calculated from each
designated receptor four times a day using analyzed winds on
the staﬁdard numerical weather predicton grid covering North
America. As the air parcels folloQ the trajectories towards
the receptor bointé, sulfur dioxide emissions {1976-1980),
mixing heights and precipitation amounts along the path aré
determined from gridded arrays. The transformation and
- deposition processes are parameterizedblinearly. The concen-
trations at eaéh receptor are combined to form daily, monthly,
and annual average concentrations and depositions. Aan
evaluation of the model is being conducted using measured
data from several American and Canadian networks for 1978.

OME-LRT Model

The Ontario Ministry of the Environmenti(OME) has developed
and applied a simple statistical model to simulate long term
ambient concentration and wet deposition pétterns on a regional
scale for eastern North America.(Venkatram et al., 1980). The
dispersion and removal of pollutants and the required meteoro-

logical parameters in the OME model are specified in terms




of the statistics of these physical processes from wind and
precipitation data. The source emission inventory corresponds
to the year 1977. The OME model estimates compare quite
favorably to measurements of annual wet deposition taken from
Canadian and U.S. networks for 1977. Thé OME model also has
been used to calculate the relativé contribution from U.S. and
Canadian S05 emission.sources to the sulfur concentrations

and wet deposition over eastern North America.

ENAMAP-1 Model

SRI International has developed a trajectory-typé regional
air quality simulation model (Bhumralkar et al., 1980). This
model calculates monthly and annual average concentrations )
and ary and wet depositions of SO and SO4. The basic element
of the ENAMAP-1l model is the emissiéﬁ of puffs of S04 at equal
time intervals from all source areas. The puffs are assumed.
to be well mixed in the horizontal and vertical and to be
transported by the mixed layer wind field. -

The wind field is determined by objective analysis of
available upper-air observatiéns approximately 1500 m above
mean sea level. Removal and transformation of the pollutant
mass is treated linearly. |

SO, emissions from the SURE program were used in ENAMAP-1
model simulations. The months of January, April, August, and

October 1977 were chosen for model evaluation.
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ASTRAP Model

The Argonne National Laboratory has developed the Advanced
Statistical Trajectory Regional Air Pollution Model (ASTRAP)
under the MAP3S Program for simulating regional sulfur concen-
trations and depositions on a mébnthly and annual basis
(Shannon, 1980).

The ASTRAP model takés a statistical approach to long—térm

regional modeling rather than a day-by-day simulation technique.

The ASTRMP model is based on the assumptidn that for long-period

averages, i.e., oné month or longer, horizontal and vertical
dispersion proéesses can be separated.

The_loné term horizontal dispersion of individual puffs
is represented by dispersion statistics. Vertical dispersion
is simulated by numerigally integrating the standard one-
dimensional diffusion equation to a height of 2100 m.

The transformation and dry deposition processes are
linearly parameterized. The wet deposition is a one-half power
relationship of precipitation rate. 1In the ASTRAP Model,
seasonal and daily variations- in all parameters are taken
into account. A wind field‘is developed from National Weather
Service (NWS) data at 1000 metres in the winter and 1800
metres in the summer.

. Preliminary model runs have been made in the eastern
United States and Canada using 1974 and 1975 meteorological

data. The emission inventory (MAP3S) consisted of both point




and area sources emissions in the eastern United States and
Canada. Thé model fesults were then compared with measure-
ments from the SURE data network for 1977 and 1978.
RCDM Model

The Regional Climatological Diséérsion Mbdel (RCDM) of
Teknekron Research, Inc., .(TRI) is an application of the basic
model developed by Fay and Rosenzweig (1980). Analytical
solutions to the éoupled diffusion equations for sulfur
dioxide and sulfate concentrations are found through the use
of simplifying assumptions. The horizontalveddy diffusivity
and conversion and removal rates are uniform in space.

The Tﬁl formulation.of RCDM attempted to apply temporal
and spatial averaging of the wind data sufficient to eliminate

most of the detailed fluctuations while presefving the mean

transport field that results from a large number of trajectories.
The compromise utilized was to create a seasonal and annual
resultant wind vector for eacﬁ emission1cell (state, province
l or subunit thereof) by averaging availéble upper air wind data
for the eastern U.S. and soutﬂeastern Canada (Niemann,'et
al., 1980).

The conversion andiremoval pafameters used ih the RCDM
are the same as those used by Fay and Rosenzweig from the
literature with an annual mixing height of 1000 metres. The
RCDM uses a simple deposition velocity technique to calculate

dry and wet depositions of sulfur dioxide, sulfate and total




sulfur. The RCDM has been evaluated against historical ambient
data and current sulfur dioxide and ambient sulfate and wet

sulfur deposition data.

Discussion of Input Parameters Used

‘i?l Table 3-1 outlines the parémeter values for the meteoro-
logical and chemical processes used in these models.

The sulfur dioxide transformation rate to sulfate is

,gi set at 1%/hour in most models with some seasonal variability

allowed.

-

The sulfur dioxide ary depbsition velocity for the Canadian

models and ASTRAP is set near 0.5 cm/s and double that for

RCDM and ENAMAP. The sulfate dry deposition velocity used

varies from 0.05 cm/s (OME-LRT) to 0.4 cm/s (ASTRAP) with

most models using 0.1 cm/s.
The parameterization of wet removal shows the greatest

variability. Some models use percentage removal as a function

of rainfall rate (with 100% removal occurring at rates ranging

from 0.67 to 14 mm/h), while others use a constant removal

rate during precipitation (with 100% removal occurring in

27.6 to 2.8 hours).




TABLE 3-1. REGIONAL MODEL PARAMETER VALULS FOR FASTERN NORTH AMERICA TRANSPURT SIMULATIONS

PARAMETER RCDM ENAMAP - 1 ASTRAP OME ALS
§0, transformation 2.4 x 10° £ 1.0 biurnal Cycle 1.0 1.0
rate Sumer 1.1
{$/hour) Winter 0.55
S0, dry deposition o.83 b 1.0 Sumer 0.4 (avqg.) 0.5 0.5
(1.7 x 105)9 :
velocity Winter 0.25 (avg.)
{am/s)
=
50, dry deposition - 0,63 P 0.2 Summer 0.4 (avg.) 0.05 0.1
velocity
(an/s) Winter 0.25 (avg.)
S0, wet removal rate (1.2 x 10%)9 28p(t) @ 100(h/4)/ 2 h <4 P
{$/hour) 10.8 € 30,000 ©
50, wet removal rate (1.6 x 10°)9 (L) @ 100 th»>ab
($/hour) 36 © 850,000 €
Mixing depth (m) 1000 winter 1150 up to 2100 (10 levels) 1000 Climatological 4
. by month
Spring 1300 (mean = 1200w)
: Summer 1450 ‘
wind Data resultant 80 x 80 km grid, 191 x 191 km grid, ‘long temm objectively-
average representative I/r2 wind analyzed at
vector wind grid square ' statistics 4 levels on
field, average analyzed to grid 3/l x 381 km
- — Ox = UyT grid -
U= 3.2n/s U = 0.75 Ugsamp points <
= T
— . - . ’ m
8 =265 True 8 = 8y5q,, ~15
% Uy, = 10 /s
Vo = 6 /s
(1977) (1975) (1978)

4 Precipitation rate, P(t) in mm/hr.
b precipitation rate, h, in mn/6 hr.

C Scavanging ratio

d pased on Fortelli (1977) & Hblzworth (1967)

Function of average length of wet and dry periods
(applies during wet period only)
£ (hemical conversion time scale (secons)
9 Total wet and dry depletion time scale (seconds)

h pry and wet conbined




The wind data varies from long-term statistical to 6-
hourly, objectiveiy analyzed fields* on grids ranging in
size frem 80 km x 80 km to 381 km x 381 km. Mixing depth
varies from climatological arrays through actual calculated
values (from upper air ascents) to fixed values between 1000-
1500 metres.

Appendix 5 gives a more detailed description of each of
the five selected models and a summary of some preliminary

comparlsons with measured data.

* Objectlve analy51$ routines varlously use inverse-square
averaging, arithmetic averaging within a grid square, and
a 3-dimensional data assimilation scheme that incorporates
hydrostatic and height-wind balance routines.
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SOURCE REGICN AND SENSITIVE AREA DEVELOPMENT AND TRANSFER 7 ;

MATRIX OPERATION

The application of LRT models to the development of
quantitative relationships between pollution source areas and
sensitive feceptor areas in{the form of transfer matrices
requires the idenﬁification of apéropriate,geographical

groupings of sources and the identification of sensitive

TN ——

receptor areas.

The transfer matrix application is immediately amenable
to control strategy development in that manipulation of source
contributions to sensitive areas is easily carried out.

Because control strategies (i.e., emission limitations or

‘reductions) would most likely be implemented on a state or

sub-state basis in the U.S., and on a province or sub-province
basis in Canada, a thoughtful geographical aggregation of
sources or grid elements on such a basis is required for
model calculatiods.

This need was recognizéd early in the EPA/DOE Acid Rain
Mitigation Study (ARMS) when areas from the 80 km x 80 km
SURE emission grid were aggregated into 60 larger areas
which approximated state and provincial areas or represented

selected areas thought to be sensitive to acid deposition.

These 60 areas were constructed to reproduce total state




S0, emissions and boundaries as closely as possible. A table
that compares the state and grid-aggregate SO, emission totals
along with percentage differences is presented in Appendix

6. In most cases differences were less than + 15% and the
largest was 32%.

For the present application the SURE grid has been expanded
(from 30 x 36 to 40 x 42 élements) to the north and east to
include more of southeastern Canada. The expanded grid is
now includes 63 aggregated SURE areas (see Figure 4.1), ten
of which have been selected to represent major sensitive
areas. The total SO, emissions in the SURE inventory for
the eastern U. S. are thought by EPA to be too high and this
situation is presently being reviewed By comparing the SURE
SO, emissions for the utility sector with those computed
using the EPA AIR-TLST program. As a result of this review,
revisions in the U.S. emissions inventory are likely to
occur during Phase II.

In Phase I and planned Phase II activities, U.S. and
Canadian modeling efforts have used different grid systems
and areas to generate source-receptor (transfer) matrices.
Canédian efforts, similarly based upon the aggregation of
sources, have resulted in the deliﬁeation of 11 regions.
Because of this difference, the 11 Canadian fegions, which
are based on an aggregation of sources on a 127 km x127 km

polar stereographic grid, were projected onto the 63 U.S.
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Figure 4.1l:
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Map of eastern North America showing the two

sets of geographical regions used in Work Group 2
modeling. Light and heavy (solid in Canada;
slashed in U.S.) lines outline regions used by
U.S. and Canadian models, respectively. U.S.
aggregate SURE grid regions are identified by 2
or 3 character alpha-numeric labels (light), with

-sensitive areas having 'SA' as the first two

characters. Canadian-model source regions are
identified by large numbers, in boxes in the U.S.
and, in circles in Canada, and sensitive areas are
identified by small numbers in circles. (See
Appendix 6.)




areas, which are based on the 80 km x 80 km Transverse Mercator
grid. This projection was necessarily done in an approximate
way and some mechanical difficulties and uﬁcertainties still
exist in relating the 11 Canadian regions to the 63'U.S. areas.

SO, emissions in the 11 Canadian regions and in the 63
U.S. areas are given for comparative purposes in Appendix 6.
In addition, a c0mparisonfwas made between SO, emissions
used in the Ontario Ministry of the Environment (OME) and
the A£mospheric Environment Service (AES) models. Basically,
the OME model used emissions thaﬁ were about 80% of the
total emissions used in the AES model for the 8 regions in
the U.S., while the emissions used for the 3 regions in
Canada were approximately equivaleﬁt;

It is expected that early in Phase II, Work Group 2

will be provided with an "agreed" and "unified" Canada/U.s;
emissions data base which will be made évailable to all
participating modeling groups. Such a common inventory
could be expected to lead to improved égreement in model

results.
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i{ The Work Group will develop a common basis for specification

‘o of source and sensitive areas during Phase II for use in the

. development of refined transfer matrices for application in

= Phase III and beyond. This effort will be coordinated with
other Work Groups as appropriate for their particular areas
of responsibility.

The specification of sensitive areas is primarily the

responsibility of Work Group l, in coordination with Work
Group 2. However, in order to.commence modeling work, Work
Group 2 chose sedsitive areas that had been previously B
identified in the work of ARMS and of the RCG. -

The Canadian sensitive receptor areas, which are actually
specified as points by latitude and longitude coordinates,
and the ARMS sensitive areas are listed iﬁ Appendix 6. Six
of the 9 Canadian receptor areas fall within the 10 ARMS
sensitive areas; two of the Canadian receptor areas are
close to ARMS sensitive areas; and two of the ARMS sensitive
areas are not included in the Canadian list (Arkansas and
Florida). The ARMS sensitiv; areas were purposely selected
to include at least several SURE grid squares (usually 4)
and to include areas in which adverse ecological impacté
from acid depositioh had been detected or were considered

probable. (The principal reason for selection of each of

the 10 ARMS sensitive areas is provided in Appendix 6).




For future work during Phases II and III Work Group 2
expects that Work Group 1 will provide a list of candidate
sensitive areas together with their sehsitivities and target
sulfur deposition objectives. It is expected that ﬁany of
these sensitive areas will coincide wifh.those already selected
for initial analysis.

The development of quantitative relationships between
the sources and receptors identified above is an application
for which LRT models are uniquely suited. Specifically,
this entails computing how much pollution, in terms of
concentration or deposition, arrives at a specified recepﬁor
area from a variety of source regions. This infofmation can
bé presented in matrix form for all parameters of interest,
as absolute values, percentages, or normalized values.

Mathematically, the transfer matrix concept may be
expressed as

Dy = £34 Q4 |
where Dj is the deposition (or concentration) of the parameter

of interest at receptor 'j':“Qi is the strength of source 'i':
and fij is an element of the transfer matrix which describes
the relationship between the two. The LRT models ére uéed
to determine the transfer matrix, examples of which are
presented in Chapter 5.

Ah.important future application would involve the estima-
tion of the reduction in Dy (concentration or deposition)

due to a reduction in emissions Q;. Examples of the manipu-

lations which can be undertaken with the relationship include:




(1) The maximization of the reduction in deposition

with given constraints on emission reductions.

(2) The minimization of the cost of emission reduction

given constraints on the‘déposition reduction.

These applications are dessribed in more detail in
Appendix 7. “

Because of the large amount of data to be handled in
transfer matrix operations and due to the complexity of the
operations themselvés, an integrated transfer matrix processing
system is under development. This system will be accessed
by Work Groups 3A and 3B duringiPhase II and beyond in order
to provide thé rapid-response analyses required to support
the negotiations following Phase II. The integrated matrix
processing system has been designed to handle a variety of
inputs and to provide the specific outputs needed by Work
Groups 2, 3A, and 3B. At present the integrated processing
systém consists of five computer programs which forﬁatf
intercompare, plét, and manipulate the matrices. It is
expected that the integrated matrix processing system will
be refined and that the operations in program five (least-cost,
source-recéptor optimization) will be specified by Work Group 3B
in Phase II. This systeﬁ is described in more detail in

Appendix 7.
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Chapter 5

SOURCE-RECEPTOR RELATIONSHIPS

Introduction

Sevefal long-range transport models are currently avail-
able for predicting sulfur deposition and for developing source-
repector relationships; these were deséribed in Chapter 3.

No models are currently availablerfor predidting either
acidity or nitrate deposiéion.

| Eastern(North America éan'be divided up in a variety of
ways for purposes of source-receptor modéling as described

in Chapter 4. In the United States many modelers have used a
basic 80 km grid with the cells aggfegated into 63
geographical éreas, The ASTRAP and ENAMAP models have been
run using the original ARMS 60 areas to produce a 60 by 60
transfer matrix. Of particular interest in the present
context is the impact of individual or combined source areas
on the ten areas designated as sensitive receptor areas.

At a later date when other potential effects (e.g. on agri-
culture or.buildings) are being considered, different sets of
receptor areas may be considered.

The Canadian.approach Has been to aggregate into 11 large
source regions, 8 U.S. and 3 Canadian, and 9 receptor areas.

Most of the receptor areas selected are the same as those

used by the U.S.




The source-receptor relationships

a) United States Models I

The results of running the three u.s. models are contained ' ‘%;{ff
in separate computer print-ocut files on a 60 by 60 matrix. The ]
matrices are to be consolidated into the eleven source areas ‘$‘%“f

used for ﬁhe Canadian models. These matrices also can be
reduced in size by selecting out the columns representing:thé
sensitive receptor areas from the set of all 60 areas. The gt}}
values are to be presented in the same threg ways discussed
below for the Canadian models.  £r
For the purpose of illu;trating their use, a selected
portion of one of the U.S. 60 x 60 matrices is shown in

Table 5.1. The three largest U.S. emission source regicns f7 

(Southefn Chio, Southern Michigan_énd Southern Indiana) and’
the iargest Canadian emission source région (Sudbury) were © ‘ff
chosen, and 10 of the 60 regions were selected as receptors
because of their known sensitivity to acid deposition. Bdl

This resulted in the 4x10 matrix shown in Table 5.1, :f -
and its use can be illustrated as follows. . If one is inte-
rested in the impact of a given source,’for example S Ohio, iE&
one reads down the column heé&ed_"46 S. Ohio" and the annual |
deposition of sulfur at each receptor is given. Conversely, _ f§'
if one is interested in tﬁe contribution'to a given receptor
area, for example Adirondack, one reads across the row headed

"8 Adirondack”. 8 §

T




Table 5.1 Total Annual Sulfur Deposition as
Computed from the ASTRAP Model (Kgsha~l yr-l)

{
Selected Major Source Areas

| 45S. Ind. | 46 S. C4n | 49 S. Mich. | 55 Sudburv
Sensitive Receptor Areas } ‘ ASTD { AST : AST } AST
2. New Hampshire : 0.63 } 1.3 } 1.6 } 1.0
8. Adirondack % 0.91 } 2.0 } 2.5 } 1.3
15. Pennsylvania } 2.3 : 9.0 } 2.8 : 0.15 .,
25. S. Appalachia ‘ = 2.2 = 2.2 : 0.17 : 0.01
" 33. Florida ‘ 0.08 ' } 0.06 { 0.01 { 0.0
39. Arkansas \ = 0.38 } 0.15 } 0.06 } 0.0
$3. Boundary Waters ‘ 0.11 % 0.11 ; 0.20 { '0.01
56. Ontario } 1.1 } 2.0 } 5.1 } 6.4 »
58. Quebec = 0.61 } 1.1 : 2.2 l 3.5
1. S.N.S.3 E 0.43 E 0.88 E 1.1 i " 0.83

8 Sulfur deposition in Southern Nova Scotia sensitive area assumed
same as for Maine.

P annual average: computed from winter and summer months.

T —— T mT————



b) Canadian models

The results from the Canadian models are presented in
Appendix 8 in 11 x 9 transfer matrices; for each model annual
values of each of the following five variables are given:

(1) ambient Sozlconcentrations‘
(2) ambient SO4 concentfations‘
(3) dry-deposition of sulfur
(4) wet deposition ofrsulfur
(5) total deposition of sulfur
In eacﬁ case information on the variable is presented
in three Qays: )
(1) normalized to a unit emission‘from each source
: ‘ (2) as a percentage contribution from each soufce
(3) as an abéolute value
This gives a total of 15 tables so that there is maximum
flexibility in how the results can be used. To provide an
example, and to illustrate the use of source-receptor matrices
for the Canadian models, Table A8-10 from Appendix 8 is |
reproduced below as Table 5-2; While the sensiti&e receptor
areas maﬁch fairly closely thase used by the U.S. modelers, the
source regions differ and are much'larger. Thus, a direct
comparison cannot be made between the results presented in
Tables 5-1 and 5-2.

Table 5-2 is used in exactly the same way as Table 5-1.
For example, if one is interested in the impact of a given
source region such as Ohio, one reads across the row headed

*3. Ohio"“.
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Example of transfer matrix from Appendi

Total annual sulfur deposition

Table 5.2
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Conversely, the contributions at a given receptor such as
Muskoka can be seen by reading down the column headed
"Muskoka" .

A comparison of the predictions of the two”Canadian
models showsAthat, whilst they agree reasonably well with
each other, the AES model generally preéiéts larger values
than the OME model- for the absolute values and the emission-
normalized values in TablesrAB-i through A8-10.

Comparison of matrix outputs with each other and observations

Each of the models discussed in this-Chaéter has been
compared with observations as described in Apbendix 5."But,
since the obsérvations consist only of the deposition or
ambient concentration at a monitoring station due to all
sources, there is no way that each of the dontributions in
the matrices can be directly verified. Howevéf, the total
contribution of all sources at each receptor predicted by
the models can bé compared with the observations. If these
do not agree, then clearly there is no justification for
using the models further. If the predicted and observed
deROSitions do agree reasonably well, then in the absence of
any evidence to the contrary, it can be assumed ﬁhat the

individual contributions in the matrices will probably also

be realistic.




Table 5.3 - Comparison of the predicted annual wet deposition
of sulfur (kgSha-lyr-1) from selected LRT models
compared to the measured values

Model predictions®*

=

{
]
| Canadian | United Statest| OCbserved
Sensitive Areas } MOE ! AES }ASTRAP RCDM ! Values**
I ! § ]
1 Boundary Waters | 2.6 l.1.5 | < 5% 5 | 6
2 Algoma | 4.7 110.4 | 10 17 | 10
3 Muskoka | 7.1 117.6 | 22 20 | 18
4 Quebec - Montmorency | 5.9 ] 9.0} 15 13 | 20
S Southern Nova Scotia | 6.8 1 5.9 | 5 6 | 12
6 New Hampshire { 7.9 113.1 1 15 13 | 9
7 Adirondack - Whiteface | 8.3 |15.7 1 19 18 | 12
8 Pennsylvania - Penn State | 17.2 |33.5 | »25 26 | 19
9 Southern Appalachians | 7.4 l16.7 | 9 18 | .12
10 Florida | | | ¢5 8 | 9
11 Arkansas { : { <5 10 : 9

* Modeled values include wet depositibn 0of S0 and S04 expressed as S.

** See Table 6.1

+ Uncertainty due to limited number of isopleths of model predictions.

t+ Final ENAMAP and ASTRAP results were not available when the report

wag finalized.

In Table 5.3, the variations: among the model predictions

are immediately obvious and are due to many diffences such

as: the variations in emission inputs; the differing meteo-

rology in the years chosen to run the models; the differences

in the values chosen for SO; to SO4 conversion rates and

wet and dry deposition. Resolution of these differences will

be the subject of a detailed model intercomparison by Work Group 2

as part of Phase II.




The most detailed and re;iable deposition observations
are for the wet component. The results presenfed’in Chapter 6
for the estimated wet deposition rate at the sensitive sites
are compared in Table 5.3 with the predictions of the models
obtained from Appendix 8, Table A8-9, and from the U.S. model
outputs. ' 4

For many of the sensitive areas, the predictions of the
two Canadian models agree with the observations reasonably
well, with the AES model tending to errpredict and thekMOE
model tending to underpredict. .

We recognize the importance of advising the reader about
the confidence with which one can make use ofrthe transfer
‘matrices in this chapter and Appendix 8. These matrices
have not yet been thoroughly verified or intercompared, so
that it is difficult tbo assign a quantitative measure of
uncertainty to the matrix elements. The differences among
model estima;es-for individual matrix elements are perhaps
the best indicationAof the unceftainty in these values at
the present time.  On the whole, the matrix elements repre-
senting trénsport between ﬁéjof source areas and those receptor
areas within reasonable transport range of the source areas
are in relatively good agreement across the models. Where
obvious differences exist, efforts have been igitiated to
determine the cause for disagreement. These efforts are
expected to help us understand the reasons for most of the

major differences before the end of Phase II.




(EE s aSeESsSsEeRmEessassR=o

In the meantime all the model results must be regardea

as preliminéry. The results are presented here primarly to

~indicate the type of information and the format that can be

provided for use by others. The results also give some useful
indications, or trends, regarding the relative importance

of various source regidns on the sensitive receptor areas
presently of interest. But at this £ime the absolute values
of the numbers in the matrices sﬁduld not be given too much
impdrtance and certainly the results'of any one model should

not be taken in preference to the others. It is expected that

Work Group 2 in Phase II and beyond will provide "best estimates"

of the values in matrices based on the results of all models,
and that other Work Groups will still be advised not to use

results of individual models as definitive.
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Chapter 6

MONITORING

Whether needed for the study of atmospherié transport or
ecological and other effects, the measurement of atmospheric
pollutants and precipitation composition and deposition is
a vital aspect of understanding iong-range transpért and
acid rain. Modeling research and applications require ground
truth measurements'with wﬂich calculations can be compared.
Ecological and other impact studies require the amount of
atmospheric input to relate quantitatively loadings to effects.
A multistage monitoring pfogram is a necessity to understand
both the transport and chemistry in air and their trends as
well as the ecological consequences of atmospheric deposition.

In addition, during future Phases, two potential
applications of monitoring networks will require eValuation.
These are the possible use of monitoring networks to assess
the efficacy of control strategies, and the possible use of
meteorological and air quality networks as a supplemental
paft of control strategies.

Monitoring, at least of ‘the chemistry of precipitation,
has not been consistently maintained in North America.
European scientists began a large international network in
tﬁe mid-1950's which -has been continued more or less intact
to the present. Only in recent years have limited commit-
ments been made to long-term monitoring in Cénada and the

United States.
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Precipitation chemistry monitoring networks in Canada
and the United Statés are of three types:rglobal béckground,
national trends and research support. The small number of
global background sites are located in remote areas where
tﬁere is little or no local or even regional péllﬁtion.

Such sites include American Samoa, Barrow, Alaska, and others.
.These stations idehtify lahg—term trends in the globgl spread
of pollution.

Currently the national trends networks measure thé
composition of precipitation and wet deposition using wet-
only coliectors for both atmospheric and ecological purposes.
They are long-term, country-wide, national'networks: the
Canaéian Network for.Sampling Precipitation (CA&SAP), and the
National Atmospheric Deposition Program (NADP), a cooperative
program involving several U.S. agencies. Several other
networks with similar objectives, including those of the

Tennessee Valley Authority, EPA Region V, the Ontario Ministry

~of the Environment and the Great Lakes Precipitation Chemistry

Network, are more regionally oriented.

Other networks, such as those of the Electric Power
Research Institute (ERPI),'of the Multi-State Atmospheric
Power Production Pollution Study (MAP3S), Ontario Hydro and
the Air and Precipitation Monitoring Network (APN), fall
into the third category - research support networks. They
are designed primarily to support studies in atmospheric

transport, chemistry, and modeling.
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As a result of the increased activity in monitoring during i

the last five years, a combined set of data for North America
is now emerging from the Canadian and U.S. networks. Combining
several network data sets from 1976 to 1979, Figure 6.1 shows
a mapvof hydrogen ion (H?) deposition‘over the North American
continent (Wisniewski and Keitz, 1980). The 50 and 10 mg m~2
lines represent approximately 4.3 and 5.0 pH lines, respectively.
The map shows iargé acidic depdsition in the northeastern part
of the United States and southeastern part of Canada. It
has been postulated that the geographic extent of increasing
rain acidity is spreading toward the southeast and midwest
with all states east'of.ﬁhe Missisgippi River now réceiving
some degree of rain acidity. Some west-coast sites in both
countries also show relatively large hydrogen ion depositi@n
based on recent measurements. | |

Since it will be some time before models will be able to
calculate hydrogen ion depositiqn, the sulfur deposition
values in precipitation may be the best data for comparison
with model results. A map of the wet deposition values of
sulfur for 1977 in eastern Narth America is given in Figure 6.2.
(Galloway and Whelpdale, 1980). The problem of comparing model
reéults with such data is obvious in view of the complekity of .
the deposition field;‘ Deposition fields of other substances
(e.g., nitrate and ammonium ion) are also necessary for a more

complete description- -of the acid deposition phenomenon. In



Figure 6.1 :
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Mean annual hydrogen ion (H*) deposition in
precipitation for period 1976-1979 (mg m=2 y-1).
Deposition values are derived frém mean pH and
mean annual precipitation. Adapted from

Wisniewski and Keitz (1980).
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Figure 6.2 :

Wet deposition of sulfate (504) in preéipitation
in eastern North America for 1977 (g S m~2 y-1).

Adapted from Galloway and Whelpdale (1980),
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any given year deposition patterns could be quite different .

from a long-term average due to variations in meteorological

parameters, such as the wind and precipitation fields.
Bésides the natural variability of ﬁ?ecipitation chemistry,
the methods used to collect, transport, store, and analyze
samples contribute to possible errors in the final data. The
isopleths shown in Figures 6.1 and 6.2 were baéedlon data from
networks with different measurement techniques. Also, the

level of quality assurance varied from network to network.

With these considefations in mind, a rough estimate of error
for individual data points used in the figures and for values
in Table 6.1 can be made of hydrogén deposition to be‘as high
as +50% énd of sulfur'debosition to be as high as +25%. As
better quality assurance technigues are aﬁplied and a large.
" statistical base established,. error estimateé can be refined.
-One of the goals of this Canada - ﬁ.s. study is the
quantitative evaluation of transport of matérial through the
atmosphere and deposition on sensitive areas. The amount of
wet deposition to sensitive areas can be estimated from recent
monitoring déta collected since 1977. Sohe such estimates of
annual wet deposition of hyqrbgen and sulfate ion to specified
sen;itive areas are given in Table 6.1l. As a more extensive
record of measurements is compiled, both our confidence
in average annual deposition values and our awareness of

possible deviations of individual yearly values will increase.
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Table 6.1 Estimated annual wet deposition of hydrogyen
and sulfate ion to specified sensitive areas.
These data must be considered preliminary. Errors

in H and S04 values are estimated to be as high

as +50% and +25%, respectively.

Sensitive Area*

Annual Wet Deposition

ut
(my H m~2y~1)

504
(g IS m—zy—l) * %

Béundary Waters

Alyoma

Muskoka.

Quebec -~ Montmorghcy
Southern liova Scotia

New Hampshire

Adirondack - Whiteface
Pennsylvania -~ Penn State U.
Southern'Aypalachians
Florida

Arkansas

10
30
70
40

30
50

50
90
60
30
30

(o]
L] L
(oo} =)

L] - [ ] *
[\%) (=]

© O o O = N =
L] L ]
W VWV NV N W

* See Figure 4.1 and Appendix 6 for sensitive area locations.

** 1o convert sulfate loadiny expressed in terms of S

(as shown in table) to lo

multiply by 3.

ading in terms of SOg4,




Seasonal and monthly deposition values may vary widely because
the amounts deposited depend not only on the varying composi-
tion of the rain but also on the highly variable amount of
rain that falls.

The measurement of the dry deposition compoﬁent is at
present not possible because there exists no generally accepted

A

method for routine monitoring of dry deposited material.
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- Chapter 7

CONCLUSICONS, RECOMMENDATIONS, AND PHASE,iI WORK

Conclusions

R I OB S Mmoo B oen oA

Work Group 2 has reviewed the modeling, monitoring and
research aspects of the atmospheric beha§ior of acid-forming
pollutants, particularly sulfur, bétween their source regions
and deposition areas. The role, capabilities and applications
of selected transport models from both Canada and the U.S.
have been described. As a part of the Phase I work, "first
cut" transfer matrices to describe source-receptor relation-
ships have been construcﬁed by the Group.- Comparisons of
model resﬁits»were made with deposition data collected by
networks in both countries.

The‘following are the major conclusions of the Group

(1) The source-receptor matrices obtained to date are
of aﬁ interim nature, and must be viewed as only a
first attempt to quantify relationships. Revisions
and refinements will be made in the transfef matrices
during future Phases:

_(2) Monitoring data of high quality are crucial for the
evaluation of models, and, at present, significant
uncertainties exist in these data. The continuation
of existing monitoring networks, and of strong quality
assurance programs are essential to ensure that valid
monitoring'data will be available for future in-depth

comparisons with model calculations.




(3)

(4)

Recommendations . N

The above uncertainties notwithstanding, the results

from the models and the mqnitoring networks which
have been presented can serve for the initial develop-
ment of pollution control stratagies.

A strong research and development effort is essential
for the continuing upgrading of routine modeling>and
monitoring activities, and for the further develop-
ment of a sound base of scientific knowldge for the

agreement.

The first set of recommendations pertains to matters
requiring consultation or clarification among the various

Work Groups. Work Group 2 recommends that:

there be contihhing consultation with Work Group 2
regarding the uses, results, and significance of
the Phase I transfer matrices;

a common glossary of terms be developed to insure
uniformity of technical language in all Groups

(see Appendix 3 to this report):

common units of measurement be used, preferably the
SI (Internétional'System) ﬁnits:

field, analysis, and interpretive activities of
Work Groups 1 and 2 be coordinated, as far as‘

possible, in order to gain maximum benefit from

the efforts invested.




The second set of recommendations is directed to clarifying

aspects of Phase II (and beyond) work. We recomrmend that:

the relativg importance of hydrogen and sulfate ion
deposition,‘as a measure of damage, be exaﬁiﬁed and
resolved, as far as possﬁble at this time;

kéy atmospheric parameters, from an effects point of
view, be identified;

the urgency/importance of investigating nitrogen

oxide deposition be discussed and resolved, as far

as possible at this time:;

the need for investigating the various.time scales
of adverse effects from acid deposition, and
associated Work Group l priorities, be_established;
the priority of considering the long-:angé transport
of other materials (e.g., metals, §ynthetic organics,
particulates) be established;

tﬁe need to model past emissions and deposition of
sulfur and other species be reviewed, in view of

the paucity and uncertainty of pasﬁ data, and the

likelihood of a poor return for our efforts:

the number and type of emission scenarios to be run

in future Phases be clarified:
the name of Work Group 2 be changed to "Atmospheric
Sciences and Analysis Work Group" to reflect more

accurately our charge;




The third set of recommendations are more general in
nature and concern the broader aspects of the acid deposition

problem.

the following be added to our terms of reference:
" - evaluate and employ availabie field measurements,
monitoring data and other information;";

a critical path analysis of tasks and information
needs be completed by the,Coordinaiing Cemmittee'or

Work Group 3A and distributed to ensure a coordinated

effort;

We recommend that: ' S .

a long-term commitment be made by governments to

tﬁe operation of national and reéional precipitation
chemistry networks, specifically CANSAP and NADP,
with increased effort and resources being allocated
to quality assurance/control.and data analysis/
interpretation aspects;

efforts be made to develop more comprehensive
depesition information, including that on gitrate
and ammonium ion, alkaline constituents, and dry
deposition;

communications within and coordination of scientific
programs in the two countries continue and be
enhanceﬁ. (The structure for this exists: MOI
Work Groups provide the near-term reporting function;
the RCG is structured to provide a longer-term

coordination function; and the NAS-RSC panel can

be expected to provide the important review function.)
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Phase II Work

The work plan of Work Group 2, prepared during Phase I,
cutlined the major tasks of the Group and their timiﬁg.
Table 7.1 shows, as a bar graph, a slightly revised'set of
tasks and timing for Phase II and beyond.

In order to proceed in Phase II with a number of its
tasks, Work Group 2 requires, in addition to those items
identified as recoﬁmendatioﬁs, several specific inputs from
other Work Groups. These are needed before further revision
of the transfer matrices is undertaken. They are

- . a current, agreed, ‘unified' sulfur emissibns

inveﬁtory for North America, on an annual and
seasonal basis by February 1, 1981 (from WG 3B):; ."
- agreement on the number and delineation of source
regions in the two countries for use in transfer
matrix calculations (input from WG's 3A and 3B):

- agreement on sensitive receptor areas in both

countries (from WG 1).




TABLE 7.1

WORK GROUP" 2 ACTIVITY SQIEDULE (REVISED 80/12/19)

ACTIVITY ' ‘ Nov 15 IJan 15 MarA30 May 15|0ct 81|Jan 82
1 Receive wnifiel U.s./c;:nada p:esent‘ 8 inventory (anmal) from 3p--—m=|-meeemee|aa==?
| 2 Receive unified U.S./Canxda fresent S 1hventory (seasonal) fram Ip~—|————ee|=ea?
~ 3 Receive past/future S inventories (anmual and seasonal) fram Group 3IBl—eweemee|wews?
- 4 Receive unified U.S./Canada N amd I inventories fram Group 3B } ?
S Final choice of mufqe arnd receptor areas fram Group I, 3A, and 3B~-- ----—---l ——?
6 Settle meteorologlcal.period for verification- canplete
7 Settle meteorological period for general use | ——X -
8 Choose selectel models canplete '
9 Review and document model parameters ’ canplete
10 Demorstrate model output - ' }canplete I [ | l \
11 . Daronetrat.e model use ‘ ._ - Icanplete |
12 Evaluate aml intercampare selected models - ‘ -——
13 Glogsary canplete
14 Assess anmd use measured data --x--{ X= ' —
15 Develop and deronstrate transfer matrix ’ . e GO B el R 4 |
16 Run reference scenarios i I' | X~ I x
17 Review of selected atmospheric science topics !l —-——
18 Formmulate proposals for agreeament: i ———- l x-} X
‘Ti.mirq of Phasos . IMase 1 Phase 11 fhase III
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Comments on the status of each of the tasks listed in
Figure 7.1 is given below.

Tasks 1-5: Inputs required from other Work Groups

Task 6: The year 1978 was cho?en. See Appqndix 9.

Task 7: To be completed early in Phase II.

Task 8: Completed. See Chapter 3.

Task 9: Completed. See Appendix 5.

Task 10: Completed. See Chapter 5 and Appendices 5 and 8.
Task 11: Completed. See Chapper's and Appendices 5 and 8.
Task 12: A major Phase II actiQity. This will be the

subject of a series of workshops. See Appendix 9
for a repoft of the first workshop.
Task 13: Completed, but can be ammended. See Appendix 3.
Task 14: Completed for Phase 1. See Chapter 6.7 Tﬁis is a
" continuing activity throughout all phases.
Task 15: Completed as an interim step. See Chaptér 5 and
Appendix 8, Reﬁinements will occur during Phase II.
Task 16: To be done ih Phases II and 111 as determined in
consultation with Work ¢roups 3A and 3B.
Task 17: Initial reviews to be done during. Phase II for
four topics: (i) the parameterization of chemical
processes in LRT models; (ii) historical trends
in precipitation composition and deposition data:
(iii) wintertime deposition and chemical processes;
and (iv) global and western North America rain pH.

Task 18: Ongoing.




T S R TR S

REFERENCES

BASS, A., 1980: Modeling long-range transport and diffusion.
Preprint, Procedings of the Second Joint AMS/APCA Conference

on Applications of Air Pollution Meteorology, March 24-27, 1980,
New Orleans, LA.

BHUMRALKAR, C.M...  W.B. JOHNSON, R.L. MANCUSCO, R.H. THUILLIER,
and D.E. WOLF, 1980: Interregional exchanges of airborne sulfur
pollution and deposition in Eastern North America, Procedings
of the Second Joint AMS/APCA Conference on Applications of Air
Pollution Meteorology March 24-27, New Orleans, LA.

CHOQUETTE, P.J. and VENA, F., 1980: Canadian SO Emissions
Information Package. Environment Canada.

ELIASSEN, A., 1980. A Review of long-range Trénsport Modeling.
J. Applied Meteorology, vol. 19, 231-240. ) N

FAY, J.A. and ROSENZWEIG, J.J., 1980: An Analytical Diffusion
Model for long Distance Transport of Alr Pollutants. Atmospheric
Environment, vol. 14, 355-365. -

GALLOWAY, J.N. and WHELPDALE, D.M., 1980: An atmospheric sulfur
budget for Eastern North America. Atmospheric Environment,
VOl. 14, 409-4170 .

(9

HOLZWORTH, A.C., 1967: Mixing depths, wind speeds and air
pollution potential for selected locations in the United States.
J- Applo Met-, VOlo 6' 1039-10440

NIEMANN, B.L., A.A. HIRATA, B.R. HALL, M.T. MILLS,

P.M. MAYERHOFER and L.F. SMITH, 1980: Initial Evaluation

of regional transport and subregional dispersion models for
sulfur dioxide and fine particulates, Procedings of the Second
Joint AMS/APCA Conference on Applications of Air Pollutlon
Meteorology, March 24-27, New Orleans, LA.

OLSON, M.P., VOLDNER, E.C., OIKAWA, K.K. and MACAFEE, A.W.,
(1979): A Concentration/Deposition Model Applied to the
Canadian Long Range Transport of Air Pollutants Project: A
Technical Description, LRTAP-79-5, Atmospheric Environment
Service.




] - .

PORTELI, R.V., 1977: Mixing Heights, Wind Speeds and Ventilation
Coefficients for Canada. Atmospheric Environment Service,
Downsview, Ontario, Canada. Climatological Studies No. 31,

87 pages. '

SHANNON, J., 1980: Examination of surface removal and horizontal
transport of atmospheric sulfur on a regional side, Procedings
of the Second Joint AMS/APCA Conference on Applications of

Air Pollution Meteorology, March 24-27, New Orleans, LA.

VENKATRAM, A., B.E. LEY, and S.Y. WONG, 1980: A statistical
model to estimate long-term concentrations of pollutants
associated with long range transport, to appear in Atmospheric
Environment.

VOLDNER, E.C., M.P. OLSON, K. OIKAWA, and M. LOISELLE, 1980:
Comparison between measured and computed concentrations of
sulfur compounds in Eastern North America, to appear in Journal
of Geophysical Research Procedings of CACGP Symposium on Trace
Gases and Aerosols, August 1979.

WISNIEWSKI, J. and KEITZ, L., 1980: The magnitude of the acid rain
problem from a monitoring viewpoint within the continental
U.S. (submitted to Science).




'&m ,n ml

—

anE am S e e

—

——

Appendix 1

Work Group 2
Terns of Reference-

and Additional Guidance




A.l -1

Terms of Reference from the MOI | _ ' i

The Group wWill provide informatioﬁ based on cooperative g
atmosphéric nodeliny activities leadinyg to an understanding

of the transport of air pollutants between source regions and
sensitive areas, and prepare pr09$sals fofbthe "Research, 7

Modeling ana Monitoriny"” element of an ayreement. As a first
priority the Group will by October 1, 1980 provide initial

yuidance on suitable atmospheric trénsport models to be used

in preliminary assessment activities.

In carrying out its work, the Group will:*
- identify source reyions and applicable emission

data bases;

- evaluate and select atmosphéric transport models
and data bases to be used,

relate emissions from the source regions to
loadingys in each identified sensitive area;

- calculate emission reductions required from source

reyions to achieve proposed reductions in air
rollutant concentration and deposition rates which
would be necessary in order to protect sensitive

areas;

.

*  proposed additional term of reference:
" - evaluate and employ available field measurements,
monitoriny data and other information;"




Each Work Group will be responsible individually for the

following. o .

Qe

Aol-z

assess historic trends of emissions, aﬁbieht.
concentrations and atmospheric deposition to gain
further insiyhts into source-receptor relationships
for air quality, including deposition; and

prepare proposéls'for the “Researéﬁ; Modeling and

Monitoring” element -of an ayreement.

Additional Guidance from the Chairman of WG 3B

Develop data needs and analysis methods for their Work
Group; identify required inputs froﬁ other Work Groups;
(due to the size of the Work Groups, the Chairmen will
have to very carefully oréhestrate the Group®s activities
in order to accomplish -their tasks).

The technical review (including peer review as necessary)
of their work'produc;s.

Maintainipg agreed upon work schedules with prompt
notification to 3A Chairman in the event of any
sigynificant deviation from Work Plan.

Responsible for coordination with their counterparts

from the other country in conducting full cooperative
analyses in order to fulfill the terms of reference.
Responsible for fulfillinyg regquests for information

from other work groups in a timely fashion.



£.

Be prepared to draft langjuage for portion of ayreement

that pertains to their tasks as directed by Coordinating

Conmittee.
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Appendix 3

Glossary of Terms




Introductory Comments

During the preparation of this glossary, use has been
made of £erminology and definitions found in, inter alia, the
first two annual reports of the United States-Canada Research
Consultation Group on the Long Range Transport of Air Pollutants,
and the draft Federal Acid Rain Assessment Plan. An obvious
need exists for uni formity in terminology amongst all Work
Groups and others involved'iﬁ activities related to the
Memorandum of Intent and subsequent developments. It is

anticipated that this glossary will grow and be refined as

further contributions from specialists in various disciplines

are received.
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Acid Deposition: Collectively, the processes by which acidic

Acid Rain: A popular term used to describe precipitatioﬁ that

and acidifying materials are removéd from the»atmosphere and
deposited at the surface of the %arth. Also, the amount of
material so deposited. (Units: ML-27-1.) - . |

Acid Precipitation: A more precise term than acid rain, it

usually refers to all types of precipitation with pH less

than 5.6.

is more acidic than "clean" rain (pH~ 5.6). It is also used
more generally,io describe other atmospheric deposition
phenomena involving acidity.

Analytical Model: A mathematical model in which the solution

to the system of governing equations is expressed in terms of

"analytical functions. As such, these models are simplifications

of Lagrangian, Eulerian or statistical models.
Anthropogenic: Produced by man's activity.

Bulk Deposition: The term applied to atmospheric deposition

collected in a collector which is open at all times. Bulk
deposition éonsists 6f wet deposition, plus an unknown fraction
of the dry particulate deposition, plus an unknown and probably
very small fraction of the dry gaseousvdeposition.

Dry Deposition: Collectively, the processes, excluding preci-

pitation processes, by which materials are removed from the
atmosphere and deposited at the surface of the earth. Processes

include sedimentation of large particles, the turbulent transfer
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to the surface of small particles and gases, followed,
respectively, by impaction and sorption or reaction. Also,

the amount of material so deposited. (Unité: ML=2T7-1.)

Ensemble Mean: The average over a number of individual
model runs in which only one or a few adjustable parameters
are allowed to change.

Eulerian Model: A mathematical model in which computations

are made successively at fixed points in space (as opposed to
Lagrangian modeis where compugations are made following an air
parcel). Computation points are uéually arranged in a~fixed
grid, and the model is also known as a grid model.

Flux: A physical quantity, the amount (maés) of material
-passing through a unit area in a unit of time. (Units:
ML-2T-1,)

Individual Realization: The result from a single model run

with a given set of input parameters.

Inventory: A listing of emission source strengths of a
partiéular pollutant for a specified time period. Inventories
and parameters are normally éfganized on a point-source basis,
an area-source basis, or a combination of the two. Area
sources may be represented on a grid, urban—érea, county,
state, province, or national basis.

Isopleth: A line drawn on a field of values which joins

points of equal value in time or space.
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Lagrangian Model: A mathematical model in which computations

are made sucéessively in the same air parcel(s) as it moves
along a trajectory. Because this type of model is based on
\ '

following an air parcel, it is also known as a trajectory model.

Loading (atmospheric): The amount of a pollutant in the atmos-

phere expressed in mass or concentration units. (May also be

expressed on a per unit time and/or area basis.)

Loading Surface: A term used interchangeably with deposition.
LRTAP: The long-range transport 6f air pollutants refers to

the processes, collectively, by which pollutants are transported,
transformed and deposited, on a régicnal scale (of the order of
hundreds to thousands of km).-

Mb (Millibar) Level: A surface of constant pressure in the-

atmosphere, identified by the pressure expressed in mb.
(Common pressure levels used in air quality modeling are 925
and 850 mb levels.)

Mixing Height: The height above the earth's surface of a

boundary layer inversion which is usually the upper limit of
turbulent mixing activity, aﬁd which inhibits upward flux of
pollutant.

Model: A quantitative simulation of the behaviour of

a portion of the environment.
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Model EQaluation: .A'procedure‘by which the validity and sen-
sitivity of a model is assessed. Usually the validity is
ascertained by comparing model outputs Qith measurements,

and the sensitivity assessed through a series of model runs
in which input parameter values are altered in sequence, and
the results intercompared. |

" Model Intercomparison: A brocedure of comparing the results

of several models which have been run on specified data bases
and with (usually) specified values of model parameters.
Model Resolution: The ability of a model to distinguish

“~

(utilize) -small spatial or temporal changes in input variables.

Model Sensitivity: A model characteristic which is described
by the response of an output parameter to a unit change in an

input variable or a model parameter.

Model Validation: The part of model evaluationhin which modeled
results are compared with measured values.

Oxides of Nitrogen: This term usually denotes the sum of nitric

oxide (NO) and nitrogen dioxide (NO3). Other forms are
nitrate (NO3j), nitrous oxide (N20), and dinitrogen pentoxide

(N505) .

'Oxideg of Sulfur: This term usually denotes suifur dioxide
(soz).' Other forms are sulfur trioxide (s03) which is uncommon,
and sulfate (SOy4).

Parameterization: The-representation of a physical, chemical
or other process by a convenient mathematical expression

containing quantities (parameters) for which measurements or

estimates are usually available.
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Receptor: An organism, ecosystem or object which is the
direct or indirect recipient of atmospheric deposition.
Scavenging: The processes by which materials are incorporated

{ .
into precipitation elements and {usually) brought to the earth's

surface.

Scenario: In the modeling context, a set of specified conditions
(usually emissions inventory)_for input to the model which usually
:eflect some anticipated future situation (e.g., energy use or
pollution emissions).

Sensitive Area: A geographical area in which a receptor (or

receptors) exhibit damage in response to a (pollution-imposed)
stress.

Sensitivity Receptor: The degree to which a receptor exhibits

an adverse effect from a (pollution-imposed) stress.

Source—Receptor Relationship: An expression of how a pollution-

source area and a receptor regionrafe guantitatively linked.

Spatial Resolution: The minimum distance in space over which

meaningful differences in results can be determined (using a
particular model.) (For example, a model based on a 38l-km
grid will provide no significantly different information for

two receptor points separated by less than approximately 381 km.)

Statistical Model: A mathematical model which uses: statistical

values of parameters as inputs for the computations.
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Surrogate: The term applied to a parameter which is used to
represent another. (For example, modeling“hydrogen.ion
behavior in the atmosphere is difficult, so that sulfate ion
is used as a substitute.)

Susceptibility: A receptor or receptor area is said to be

susceptible if it is both sensitive, and receiving a pollutant
loading or stress.

Temporal Resolution: The minimum time during which meaningful

differences in results can be deterﬁined (using a particular
model). (For example, models using upper air data which. are
only available every six hours are limited in their temporal
resolution to about 6 hours.)

Trajectory: The path or track of an air pafcel through the

atmosphere. It can be calculated from observed or gridded
wind data either forward or backward from a point (source or
receptor, respectively).

Transfer Matrix: A presentation of source-receptor relation-

ships in a matfix form. Matrix elements can be expressed

as percentage values, as absdiute values} or és values
normalized by source strength.) Such a presentation provides
a means of easy comparison of the impact of a variety of
sources on a variety of receptors.

Transformation (chemical): The processes by which chemical

species are converted into other chemical species (in the

atmosphere).
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Variance: A measure of variability. It is denoted by o2

and defined as the mean-square deviation from the mean, that
is, the mean of the squares of the ,differences between
individual values of x and the mean valué X

o2 = E [(x-X)2], where E denotes the expected value.

Wet Deposition: Collectively, the processes by which materials

are removed from the atmosphere and deposited at the surface
of the earth by precipitation elements. The processes include
in-cloud and below-cloud scavenging of both gaseous and

particulate materials. Also, the amount of material so

deposited. (Units: ML-2T-1l.)
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Table 1. Summary of Principal Regional Air Quality Simulation Models

in the United States and Canada

Name of
Organization

Satelle~-Pacific
Northwest Labs

Brookhaven
National Labs

‘Argonne

National Labs

ERT, Inc.

ERT, Inc.

Teknekron

Research, Inc.

Teknekron’
Research, Inc.

Washington
University

SRI
International

EPA Meterology
tab

Atmospheric
Eaviron. Service

Ministry of the
Environment

HOAA/ARL

Colorado State
University

University of

. Wisconsin .

MEP, Ltd.

‘Environnement

Québec

Model
Acronym

RAPT
5IRSOX
ASTRAP*
SURAD

MESOPUFF

RCDM™*
REGMOQD

CAPITA-
Monte Carlo

ENAMAP-1*
RPAQSM
AES-LRT*
OME-LRT*°

ATAD
RADM
ATM~
SOX
LRT

TGD-EQ

Type‘of
Model

Lagrangian

" Lagrangian

Lagrangian
Eulerian

Lagrangian

Analytical
Eulerian

Eulerian

Statistical
lagrangian

Lagrangian
Eulerian
Lagrangian
Statistical
lagrangian
Lagrangian
Lagrangian
Statistical
Eulerian
Lagrangian

Statistical
lagrangian

Time Period
monthly to annual
monthly to anmual
monthly to annual
episodes

episodes
annual

episodes

monthly to annual

monthly to annual

‘episodes

monthly to anmual

annual

monthly

monthly

monthly

seasonal

seasonal to
annual

Principal
References

McNaughton (1980)

Kleinman et al
(1980)

Shannon (1980)

Lavery et al
(1980)

Bass (1980)

Fay and

Rosenzweig (1980)
Niemann et al
{1980)

Prahm and
Christensen (1977)
Niemann et al
{1980)

Patterson et al
(1980)

‘Bhumralkar et al -

{1980)

Lamb (1980)
Voldner et al
{1980)

Venkatram et al
{1980)

Heffter (1980)
Henmi (1980)
wWilkening and
Ragland (1980)
Weisman {1980)
Lelidvre (1981)

* Models selected for use by Work Group 2 as of January 15, 1981.
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BASS, A., 1980: Modeling long-range transport and diffusion.
Preprint, Proceedings of the Second Joint AMS/APAC Conference
on Applications of Air Pollution Meteorology, March 24-27, 1980,
New Orleans, LA.

BHUMRALKAR, C.M.., W.B. JOHNSON, R.L. MANCUSCO, R.H. THUILLIER,
and D.E. WOLF, 1980: Interregional exchanges of airborne sulfur
pollution and deposition in Eastern North America, Proceedings
of the Second Joint AMS/APCA Conference on Applications of

Air Pollution Meteorology, March 24-27, New Orleans, LA.

FAY, J.A.. and ROSENZWEIG, J.J., 1980: An Analytical Diffusion
Model for Long Distance Transport of Air Pollutants. Atmospherig
Environment, vol. 14, 355-365.

HEFFTER, J.L., 1980: Transport layer depth calculations, paper in
Proceedings of the Second Joint AMS/APCA Conference on Air Pollution
Meterology, March 24-27, New Orleans, LA. .
HENMI, J., 1980: Long-Range Transport ‘Model of S0O2 and Sulfate and
its Application to the Eastern United States, Journal of Geqphxslcal
Research, 85, C8, 4436 - 4442. August 20.

KLEINMAN, L.J., J.G. CARNEY, and R.E. MEYERS, 1980: Time Dependence
on Averge Regional Sulfur Oxide Concentrations, Proceedings of

the Second Joint AMS/APCA Conference on Applications of Air
Pollution Meteorology, March 24-27, New Orleans, LA.

LAMB, R.G., 1980: A Regional Scale (1000 km) Model of Photochemical
Air Pollution - Part I: Theoretical Formulation, draft report from
the Meteorology and Assessment Division, EPA Environmental Sciences
Laboratory, Research Triangle Park, N.C.

LAVERY, T.L., et al, 1980: Development and validation of a regional
model to simulate atmospheric concentrations of sulfur dioxide and
sulfate, paper in Proceedings of the Second Joint AMS/APCA Conference °
on Air Pollution Meteorology, March 24-27, New Orleans, LA, 236-247.

LELIEVRE, C., 198l: Modéle simple de transformation chimique du
soufre lors de son transport-dans l° atmosphere, Rapport Interne, ‘
Service de la Metéorologie, Mlnlstere de l'Environnement du Québec.

McNAUGHTON, D.J., 1980: Time series comparisons of regional model

predictions with sulfur oxide observations from the SURE program,

Paper 80-54.5 presented at the 73rd Annual Meeting of the Air y
Pollution Control Association, Montreal, Quebec, June 22-27, 1980. . .
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NIEMANN, B.L., AA. HIRATA, B.R. HALL, M.T. MILLS,

P.M. MAYERHOFER and L.F. SMITH, 1980: 1Initial Evaluation of
regional trangport and subregional dispersion models for
sulfur dioxide and fine particulates, Proceedings of the
Second Joint AMS/APCA Conference on Applications of Air
Pollution Meteorology, March 24-27, New Orleans, LA.

\ . .
PATTERSON, D.E., HUSAR, R.B., WILSON, JR., W.E. and SMITH,
L.F., 1980: Monte Carlo Simulation of a daily regional
sulfur distribution: Comparision with SURE sulfate data
and visibility observations during August 1977, Paper submitted
to J. Appl. Meteor., June. . N

PRAHM, L.V. and O. CHRISTENSEN, 1977: Long-range Transmission
of Pollutants Simulated by a Two-Dimensional Pseudo-Spectral
Dispersion Model, J. Appl. Meteor., 16,9, 896-910.

SHANNON, J., 1980: Examination of surface removal and horizontal
transport of atmospheric sulfur on a regional scale, Proceedings
of the Second Joint AMS/APCA Conference on Applications of

Air Pollution Meteorology, March 24-27, New Orleans, LA.

VENKATRAM, A., B.E. LEY, and S.Y. WONG,A1980: A statistical model
to estimate long-term concentrations of pollutants associated
with long range transport, to appear in Atmospheric Environment.

VOLDNER, E.C., M.P. OLSON, K. OIKAWA, and M. LOISELLE, 1980:

Comparision between measured and computed concentrations of
sulfur compounds in Eastern North America, to appear in Journal
of Geophysical Research Proceedings of CACGP Symposium on Trace
Gases and Aerosols, August 1979.

WEISMAN, B., 1980: Long-range traﬁsport model for sulfur,
Paper 80-54.6 presented at the 73rd Annual Meeting of the Air
Pollution Control Association, Montreal, Quebec, June 22-27, 1980.

WILKENING, K.E. and K.W. RAGLAND, 1980: Users Guide for the
University of Wisconsin Atmospheric Sulfur Computer Model (UWATM-SOX),
draft report prepared for the EPA Environmental Research Laboratory =
Duluth, MN, November 1l2.
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Model: ASTRAP (Advanced Statistical Trajectory gégional Air
Pollution Control Model)

Modeling Group: Argonne National Laboraﬁory, Jack Shannon

Ao 5-2

Model Type: Statistical Lagrangian : i

Emission Data: Point Sources or gridded virtual sources for a

normalized 60 x 60 transition matrix (emission height can be

variable)

Wind Data:

Precipitation Data: 6 hour amount within 1/4 NMC grid square

uses 1/2 NMC* (191‘km). Calculate mean transport
speed and direétion from surface to 1800 metres
summer (1000 m. winter) for each Rawinsonde
Station. Use inverse distance squared to get
value at grid point (starting at radius = 381 km

and increase until at least two observing stations).

( 95 km). Used average precipitation from those
reporting precipitation, within a 1/4 square, and

those reporting zero to assign percentage removed

(i.e. 3 of 5 reporting pgecipitation means up to 60%

removal is allowed)..

Mixing Height: not used direétly - numerical integration

- Chemistry:

to 2100 metres using a diurnal pattern of

growth of a nocturnal stable layer follo&ed

by breakup during the day to a maximum afternoon
value and repeating on an actual rawinsonde ascent.

first order S03/S04, with diurnal variation.

* National Meteorological Center
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Dispersion: - horizontal from Lagrangian simulated tracers in
the mean wind field*
- vertical by one-dimensional numerical integration

(11 layers)

Removal Processes: Wet and dry deposition of SO, and SO4,
| diurnal and seasonal variations.
- wet removal rate proportional to 1/2
power of 6-hourly precipitation amount
(4 mm in 6 hours removes everythihg
whereas 1 mm/hbut removeSVSO%). .

Model OQutputs: Lang term regional pattérns of SO, and SOy

surface concentration and'cumulative wet and’
dry deposition of total S.

Resolution: "~ Monthly and.l/4 of an NMC grid (95 km).

Area of Application: Eastern North America

Parameter Values: Wind/Precipitation = 1975 Summer (July, August)

Winter (Jan., Feb.)

Average VDgg2 and SO4 0.4 cm/sec. (summer)

0.25 cm/sec. (winter)

1.1%/hour (summer)

Conversion S50,/S04

0.55%/hour (winter)

* calculation done on ensemble parameters only.




Descriptive Material;:

Seasonal and diurnal cycles in the deposition velocities

-

;f S0p and SO4 produced by vertical mixing and plant stoﬁatal
activity are also provided for in the model. Sulfate deposi-
tion velocities used are the same order of magnitude as SOj
velocities rather than an order of magnitude less as in other
modeling studies.

Wet removal is taken into éccount using the scavenging
ratio apéroach. This method relates wet deposition to the
ratio of field measurements of concentration of pollutant
measured in the air to that measured in rainfall at the same
time. Argonne National Laboratory has found that scavenging
rates -are relatively constant, and sulfur depositién by wet
processes is a function of the half power of the amount of -

. precipitation.

The mixed layer is divided into 11 layers for the vertical
numerical integration. A wind field is developed at a specified
le§e1 in the atmosphere based on Nﬁs data. Winds are inter-
polated EetWeen data points using a radius of influence inverse
sgquare relationship. .

Comparisons With Data:

The model results were compared with measurements from the
SURE data network for 1977 and 1978. The average two-month

summer and winter sulfate fields show there are major discre-

l pencies, particularly in the western part of the eastern
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Uu.s. It ;ust be kept in mind, however, that meteorology for

a different year was used in the model. The ASTRAP simula-
tions of wet deposition of total sulfur were scaled to a
one-year period and compared with observations during 1977

of annual accumulations of sulfate in precipitation, expressed
as total sulfur. There is some general agreement, but the
data shows a more complex diétribuﬁion than that indicated

by the ASTRAP model results. On an annual basis, an estimated -
5.4 million metric tons were deposited on the eastern United
States. Wet and dry removal were approximately equally
iﬁportant; By season, dry deposition wés equal to wet
deposition in the summer, but wet removal was approximately
twicé dry removal in the winter.

Figures A5-1 through A5-3 show output from the ASTRAP

Model.
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Figure A5-1 Comparison of cumulative sulfate in
rain, expressed as total sulfur for
1977 with ASTRAP simulations (isopleths)
l (Galloway and Whelpdale).
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Comparison of Jan-Feb 1978 SURE average 27
sulfate measurements (number) with
ASTRAP simulations (isopleths) using
Jan-Feb 1975 meteorology. (Shannon)
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Comparison of.August 1977 SURE average
sulfate measurements (numbers) with

ASTRAP- simulations (isopleths) using
July-August 1975 meteoroglogy. (Shannon)

Figure A5=-3
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Model: ENAMAP-1 (Eastern North America Model of Air Pollution)

Modeling Group: SRI International, Chandrakant Bhumralker and

EPA/ESRL, Ken Demerjian

Model Type: Lagrangian Puff

Emission Data: - 80 km x 80 km UTM'SURE gfid extended

- SURE and NEDS
- average (annual and seasonal)
- 12 hour puff
Wind Data: hiStofical (retaining original temporal and spatial
detail) (1977) ' )
= 3 hour time steps using objectively* analyzed
wind fieids from surface (6 hour intervals) &
upper air data (12 hr. intervals) on 80 x 80
grid.
U = 0.75 U (850mb); § = & (850mb) - 15°

Precipitation Data: - objectively* analyzed onto 80 x 80 érid

using observed data.

Mixing Height: seasonal dependence varying from 1.15 km in winter

to 1.45 km in éummér.

Chemistry: SO;/S04 first order

Dispersion: - Fickian (tl/z)

- horizontal - uniform
- vertical - mixing (instantaneous) to top of the

boundary layer

* least squares polynomial fit using at least 3 data points
within a radius of influence.
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Removal Processes: first order

Model Outputs: (1) SO5, SO4 Concentrations
(2) dry and wet deposition
’ \

(3) interregional exchanées

Resolution: monthly, 70 x 70 km grid square

Area of Applicatiod:,Eastern North America

Parameter Values: S05/S04 1%/hour

where = + 1 in winter; -1 in summer and
0 in spring & fall

505: dry deposition 0.037 hr -1

0.28R hr ~1

SO5: wet deposition

where R = mm/hr. of precipitation

S04 dry deposition = 0.007 hr ~1

0.07R hr ~1

wet deposition

SO,

Descriptive Material:

ENAMAP-1 was originally developed for the Federal Republic

of Germany (as EURMAP-1l) and has been adapted to the Eastern

North America region and renamed ENAMAP-1.

The wind field is determined by objective analysis of
available upper-air observations a£ the 850-mb level (approgi-
mately 1500 m above mean sea level). The resulting field
wind speeds are decreased by 1/4, and the wind directions are

rotated 15° counterclockwise to account for surface layer

friction effects. The wind fields are then interpolated

every 3 hours between 1l2-hour data intervals.
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The SO5 transformation rate, the SO, and SO4 dry deposi-
tion velocities and the mixing heights used‘in the ENAMAP-1
are generally similar to those used in other regional models.
The SO, and SO4 wet removal rates a;e different than those

used in other regional models.

Comparisons with'Data:

SO, emissions ffom the SURE program and NEDS were used in
ENAMAP-1 model simulations. The months of January and August
1977 were chosen for model evaluation, and the results were
compared with SURE and SAROAD air quality data. ENAMAP-]1
predicted high sulfate in the northeastern states and relatively
low values elsewhere in January 1977. The observed concentra-
tion field was similar in the East but measured values were
higher than predicted in the Midwest. The model results
for August 1977 were in better agreement with observations.

Figures A5-4 through A5-14 are seasonal and annual verifi-
cation outputs from the ENAMAP-1 Model. Comparisons of modeled

S04 against observed SURE data show very good agreement.
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Figure A5-4 SO, concentrations (ug/m3) for January
1977 from ENAMAP-1
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concentrations (ug/m3) for January
from ENAMAP-1
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A5-6 SO, concentrations (ug/m3) for April
1977 from ENAMAP-1
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Figure A5-7 SO, concentrations (ug/m3) for Apr
1977 from ENAMAP-1
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Figure

A5-8 SO, concentrations (ug/m3) for August
1977 from ENAMAP-1 '
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Figure A5-9 8O concentrétions (ug/m3) for August
1977 from ENAMAP-1
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Figure

A5-10 SO, concentrations (ug/m3) for October
1977 f£rom-  ENAMAP-1
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Figure

A5-11 SO, concentrations (ug/m3) for October
1977 f£rom ENAMAP-1
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Figure

A5-12 Calculated annual concentrations of S0,

and S04 (ug/m3) for 1977 from ENAMAP-1
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Figure A5-13 Calculated annual dry_and wet deposi-
tions of SO, (10 mg/mz) for 1977 from
ENAMAP-1
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Figure A5-14

Calculated annusl dry and wet depositions
of sO,4 (10 mg/m®) for 1977 from ENAMAP-1
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Model: AES-LRT

Modeling Group: Atmospheric Enviromment Service, Marvin Olson

and Eva Voldner

Model Type: Lagrangian

Emission Data: 127 km 127 km - polar stereographic CMC* grid
wind Data: upper air observations, objeciiVely** aﬁalyzed
at 6 hourly intervals at 4 levels on 381 x 381 km
cMC grid (1978)

Precipitation Data: 24 hour amount, objectively analyzed on

127 x 127 km CMC grid

Mixing Height: climatological (Portelli, Holzworth) as a function

of month averaged onto 127 x 127 km CMC grid
(mean daily = (morn. min. + aft. max.) /2)
Chemistry: first order 302/804

Dispersion: - instantaneously in a grid box (127 x 127 km)

- individual trajectories (96-hour backward)

Removal Processes: wet and dry deposition of SO; and SO4

Model Qutputs: (1) concentration and deposition fields for SOj, S04

(2) source receptor matrix (11 x 9)

Resolution: 1 month, 127 km square.

Area of Application: Eastern North America

* Canadian Meteorological Centre

*%* 3_D data assimilation scheme that incorporated hydrostatic
and height-wind balance routines
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]

Parameter Values: S05/SO4 1%/hour

VDSOy "0.5 cm/sec.

VDSO4 0.1 cm/sec.

Scavenging ratio: SO, = 30,000 (.3 x 10°)
\ .

SO, = 850,000 (8.5 x 10°)

Descriptive Material:

Wet deposition is parameterized by using the scévenging
ratio approach and the 24—hour'precipitation amount.

Dry deposition is parameterized through the use of fixed
deposition velocities.

Trajectories are calculated using winds interpolated to
the 925 mb level and usiﬁg computed vertical motions. -

Comparisons with Data:

Preliminary results indicaée some overprediction of
suiéur dioxide concentrations and soﬁe underpredictiqn of wet
deposition, but geherally the overall concentréﬁion pétterns
and episode occurrences agree qui£e well with measurements
(correlationé between 0.4 and 0.9).

Figures A5-15 through A5-18 compare daily average measured

and computed concentrations and ratios of computed to measured

monthly concentrations.




CONCENTRATION (PPM]

Figure  A5-15 AES-LRT computed and measured daily mean A.5-25
S03 concentrations during October 1977 at
Albany, N.Y. (measured-solid, computed-

) dashed) _
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A.5-26

AES=-LRT computed and measured dailyvmean
sulfate concentrations during October

1977 at Port Huron, Mich.

computed-dashed)

(measured-solid,
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monthly precipitation weighted sulfate
concentrations in the rain and percent
contribution from direct sulfate scaveng-
ing (in parentheses) for October 1977.

AV ¥ ag
M

[ Figure A5-17 Ratios of AES-LRT computed to measured

N, .4%6
AN
) '
' 509
/"g\. (67)
v\
2 y N
1T




Figure

A5-18 Ratios of AES-LRT computed to measured
monthly mean sulfate concentrations in
the air for October 1977
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Model: OME-LRT

Modeling Group: Ontario Ministry of the Environment,

Akula Venkatram

Model Type: Statistical Trajectory

Emission Data: - point source: a function of height

- area sources: in the form of effective point
source at emission weighted geometric
mean co-ordinates.
Yind Data: statistics of &; and &, from Tennekes (long term
average only)

Precipitation Data: duration and frequency of wet and dry

periods (Slinn, 1979)

~ Mixing Height: constant value of 1000 metres

Chemistry: £first order S0,/804

Dispersion: - instantaneous mixing
- solution of the Lagrangian dispersion equation
Ao

- function of trajectory spread

Removal Processes: Stochastic scavenging - wet and dry removal
of SOp & SOg4

Model Outputs: (1) concentration and deposition fields for

SOy & SO4
(2) source receptor matrix (11 regions)

Resolution: Annual, 100 km.




Area of Avplication: North America

Parameter Values: dy = UpT
Sy = VnT
where Uy = 10 m/s
Vo = 6 m/s '
S02/804 = 1%/hour (dry & wet)

Effective washout rate for SO, = 3 x 1072 1/sec.

Precipitation scavenging of S04 =1 x 10 -4 1/sec.
VDSO, = 0.5 cm/s
VDSO4 = 0.05 cm/s
Tg = 46 hours - Langrangian dry period
Tw = 7 hours - Lagrangian wet period
L = 1000 m
U = 10 m/s

Ratio of SO, to SO4 at the Source = 0.98/0.02

Descriptive Material:

The horizontal dispersion of pollutants is based on a
Gaussian puf£ whose mean motion follows that of large scale
synoptic flows. The standard deviations of the Gaussian
puff are related to the statistics of trajectories from the
source of interest. Scavenging of pollutants is treated
with a stochastic model which accounts for the distinctly

different probabilities of rain in synoptically dry and wet
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regions. The model also allows for different SO, to SOg4
conversion rates in wet and dry periods. The>statistical
LRT model is a "convolution" of the dispersion and scavenging
sub-models.

Comparisons with Data:

Figure A5-19 shows modeled total wet deposition of sulphur
for 1977. |

Table ASfl details the verification data and correlation
coefficients for various agglomerations of sources from the

~

OME-LRT Model.
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A.5-32

OME-LRT model predictions of annual wet
deposition of sulfur in gm/m2/year. Stars
in figure correspond to monitors in the
CANSAP and U.S. networks. Numbers next
to stars are station codes referred to in
Table AS5-1
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Wet sulfur deposition

Station No Receptor Name 08S  PRED 08S/PRED
(g/m/yr)
1 Kingston, Ont 1.26  0.93 1.35
2 Moosonee, Ont 0.58 0.33 1.76
3 Mount Forest, Ont 2.32 0.96 2.42
4 Peterbough, Ont 1.81  0.94% . 1.93
5 Pickel]l Lake, Ont 0.39  0.28 1.39
6 Simcoe, Ont 2.34 1.49 1.57
7 Wawa, Ont _ 0.91 0.52 1.75
8 Windsor, Ont 2.98 2,00 1.49
9 Chibougamau, Que 1.06 "~ 0.42 2.52
10 Maniwaki, Que 0.71 0.75 0.95
11 Montreal, Que 2.35 0.88 2.67
12 Merrimach Cnty, N.Y. 0.91 0.93 0.98
13 Albany Cnty, N.Y. 1.20  1.21 0.99
14 Allegany Cnty, N.Y, 2.20  1.58 1.39
15 Dutchess Cnty, N.Y. 1.20 1.48 0.81
16 Essex Cnty, N.Y. 0.84 0.8: 1.00 .
17 Oneida Caty, N.Y. 1.70 1.08 1.57
18 Onondaga Cnty, N.Y. 0.79 1l.19 0.66
19 Ontario Cnty, N.Y. 1.20  1.34 0.90
20 St. Law. Cnty, N.Y. 1.00 0.89 i.12
21 Oak Ridge, Tenn  1.30 1.04 1.25
22 Charlottesville Vir 0.91 1.31 0.69
23 Tucker Cnty, W.V. 2.00 1.94 1.03
24 Washington, D.C. 1.00 1.83 - 0.55
25 Lewistown, Penn 0.98 2.21 0.44
26

Paducah, Kentucky 0.57 1.29 0.44

LINEAR ANALYSIS: OBSERVED OEPOSITION = a3 + b* PREDICTED DEPOSITION

Receptor Location r% a(g/mz/yr) b Réceptor Excluded
Canada 0.76  0.2h  1.49
Canada 0.84 0.16 1.48 11
u.s. | 0.09  0.73 0.34
u.s. 0.57  0.05 0.98 24, 25, 26
All PT 0.13 0.67 0.58
All PT 0.51 0.24 1.0 11, 24, 25, 26

All PT Can Obs Reduced 303 0.70 0.12 0.97 .11, 24, 25, 26

Table AS5-1 Comparison of OME-LRT model predictions
with observations of wet deposition of
sulfur for 1977 (Galloway and Whelpdale,
1980).
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Model: RCDM (Regional g}imatological;Qispersion Model)

Fay and Rosenzweig

Mddeling Group: Teknekron Research Inc., Brand Niemann and

Carl Benkeley

\
Model Type: Analytical Eulerian

Emission Data: - single or multiple point and area sources

- SURE inQentory

Wind Data: - resultant average vector wind field

Precipitation Data: seasonal, regional average

Mixing Height: use seasonal value at_receptor point

Chemistry: slow and irreversible (eg. S03/S04)
or fast and reversible (e.g. NO/NOj3)

- linear decay or equilibrium mass coefficient

Dispersion: - steady state diffusion equation (two-dimensional)
- regional scale diffusivity

Removal Processes: - uniform in space

- wet and dry
- first order rate constant

Model Outputs: (1) Long term- average pollutant concentrations

and deposition patterns
(2) Gridded field
(3) Transfer matrix (arbitrary number of areas)

Resolution: " >50 km from sources, regional scale.

Area of Application: Eastern North America
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Parameter Values: L = 1000 m

el
[

3.2 m/s
8 = 265° True
VDSOZ= .01l m/s

Tw = 3 x 105 seconds

net depletion time = 105 seconds
Dy = Diffusivity = 6.4 x 105 m2/sec.

Descriptive Material:.

Fay and Rosenzweig assumed that the longer period sulfur
dioxide and sulfate concentrations from a point source can
be described by the 2-dimensional steady state advection-
diffusion equation in wﬁich the horizontal eddy diffusivity
and conversion and removal rates are uniform in space. “

The RCDM is an appropriate compromise between the original
Fay and Roseaneig application which used only oﬁe wind speed
and direction for the entire eastern U.S. and the NOAA/ARL
and ASTRAP models which use the highest temporal and spatial |
resolution available in upper air data.

The compromise decided upon was to use the seasonal and
annual resultant wind vectoré a£ all the upper air stations

in the eastern U.S. and southeastern Canada.

Comparisons with Data:

Fay and Rosenzweig found generally good agreement between
sulfur dioxide predictions from their analytical model and

numerical predictions from the NOAA/ATDL trajectory model.
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The sulfate predictions from the steady state model are
in general agreement with those from the ASTRAP model which
uses high resolution meteorological Aata ﬁo cbmpute an ensemble
ave;age of trajectory statistics.

SensitiQity analysis of the RCDM show in general that SO,
concentrations are most aensitive to the-mixing height and the ?

inverse total depletion rate while the sulfate concentrations :

are most sensitive to mixing helght and the inverse chemlcal
conversion rate. The RCDM has been evaluated agalnst historical
sulfate data and current eulfur dioxide and sulfate data. The
RCDM predictions were found to be in generally good agreement

with regional sulfate concentrations during 1960-1974 and with

_current sulfur dioxide and sulfate concentrations. Both the

historical and current regional sulfate concentrations show

. a reglonal pattern of elevated sulfate concentrations which

are roughly symmetrlcal about the 11 contlguous states with

the highest sulfur dioxide emissions.

The RCDM also gives generally good agreement with winter
and summer season regional"sq}fur dioxide and sulfate concen-
trations when the seasonal mi#ing heights from climatological
data are used and the inverse chemical conversion rate (i.e.,
S0, residence time) ia‘decreased slightly for the summer and

increased slightly for the winter over the annual value.
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The predicted wet sulfur deposition values are in general
agreement with those computed from the MA§3S and EPRI precipi-
tation chemistry networks in the region of highest SO, emissions.
However, the RCDM does not predict the observed maxima in wet
sulfur deposition in regions like southeastern.Cahada beyond
the region 6f highest 302 emissions in the eastern U.S.

Figures A5-20 throdgh A5-26 illustrate the verification

data available for this model.




Figure

- A5-20

Isopleths of annualrsoz concentrations
(ug/m3) simulated by the RCDM
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Figure A5-21 1Isopleths of annual sulfate concentrations
, ‘ (ug/m3) simulated by the RCDM
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)

average sulfate concentratlions (ug/m3)
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Figure A5-22 Three-year average (1975-1977) of AQCR
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Figure A5-23 Annual average sulfate concentrations
(ug/m3) at Ontario Hydro monitors in 1978
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Figure AS5-24 "Annual average" sulfate concentrations
(ug/m3) at the SURE monitors
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Figure AS5-25 1Isopleths of wet sulfur deposition
(g/m2yr) simulated by the RCDM
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Figure A5-26 Wet sulfur deposition (g/mzyr) at event
monitoring sites in the northeastern U.S.
(1976-1979)
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NOTE

. Appendix 6

Source Region and Inventory Description

An addendum to this appendix containing more detailed
information has been produced and will be updated
periodically.
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A6.1 A Description of the SURE II Extended Grid: Source

Regions and Sensitive Receptor Areas

The 80km grid cells in the Sulfate Regional Expériment
{SURE) Phase II emission inventory have been aggregated to
define 63 distinct areas. These 63 areas have been selected
to include logical source regions or sensitive receptor areas.
Each entire SURE II grid cell (undivided) has been assigned
to one of the 63 areas with attention being paid to matching

state emission totals and state boundaries as closely as

possible. : : : .




TABLE A6-1

State

Alabama
Arkansas
Connecticut

Delaware
. Florida
Georgia

Nlinois
Indfana
Iowa

Kentucky
Louisiana
Majne

Maryland & D.C.
Massachusetts
Michigan

Minnesota
Mississippi
Missouri

New Hampshire
New Jersey
New York

K. Carolina
Chie )
Pennsylvania

Rhode Island
S. Carolina
Tennessee

Vermont
Virginia
West Yirginia

Wisconsin
Ontario (part)
Quebec (part)

Emissions

Difference

Comparison of State Emissions Totals
and Aggregate - Grid Totals. (based
on SURE Phase 1I Inventory)

(Grid Aggregate - Data Base)

* Emissions in §. Appalachain sensititve area excluded

1000s tons/year) ~ Aggregate of
ata Grid sSgquares 1000 tons/year Percent
1290 1209 -81 -6
79 90 +11 +14
66 45 =21 -32
129 131 +2 +2
1788 1798 +10 +1
916+ 942* +26 +3
2348 1994 =350 -15
2189 2545 +356 +16
535 £57 +22 +4
1824 1809 -15 -1
636 614 -22 -3
337 339 +2 +1
352 455 +103 +29
666 670 +4 +1
2292 2627 +355 +13
521 508 -13 -2
447 501 +54 +12
1288 1291 +3 0
169 173 +4 +8
gss - 692 +137 +25
974 698 =276 -28
94w 1004* +20 +2
4533 4759 +226 +5
2480 2150 =330 -15
43 33 -10° -23
459 429 -30 -7
1332* 1360* +28 +2
7 6 -1 -14
635 644 -51 -7
1349 1385 +6 0
937 935 -2 0
2228 2088 -140 -6
1017 1020 +3 0
35509 35519 +10 0.032




The SURE-II Extended Grid

The grid has an 80-km mesh, with4l cells east-west and 42 north-south;
because it is an extension of an earlier version, the cells are numbered
0 to 40 and -9 to 32 in the X and Y, or east and north, directions respectively.

If the 0 to 30 E-W index is denoted I, and the -9 to 32 N-S index denoted J,
the one-dimensional index used is IDX = I+41* (J-1).

‘The grid is "centered" around 81° west longitude, 39% 38' 1atitude, which
corresponds to x=500.0km, and y=4407.02 km in the transverse mercator (TM)
system used for the grid. This corresponds to the following T coordinates
for the grid lines: , .

42 N-S Tines at =780, =700,.ccceeceneeseey=+2420, +2500 km

43 E-W liﬁes* at 2687.02, 2767.02,.c.c00ceueeess 5967.02, 6047.02 km




1.
2.
3.
4.
s.
6.
7.

8.

10.
1.

12,
13.
14.

16.
17.
18,

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
3s.
36.

37.
38.
3s.

4Q.
41.

Maine

New Hampshire SA*
‘Vemnt

Southern New Harpshire
Massachusetts

Fhode Island.
Comecticut

Adirondack SA*

. Western New York

Scutheastern New York
New Jersey :

Southeastemn Pennsylvania
Central Pemnsylvania
Westemn Pemmsylvania

. Permsylvenia SA*

Marylard § DC

Delaware

Virginia

Nartheastern West Virginia
Southwestarm West Virginia

Eastem Kentucky
westem Kentueky
Western Tennessee

Florida SA*
Westem Flerida
Alabama
Mississippi
Iovisiana
Arkansas
Arkansas SA*
Missouri

Iowa

SURE II SO, Emissions Allocated to
Grid Aggregate Areas.

16.30

Emissions ARSA CENTROID BMISsION CENTROID
1000s tons ver vear X b4 X Y

332.0 27.36  20.79 26.92 19.45
41.7 25.50 20.00 25.16 19.40
S.8 24.00 138.50 24.00 18.29
138.4 24.67 17.33 24.90. 17.28
670.1 25.67 16.00 25.80 15.98
33.2 25.00 15.00 - 25.00 15.00
45.1 24.00 15.00 24.00 15.00
12.0 22.50 18.50 22.75 18.54
307.1 18.20 16.40 18.54 16.88
378.9 21.46 16.69 21.83 16.08
691.7 23.00 13.00 22.85 13.64
569.0 21.67 13.33 21.83 13.35
476.9 19.88 14.13 20.00 13.46
1075.8 17.40 14.20 17.09 13.42
§5.2 18.00 12.50 18.00 12.51
428.2 20.17 190 19.98 11,11
130.5 21.67 111.00 21.34 11.66
643.8 18.35 9.06 19.13 8.91
1086.3 16.67 11.67 16.26 11.89
268.3 15.17 10.00 15.01 10.11
753.9 11.58 9.17 10.58 9.87
1054 .6 8.00 9.00 - 8.1 9.00
726.2 6.89 6.78 7.52 7.17
633.2. 10.80 7.00 1.32 7.42
72.8 12.83 6.00 13.14 6.35
s12.4 15.20 6.80 15.34 7.12
473.2 18.94 5.94 18.20 6.25
423.0 16.07 3.86 15.97 3.96
620.8 11.40 3.80 11.08 4.40
321.4 13.21 1.42 13.66 1.74
647.7 ©158.33 +5.89 14.75 -4.59
179.8 15.17 -2.33 14.81 -2.57
59.6 13.50 -1.50 13.61 ~<1.52
911.8 9.80 <«0.90 8.38 -0.31
1208.5 8.67 2.67 8.59 3.64
500.6 5.30 2.65 6.24 2.28
614.1 2.20 0.44 3.01 -0.20
67.4 1.95 5.85 2.63 S.24
10.6 2.40 7.20 2.40 6.66
1290.5 2.58 1.06 3.38 11.00
524.8 2.78 3.56 16.10

b

b

P
E
¥




. N
42. Southern Illinois 1065.6 6.44 11.44 6.31 11.15

43. Northern Illinois 959.9 7.42 14.42 6.97 14.43
44, Northern Indiana 751.4 10.00 14.00 9.37 14.55
45. Southern Indiana 1793.2 9.63 11.13 9.69 11.06
46. Southern Ohio 3014.2 14.14 11.86 14.58 12.07
47. Northeastern Chio 1108.8 15.50 14.50 15.32 14.54
48. Northwestern Ohio 635.9 12.78 13.33 13.06 13.07
49. Southern Michigan 2310.5 - 12.17 16.67 12.71 16.16
S$0. Northern Michigan 316.4 10.50 20.54 10.20 20.27
S1. Wisconsin 935.5 6.84 19.36 7.36 18.34
" 52, Minnesota 487.3 2.15 20.51 3.54 20.91
53. Boundary Waters SA* 20.2 6.20 24.60 6.00 24.00
54. Central Ontario 433.5 12.52 23.57 16.00 20.99
55. Sudbury 1060.8 15.00 21.00 15.00 21.00
$6. Ontario SaA* 8.2 17.50 19.50 17.34 19.12
$7. Southern Ontario 585.4 17.12 17.76 16.25 17.27
58. Quebec SA* 14.5 23.50 22.50 23.50 22.50
$9. Southern Quebec 273.0 22.69 21.00 23.10 20.66 R
60. Central Quebec 732.9 23.66 24.33 19.12 24.23
61. Southern Nova
Scotia~* 2.9 30.50 19.50 30.50 19.50
62. Nova Scotia - - 32.00 21.50 32.00 21.50
63. Newfoundland - 37.00 28.00 37.00 28.00

*SA = Sensitive Area

NOTE: Canadian emissions in areas 54-60 are also from the SURE inventory.
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TABLE A6-3 SURE II SO, Emissions Allocated to
Grid Aggregate Areas Subdivided by
by Stack Height

» STACK HEIGHT TOTAL
Area Number <100m 100m - 300m >300m (103 tons)

1 45 4 0 49
2 0 0 0 o
3 0 0 0 0
4 34 S 17 0 51
5 74 233 0 307
6 6 8 0 14
7 18 13 0 31
8 o 0 0 0
9 94 60 0 ~ 154
10 141 25 0 166
11 169 60 0 229
12 193 97 0 290
13 131 202 0 333
14 279 424 170 873
15 ‘ 30 _ 0 0 30
16 81 . 173 0 254
17 43 22 0 65
13 192 38 0 230
19 40 536 443 1019
20 45 109 0 154
21 170 413 0 583
22 217 561 248 1026
23 200 ' 198 231 629
24 ' 54 281 125 460
25 16 0 0 16
26 110 271 0 381
27 : 165 . 96 0 " 261
28 186 60 0 246
29 0 260 - 277 537
30 . 63 . 12 41 116
31 196 238 0 434
32 62 , 64 0 126
33 14 0 0 14
34 36 6 0 . 42
35 286 542 : 69 897
36 269 57 0 326
37 263 126 0 389
38 11 _ 2 0 13
39 0 . 0 0 0
40 - 139 856 0 995
41 ) 193 19 0 212




Area Number

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

<100m

204
138
240
233
211
519

94 -

534
96
170
38
20
162

27

89
36

7,076

STACK HEIGHT
100m - 300m

713
325
176

1254

2048
123
170

1253

78
355

285

0
264
0
0
345
0
0
650

14,122

>300m

0]
0
0

o
O
wo

105

OCO000D0COWOOOO0OO0OO0O

w
@)
o
(o)}

’

TOTAL
(103 tons)

917
463
416
1487
2662
642
264
1787
174
525
323
20
1485
: 0
0
372
0
89
686

24,264




Heightv(m)

FIGURE A6-1 S§0, Emissinn Rate with Height (SURL II
Inventory)
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TABLE A6-4 R

Principal Reason for Selection of Sensitive Areas

AREA NUMBER

(m.ﬁﬁ ﬁ'ﬁ'ﬁ D E B B BN B BR O EhL BN By B3 Bl BN

2

15

25

33

39

53
56
58

6l

PRINCIPAL REASON

Hubbard Brook Studies'by
Likens et al

Lake Studies by Scofield,
EPRI, etc. -

River and Stream Studies by
Arnold et al

Great Smoky Mountain National
Park

Lake and Swamp Studies by
Brezonik et al

Ozark Mountain Soils and Forests
and Hot Springs National Park

'_ Lake Studies by Gary Glass et al

Lake Studies by Canadians
Lake Studies by Canadians

Lake Studies by Canadians
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TABLE A6-5 Relationship Between Area Numbers and
Abbreviations on Large Map
Area Number Map Designation Area Number Map Designation
1 ME 31 FL1
2 Sal 32 FL2
3 vT 33 : SAS
4 NH 34 FL3
5 MA : '35 AL
6  RI 36 MS
7 CN 37 LA
8 SA2 38 AR
9 NY1 . : 39 Sa6
10 NY2 40 MO
11 NJ 41 IA
12 PAl 42 IL1
13 PA2 43 IL2
14 PA3 44 . IN1
15 SA3 45 IN2
16 MD - 46 OH1
17 DE 47 OH2
18 VA _ 48 OH3
19 wvl 49 MIl
20 Wv2 ' 50 MI2
21 KY1l ‘ . 51 WI
22 KY2 - 52 MN
23 N1 53 . Sa7
24 TN2 54 ON1
25 SA4 ~ 55 ON2
26 NC1 " 56 . SAS8
27 NC2 57 ON3
28 SC 58 SA9
29 : Gal 59 QEl
30 GAZ2 60 QE2
61 SAlO
62 NS

63 NF




TOTAL EASTERN CANADA 3,476

1kT=1l]kt

3,363 1129

1 ysed in AES-LRT Model
2 Used in OME-LRT Model
3 Used in ENAMAP, ASTRAP, and RCIM Models

A.6-11
TABLE A6~-6 Relationship Between Canadian Regions
and the 63 Aggregated SURE Grid Areas
. Canadian so? Canadian so? SURE so%
Canadian. Area Pmissions(l Pnissions{27  Emissions{3)  Pprincipal
Region Represented {(kT/yr) (XT/yr) (kt/yr) SURE Areas
1 Michigan 1946 1566 2627 4950
{South Michigan) (1762) (2311) (49)
2 Ilinocis, Indiana 3374 . 5072 4570 42-45
(Southern Illinois) ~ (1050) (1066) (42)
3 thio . 4762 3961 4759 46-48
{Southern Chio) {3092) (3014) {46)
(Northeast Chio) (12856) (1109) (47)
4 Pennsylvania 2056 2039 an 12-15
(Westem Pemnsylvania) (1067) - {1076) {14)
S New York, New Jersey 2281
to Maine 2408 2656 1-11
6 Rentucky, Tennessee 2835 . 2400 3211 21-25
{(Western Rentucky) (740) (1055) (22)
7 West Virginia,
Virginia, N. Carolina, 2446 3400 2557 16-20
Delaware, Maryland, :
ard D.C. 985 26-27
(Northern W, Virginia) (476) {1086) {19)
8 Rest of Eastern
United States 7485 2387 8803 28-41, S1,
{Missouri) (1316) {1291) (40)
(Alabama) {(1525) (1209) . {35)
TOTAL EASTERN U.S. 27,812 23,106 32,375
9 Ontario 1970 1809 2108 "53-57
(Sudbury) (1001) (1061) {55) -
10 Quebec 1037 1186 T 1021 58-60
1n Atlantic Provinces T 469 368
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TABLE A6-~7 Relationship Between Canadian Receptor
Areas and ARMS Segsitive Areas

ARMS Canadian

Sensitive Receptor Arsa
Area Nanme Point Represanted Comments
New Hampshire & New Hampshire
27 . Adirondacks 7 Adirondack
(Whiteface)
3 Pennsylvania 8 Pennsylvania in PA 2
(Penn State) .
4 Southern 9 Southern
Appalachia : Appalachia
(Smokies)
5 rlorida
] Arkansas .
7 Boundary Waters. 1 Boundary Waters Northwest
. of SA 7
8 Ontario 3 Muskoka
9. Quebec 4 Quebec City
: ) * (Montmorency)
10 ‘ Nova Scotia H Southern Nova
Scotia

2 Algoma
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A6.2 Canadian Emissions - Current Data Base

The data base for current emission rates in Canada represents
a mixture of inforﬁation covering the period 1976 through 1980.
For sulphur dioxide, all area source data represent 1976
annual emission rates (1). Major point sources are at their

‘ :
1979 annual emission rate and the most important copper-nickel
smelter complex, representing about twenty percent of eastern
Canada emissions, is shown at its 1980 emission rate (2). On
a weighted emissions basié the aggregated SO, data base closely
represents actual<emissions for the year 1979.

In the case df nitrogen oxides all area source type
emissions are from the 1976 base year (1) and major point
sources are at their 1979 annual emission rate (2). ©On a
weighted emissions basis the aggregated Canadian NO, data
base probably represents acﬁual emission rates in 1977.

The eastern Canada (including Manitdba) data is further
prorated on a grid array of 127 km x 127 km squares which is
the basic dimension for the emissions and meteorological data
used in the AES long-range transport model.

On a national basis the overall accuracy of the current

Canadian SO, emissions inventory is estimated to be + 30% at

a 75% confidence level (2). The accuracy varies widely for
each sector of emissions and within each sector, and is far
greater for the major point sources (e.g. Cu-Ni smelters),

which together represent more than half of total Canadian




emissions, than for sources of lesser significance. An

uncertainty analysis has not been carried out for NOy emissions.
Seasonal variations data for use in detailed air quality

analysis have been developed for both SO; and NOy emissions

for all contributing sectors (2). Nationwide inventories of

the natural emissions of sulphur and nitrogen compounds have

also been prepared (3,4)
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A. MATRIX MANIPULATION PROGRAMS

The integrated analysis framework outlined in Table A7.1
has three major characteristics:

’1. The ability to seléctively combine information
from various sources such' as emission inventories
and transport model transfer matrices to provide
estimates of resulting.concéntrations and
depositions;

2. The ability to support coﬁparison and evaluation.

of different data bases and models by converting

- N~ B R - -

their results to common units and output formats.
3. The ability to combine emission projections with

cost implications data in order to identify cost-

effective answers to questions concerning how to
reduce atmospheric loadings and/of deposition.

With regard to the first characteristic,-the integrating
framework could be used to combine utility, industrial,
combustion, and area source emissionyestiﬁates from different
models in order to produce integrated emission estimates

from all sectors. The emissions can then be combined with

transfer matrices in order to estimate deposition.

With regard to the second characteristic, the integrating
framework can be used in converting data from different sources
to common units. For example, ENAMAP and ASTRAP results have
been converted to common units énd comparison tables and

scatter diagrams prepared.




Table A.7-1 Integrated ARMS/RCG/MOI

S04 Source - Receptor Matrix Processing System

. |
External - prepare inputs Work Group 2 - analyze ' | Work Groups 3A and 3B - develop
and intercompare least cost control pgtrateqgy
Emissions and control costs Program 4 - Format Emissions(4)
and Costs

Utility - USM, ICF, EPA

- Industrial - ICF, IFCAM Run models with emissions Program 5 - Least-Cost Source-
) to meet specified target Receptor
loadings in sensitive | optimization (5)
areas. :

Re~run models to confirm
efficacy of emisaion
reduction scenarios to

Oother - EPA Mobile, SEAS
- DOE Canada
- Work Group 3B

meet specified target | Z
loadings in sensitive | 5
areas.
LRTAP model matrices Program 1 - Format Program 3 - Compute Concentrat%ona
Matrices (1) and Depositions

Canadian - AES, OME .
(11x9x5) Program 2 -'Intercomp?g?

Matrioes

U.S. - ENAMAP, ASTRAP*

RCDM* (63x63x 2A Convert: U.S. |

|
|
|
|
VAR) : to Canada I
other - CAPITA*, REGMOD | 2B Plot Scatter .

(episode), BWA, | Figures

PNL, BNL |
| Program 3 - Same as for
| Work Group 3A
| and 3B |

* NOy in progress Status: on-line

in-process

to he developed

(1)
(2)
(3) on-line
(4)
(5) modify existing proqram
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The final characteristic pefmits the combined assessrment
éf emissions, costs of controling emissions, and resulting -
deposition. The development of cost-effective control
strategies is done using a nonlinear optimization model which
is being extended to consider regional scale problems. The
|
optimization model identifies a least-cost solution which

meets a combined set of emission quantity, ambient air quality,

and/or deposition constraints.

B. fECHNIQUE FOR IDENTIFYING CANDIDATE AREAS FOR EMISSION
R;EDUCT ION
The deposition of sulphur Dy (or acid) at a receptor due
to a source éan be expressed as
Dj = Qifi3 L (1)
where Qi is the strength of source 'i', and 'j' refers to the
receptor. The transfer function £i5 establishes the physica;

relationship between the locations of the source and receptor.

It is essentially the deposition at 'j' due to unit emissions at.

i' and is dependent on the scavenging and dispersion processes

which affect the pollutants transported from ‘'i' to 'j’'. fij'
is the most important model result from the point of view of
emission control strategy.

The reduction in deposition:& Dy aue to a source reduction

A Q; follows from (1)




The deposition reduction associated with a number of sources
can be written as .

A Dy = ZAQifij ‘ ' (3)
Equation (3) can be c;nveniently written for several receptors
in matrix notation

Abp=FT Qq , | B (4)
where A D and 8 Q are column vectors and F is the so-called

transfer matrix and FT is its transpose.

APPLICATIONS OF EQUATION (4)

There are any number of ways of looking at emission
reduction scenarios. Some possible methods are
1) Maximize the reduction.in deposition given constraints on
emission reduction. This is a §roblem in linear programming

and can be stated as:
Maximize AD = Z ZA Qi £5 335 (5a) -
3 i

Given 2 a j/.\ Qf ¢ Qrj: 3 =1,2....N (5b)




(I —

A.7-5

where QTj is the specified emission constraint and N is

the number of constraints. The number aj reflects the

importance assigned by the decision maker to the receptor j.

For example, the Ontario Ministry of the Environment might

want to give Ontario receptors three times more importance

than the other receptors of intefest.‘ Then we take aj = 3 for

Ontario receptors and aj = 1 for the others.

2) Minimize cost of emissién reduction given constraints on
déposition reduction. This is also a problem in linear

programming which can be stated as

Minimize A C = z bj A\ Q3 (6a)
i
Given Z- aijADi > ADTJ; j=1,2....N (6b)
i

where bj relates cost to emission reduction. A possible
constraint corresponding to (6éb) is
Dby > Abps (7)
Equation (7) states that the deposition reduction at each
receptor should be- greater than or egqual to a specified value.
Note that A\ D; in (6b) is related to A Q4 through (2).
This discussion illustrates the importance of the transfer

matrix F in any emission reduction strategy.
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Another important "effect" variable is the frequency with
which a concentration or deposition is exceeded at a receptor
of interest. If we denote this frequency by Fij(c) we can
write

F ()= yi(a,D ) | (8)
ij i ij :
Note that Fjj is not expected to be a linear function of Qj.

Di 4 is the physical relationship between 'i' and 'j' which
can derived from Lagrangian model results for time scales for
which the concentration is important. Clearly the use of (8)

in emission control strategy requires non-linear optimization

techniques.
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NOTE:

Appendix 8

Transfer Matrices

An addendum to this appendix containing the ASTRAP,
ENAMAP, and RCDM model matrices is in process.
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Table A8-1 Transfer Matrix of:

(ug/nr3)

_1)

Annual Sulfur Dioxide Concentration

per unit emission (T9.S.

Receptor Areas

(8)

(7

| 1 | |
1€2) 1 (3) 1 (4) | (5) 1__(6)

(1)

11 B.Waters T Alg. T Musk. [ Que. | S. N.Sc. [ Vt. Nit, I Adic, T penn. T Smokies |

| Emiss. {1

| Models | (T4.S) |

1 1,983 1] 0.04

|_2.381

MOE

0

AES
MOE

| 1.028

AES

| Provinces

|atlantic

i1l



Annual Sulfate Concentration (ug/m=3)
per unit emission (TgS.yr™1)

Table AB-2 Transfer Matrix ofs:
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Table AB=4 Transfer Matrix of:

(xg.ha"1 .y~1)

Sulfur
..1)

Annual Wet Deposition of

per unit emission (T9.S.
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Table AB-5 Transfer Matrix ofs

{(kg.ha=1,yr=1)
d) .

Annual Total Deposition of Sulfur

per unit emission (T9.S.
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Table AB~6 ‘Transfer Matri;x of

Annual Sulfur Dioxide Concentration (ug.m‘3)
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: Receptor Areas
[T B.Waters | Alg, | Musk. [ Que., { S. N.Sc, | vt, N, | Adir, | Penn. | Smokies |

Annual Dry Deposition of Sulfur (kg.ha=l,yr~l)

Table AB-8 Transfer Matrix of:

A.8-8
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Table A8-9 Transfer Matrix of:

Annual Wet Deposition of Sulfur (kg.ha'l.yr'l)

In order to calculate the total deposition at each sit2, the deposition resulting from
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Table A8-10 Transfer Matrix ofs

Total Annual Sulfur Deposition (kg.ha=l.yr~1)
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Table A8-11 Transfer Matrix of:

Percent Contribution to Annual Sulphur Dioxide Concentration

A.8-11
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Table A8-14 Transfer Matrix of:

Percent Contribution to Annual Sulfur Wet Deposition
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Appendix 9

Workshop Summary Reports:
Atmospheric and Science Reviews
Modeling Evaluation and Intercomparison

(16-17 December 1980, Washington, D.;.)
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Atmospheric Science Review

At a Work Group 2 workshop meetiné held'in Washington, DC
on December 16, 1980, a wide-ranging discussion occurred reéarding
the mést important areas in the atmospheric sciences which were
closely connééted with the use of long range transport models.
From that discussion emerged several topics on which Work Group 2
would prepare reviews for their May 15, 1981, Phase II report.
The purpose of thesé reviews would be to highlight the state of
knoWledge in the particular topic areas, and to indicate how
that knowledge is reflected in various models being used by this
Work Group. The reviews are to be bfief, comprehensive, reflect
recent literatﬁre and work in progress, and written in a-manner
whichvis comprehensible to the educated layman.

The initial topics chosen are described briefly below, and
the leadfauthors are identified. first drafts of the write-ups
will be distributed to ail Work Group 2 members for discussion
in the last half of February, 1981.

1) Sulfur and Nitrogen Chemistry in LRT Models

(A.P. Altshuller) Homogeneous and heterdgeneous reaction
mechanisms will be reviewed. The degrée to which models
can treat sulphur chemistry as being first-order and indepen-
dent of other atmospheric cycles (e.g., oxidants, nitrogen,
particulates, visibility) will be discussed. Seasonal
diffe;ences will be mentiéned. The ways.in which SOy is
converted into sulphuric aﬁid, as opposed to other sulfate

products, will be emphasized in all parts of the report.
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t is known that nitrogen chemistry is more complex
than sulphur chemistry, and that in ﬁany sitﬁations it
is not first-order. Additionally, other key species
involved in nitrogen chemistry are often not being
measured. This discussion will review the above issues,
as weil aé the aspects menﬁioned above for sulfur.
Finally, the possibility of crudely modeling nitrogen
reactions in a pseudo-first order way in existing
Lagrangian models will be discussed. -

2) Trends in precipitation composition and deposition

(J. Miller) What data sets are-available which have not
‘been discussed to date? Are the daté sets reliable?

Is there any way to relate trends, which these and

newer sets of data may‘éhbw, to estimates of past and
present emissions.of SO7:; should the comparison even

be made in view of the different spatial dlstrlbutlon
of the sources, the dlfferent release helghts of the
505, etc.

3) Deposition processes for sulphur-and nitrogen compounds

(G. Vvan Volkenburg) Once atmospheric reactions have
occurred, how does oné measure and model the various
pathways of deposition, both wet and dry? Are the
mechanisms and amounts of deposition radically different

because of seasonal changes? What is the role of changing
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meteorological conditions (e.g., mixing height; tempera—>
ture, type of storm, amount of precipitation) and surface
conditions (wet, snow-covered, vegetation-covered, etc.)?
How valid are the parameterigation of deposition beihg
used in models currently? |

4) Global and western North American measurements of

‘precipitation pH (P. Summers) The strength of the

assumption of “unQolluted" rain having a pH of 5.6 will
be‘compared to recent global backgrouﬁd measurements,
and these measurements will be interpreted in light of
current assumptions. about residence timeg of acid precursor
compounds énd scavenging mechanisms for these compounds
ovér oceans, coastal regions, ahd over land. Recent
measurements from wesﬁern North America will be examined

thoroughly.
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2. Evaluation and Intercomparison of Selected Models

On December 17, 1980, the first workshop of Group 2 was
convened to plan a comprehensive model evaluation and inter-
comparison program for the five-month period up to May 1981.

The follwing items wre égreed upon:

1) Management: J.W.S. Yoﬁng and B. Niemann were appointed

as the Canadian and U.S. “whips“, respectively, to insure

that, to the maximum extent possible, data, manpowéf,

and funding would be made available for this exercise by

the various agencies involved; : .
Agreement was reached among EPA'(US), and AES and

OME (Canada) that if required, support for a contractor

to assist in assembling data sets would be made available.

2) Task scheduling: Once tasks had been outlined and

agreed to, it was agreed that the sponsoring agencies
would hold workshops to discuss progress on the tasks,
at approximately monthly intervals. The second workshop
was scheduled for January 13-14, 1981 in Washington, and

the third for the last half of February in Toronto.

3) Provision of an "Agreed", "Unified" North American

Sulfur Inventory: The crucial need for a current, unified

sulfur inventory for North America was raised again. It
is understood that Work Group 3B is responsible for the

provision of this inventory. It is to be published as a
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tabulation, identifying for each point and area  source:
location, most recent annﬁal and seasonal emissions, and
other stack paramenters (where appropriate). Using the
inventory breakouts of emissions totals for point and
area sources will be undertaken for varioué georgraphical
regions, including continental, country, the 11 Canadian
source regions, the SURE approximations to states and
provinces, and the 63 SURE source regions.

4) Meteorological Year for Test Use: 1978 was chosen.

Annual, winter (Jan.-March), summer (July-September), and
monthly slices from seasons (January and July) will be used.

5) Meteorological Year for Greneral Use: To be decided

at second workshop. P. Summers will pfoduce notes for

discussion.

6) Input data sets for testing: The 1978 data sets from

CANSAP, MAP3S, SURE, Ontario Hydro, and SAROAD archives
will be employed.

7) Parameters to be modeled for sulphur: Wet deposition,

and SO5 and SO4 concentrations will be the three primary
outputs. Estimates of dry and total deposition are of
lower priority because they can not be validated against

field observations and they are, therefore, more uncertain.
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8) Methods of Parameterization: A. Venkatram and J. Shannon

will write a position paper for the January 13—14 workshop
to stimulate discussion on which, and how, parameters should
be "tuned" to data sets. Can statistics be generated from
this exercise which say anything about the confidence of
.the models?

9) Methods of Validation: A. Venkatram will prepare, for

the January workshop, a position papef for discussion which
indicates how the models can be validated in a uniform
manner, and how the measure of validity can be expressed
from model to model in a uniform manner.

10) Amcunt of Model "Production,Usage": The chairman of

Work Group 2 will ‘extract from the chairmen of Work Group
3B the number of "full scenarios" to be run in Phase II.
This number, along with estimates of model usage for
validation and intercomparison, will identify the level of

effort required by each modeler.




Addendum to Appendix 6
Source Region and Inventory Description
of the
Phase I Report on
Aﬁmospheric Modeling
by

Work Group 2
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Preface

‘The purpose of this addendum is to provide more detailed
documentation of the emissions and their geographical assignments
than was possible in Appendix 6 of the Phase I report. The infor-
mation in this addendum is being used by the atmospheric transport
modelers in Phase II for model intercomparisons, evaluations,
and production runs. It is expected that the material in this
addendum will be updated and supplemented from time to time.

A large (30" x 40") map of the SURE grid system, 63 SURE

~aggregate areas, and 1l Canadian regions, superimposed on State

and provincial boundaries is available for use with this appendix.
Inquiries should be directed to:

Program Integration and Policy Staff
U. S. Environmental Protection Agency
RD-681 Room 641 West Tower

401 M Street, S. W.

Washington, D. C. 20460

202 426-9434
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1. Relationships Between U. S. Counties, SURE Grids, 63
Aggregated SURE Grid Areas, and the 11 Canadian Regions

1.1 Counties and Sources in SURE Grids
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Grid Square SO, Emission Data in'the SURE II Inventory - Utility
Sector in the Major Point Source file

Sample Output

Individual Source Parameters




SUHE=2 SO2 AND EMISSIONS
AY GRIO MUMBER(IN GRAMS/SEC)

GR IDNUM = 899

- nes GRIDX GRIDY STAYE COUNTY PLNTCOE PNTCDE sounce UTMX UTHY STAKHGY SOZEMIS
- 6286 3 16 orio . 540 spo2 - ur 520.8 4417.5 259.1 145,95
627 3 16 aHio sé0 8002 [ utr 620.9% 441 7.5 25vel 185.12
628 3 18 onigo 840° sbn2 ? oY 520,98 4437.9 259.1 186. 77
629 3 [ oo 40 8002 1.3 ut 820+ 8 4417.9 25948 17677
630 3 (-3 oniln 840 s002 L4 ur 8208 44178 259. ) 276 27
631 3 8 orin 840 8002 ° ur . 520,86 441 7.5 259, 298.70
, 632 3 [ onio , Be0 6002 " uy 5209 441 7.5 259.1 173.50
631) 3 [ oo 340 8002 12 ur 820.6 441 7.5 259.) T92¢ 50
. 634 3 6 onio Ji80 8002 3 ut 530.0 44335.6 251.8 20606410
638 3 & onlo 3eo0 6002 s uy 829, 9 4438.6 2%91.5 1629, 20
[ 313 3 [ onio 3lé0 so02 [ ur 829, 9 4453.6 274.3 433,063
837 3 [ onio 360 s0)10 ? ur 530.7 44856,.6 183. & 531+ 90
638 3 6 onto 3180 8010 8 uy 5307 4463,.8 153.6 700, 87
839 3 -] orti1o Jji60 6030 ® ur 631.7 4483, 8 163.0 1001.82
640 3 [ oD 360 3040 10 uy 8307 4489,8 153. 0 100082
641 3 ] oD 3160 2010 1 3] ur 830.7 [ 3d-3-23-] 259.1 1634,.90
84z 3 6 onl0 Moo 6010 12 uy 630.7 4485.93 2591 3493.70
643 3 (] oo 3160 5010 13 831.7 44095,.8 304, 33400.70
84 4 3 6 ori0 3160 8012 ] ur 533.8 4481.8 198.1 NS, 02
648 3 [ onlo . 380 20012 2 ut 533, 5 a481,.8 198.1 501.60
848 3 [ o0 3le0 s002 3 utr 53395 44815.8 198,10 501,05
[ 1 4 3 [ PENNSYLVANIA @200 v ] Uy 888. 3 4452.8 ss.0 0.8
. 848 13 [ PENNS YLVANIA 200 14 2 uy 56848, 3 4432,8 Sd.8 30,80
849 1 18 PENNSVLYANIA 9200 14 > ur 588, 3 4432.8 ss.8 30.680
830 13 [ L] PENNSYLVANI A 0200 r . uT 258.3 4432.8 7010 1284.50
631 3 1 1 PENNSYLVANIA 9200 12 1] uy 592+ 3 44356,10 62.9 330, 92
32 3 16 PENNSYLVANI A 9200 12 2 ur 592+ 1 44568410 82.9 330. 02
63y 3 ‘18 PENNS YL VANIA 200 1"’ k] ut 592,12 4458.) 82,9 380.79
694 3 1 1 PENNS YLVANIA °200 [1 4 .

utr 8921 a858.1 089.0 887.70




Aggregated Grid Areas

in

Grids

1.2

P—— P S P— ——— ——— —— g — Jr— — P——— —




Explanation of Format

Column Definition Range
1 X index (west-east) - 1:31
2 Y index (south-north) 1:36
3 Grid Scalor Index | 1:1116(1)
4 X* index (west-east) : . 0:30
5 Y* irdex (souﬂm—north) - 9:26
6 ARMS area ' - 0:60(2)
7 " sum of major :
point sources SOp .
8 Sum of all

sources SO

(1) 1 is in the southwest corner of the entire grid system
(2) O is the ocean

* Original SURE Grid Numbering System
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ald
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gy J
-7
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2
-7
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26
27
28
29
30
9
1d
13
18
19
2r
21.

S8
59
60
61
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T
82
53
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15
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I 43 L 119 25 -3 b g.0 G )
_—2F L 4 28-—26 »- - Sv& Ll - -
28 b 12% 27 -5 3 8.0 g.0
. 29 b 122 28 -6 9 9.0 G.8
I —33 b—123 25 5 A a8 40
3t & 124 3n -5 2 ¢.C .o
b 5 125 ¢ -3 b 3.0 G.0
— 5 12: LR P-4 b 0.3 . W § -
: 3 5 127 2 -5 , 0.8 €.0
| 4 S 129 'N ad I 1.8 40 —
6 5 130 5 -3 e 2.0 G.0
I ’ s 131 6 -5 ] "0 0.0
3 S 132 by 4 4 ] 3.0 c.L -
.9 5 13’ 3 -3 \ 1.6 0.3
10 S 13. 9 -5 ¥ g.0 6.0
i1 R—13X5 18 a5 3 3.8 —£L.3 ———— e
12 s 136 11 -3 e 8.0 2.0
l 13 5 137 12 -3 s g.2 g.d
1h 4 138 13 4 hi .0 .6
15 5 139 14 -5 31 G.0 6e3
! 16 & 1ul 15 -5 31 2.8 3.8
12 s 162 ib -3 31 1.0 1.2 -
18 s 142 17 -3 31 JeG. 8.0 :
19 S 1.3 18 -2 J avu 8.0
2L 5 244 49 =5 Lol .0 L.C
a 21 5 -1uLS 28 -5 e 3.0 8.8
22 5 LuLé 21 -5 0 3.G f.¢
— 23 . 8§ L7 .22 =S 3 .0 .2 -
2L 5 148 23 -3 1 J.r CoC
~ 25 S 149 2L -5 3 %eC 8.0
' _—26— 53450 —25—=3 L 34 L3 -
27 5 151 26 -3 d 3.2 C.0
28 5 152 27 -3 9 .0 0.9
. —29- 5.—153—-28 -3 o 3+8 4.8
! . 39 g 1%L 29 -5 d J.C 8.0C
: ko | 5 155 3t -3 8 doC el -
————ee B 1EH. [ e, . 2.3 L4 —_—
2 [} 157 1 -t J 0.0 3.8
! 3 6 158 2 =% 9 2.8 C.0
‘ 4 §-—459— X =i 3 3.8 6.8
S R 156 L -l ° 8.0 C.ﬂ
3 5 161 H - ] 3.0 -d.0
; 7 6—152 & - 3 2«8 03
.9 LI §-1 1 8 -4 8 g.¢ 3.0
10 6—---165 9 -l g 0.5 -0+8
11 6 166 10 <4 o 9.¢ 2.9
a 12 6 187 11 -3 b} v.l 8.0
12 H--158 — 12 = hi .0 L8 ——-
16 & 159 1= -3 31 44,0 57.3
15 6 .17¢ it -4 k3§ 238.9 32,8
E —15 A-17% 45— =b 3L 1.6 42+ 8- --
l 17 6 1172 16 -4 k31 55.1 61.2
18 6 173 17 -3 ] 0.8 G.0
——lG 6174 18— - 3.0 el -
j L2 L ¥ 4 19 -% 0 8.0 G.0
21 6 176 23 -4 b 3.0 el
= — 82 e 5. =177 .- 28—l f 0.0 2.0 _—
23 5 178 22 -4 0 8.¢ .G
26 & 179 23 -4 ] c.0 CeG :
%» 2% 6...-130 25 AN ] dall Ceder e —————
26 6 181% 25 -0 e 7.0 .0
. 2T 6 182 26 -4 3 8.8 8.8
—_28  _ _ 65..183___27 -4 | 2.3 0.0~ — -
29 6 184 28 % 3 0.6 0.0




i
I
t
Il
i
|
1
1
i
i
'

3¢ f 38T 29 -4 b J.C C.C
33 6 1856 0 .y Ead o B ol |
1 7 187 e -3 ] Ce0 t.8
2 z 138 1 -T 8 00’-‘ C.0
3- +—31-80 2 3 a 3R o4
& 7 190 3 -3 Y] 3G C.C
5 7 191 L -3 a 2.0 .30
& Z—a532 5 3 3 35 L
T 7 193 6 -3 n g.C (.0
.8 7 194 ke -3 0 8.3 .0
3- *-—438 3 X + 343 Ged
3 7 196 9 -3 Q 7.0 a.c
11 7 137 1c -3 J 2.0 Ceo
12 F—1:38 ++ 3 ¢ vd C+&
13 7 199 12 -3 ) L] g.0
1k 7 260 13 -3 ] 0.0 0.0
—_—A—2201 1 X 32 29+5 34 ols -
15 v 207 1< -3 32 76.8 974
17 7 203 16 -3 32 0.0 ol
18 7 2847 -3 3 3.8 & -
19 > 205 13 -3 0] 0.0 8.0
20 > 206 19° =3 3 0.0 0.0
—2—_ 232 20 3 3 $+8 Qs
22 7 2rs 21 -2 ] n." C.C
22 7 269 22 -3 ] 2.C uel
—_—2——2_210—23—=3 g n.g 1 -
25 7 211 24 -3 p) Ge0 8.0
26 7 212 25 -2 b} .0 0.0
27 2 213..-286 ~l hi 0.0 L o ———
28 7 214 27 -3 3 .1 Cei
29 7 215 28 % 3 "t .0
—30 4 216 29 =3 ] 3L ol — -
31 7 217 36 -2 2 0.3 C.d
1 3 218 1] -2 ] 0.8 .0
2 8213 1 -2 3 0.4 L0 . e
3 8 223 2 -2 g Cef f.9
L 8 <221 3 =2 n g.0 C.0
——- 5 — 8..222 — L =2 3Z 0.C - ol -
6 8 223 5 -2 .37 Sel 27 .7
? 8 224 6 =2 37 nel 6.t
& 8 _.22% 7 2 n 3.0 .0
9 8 226 8 -2 ] 0.8 C.2
ic 8 227 9 -2 1 a.c dei
11 8 228 11 =2 3 1.0 2B
12 & 229 11 -2 34 3.0 0.6
1?7 8 2349 12 -2 g 3.0 .0
cee—16 8. 231 13 =2 az .0 Cele -
15 8 222 i -2 37 d.cC 2542
15 8 233 15 =2 32 Be5 174
—17 8. 234__ .15 =2 32 G.C 2
18 8 235 17 -2 3 0.0 g.0
i3 8 236 18 -2 3 t.0 .0
—-—20— 8 2272 _13 =2 b 2.8 el -
24 3 238 2C -2 3 2.6 Je0
22 8 279 2t -2 a 0.0 g.9
22 8 ..2408__. 22 =2 k| .0 .0
26 8 241¢ 23 =2 Q c.0 0.0
25 3 242 26 -2 ) l.0 .0
—-26——8 243725 n? 3 (1 308 R
27 5 24k 26 -2 2 9.0 g.C
28 3 245 27 -2 J n.0 g.0
- 29826528 — =2 S 0.0 -g.C —
30 A 247 29 -2 Q 2.0 0.0
31 8 248 33 -2 g 7.0 g.0
1 9-—249 ¢ 2" 3Z 1.0 C.Q
2 9 250 1 =t 37 0.0 1



B-3-3-3-3-3-3—-- 70

3 3 251 2 -1 37 1.5 3.1
—_——3 252 ——3F t 3+ vi —18+3 - -
s 9 ' 253 L3 -1 3 8%.8 125.¢
-] 9 254 5 -1 37 254 7G.5
¥ 2255 & - 3 —3-. € e e
] 9 255 7 -1 Q 0.0 g.c
9 3 257 8 -1 Is 3.4 18¢6.8
18 2253 -3 + 3+ 3 5
11 9 259 12 -1 I 3%.9 55.5
12 9 260 11 -1 3% 8.0 16.1
—_—i 5. 2512 424 L.} 2148 -—
14 9 22 13 -1 3% 1hen 18.1
15 9 267 14 -1 33 1.0 15.9
—_—gh 9 . 2564 4 C ] 32 11 .5 R SU N _
17 9 2%k5 16 -1 ) 0.0 .0
——49 —8 287.-—18 1 3 30 Led ———
20 9 288 19 -1 ] 0.0 g.C
21 9 269 20 -t 3 2.0 2.0
—_22 0 278 24 =i - g~C Lvb
23 9 271 22 -1 0 0.0 .2
43 9 272 232 -1 3 g.0 .5
—325 827 — 24 1 3 2.8 8.9 —_—————-
26 9 27¢ 25 -1 r %.0 C.a
27 9 275 26 -1 g 0.8 .0
23 - 236 —2¢ i v 5% Gov -
29 9 277 28 -1 0 0.0 vel
Ry 9 27% 29 -1 1 2.7 (Y}
24— 9-—275 28 i 4 3+4 Ce8 -
1 13 23¢C G i} 37 g.C Ceb
2 16 231 b } X7 103.4 122.4
3-—_i1—222 2 3 IZ 3+& be?
L] 11 283 3 J 37 EL R 134,10
5 10 - 28¢4 N 0 37 G.0 745
—5—-10 285 5 ¢ 20 g.e 15e3 --—- —
7 t¢  28% A G 34 119.¢ T3els
8 ie 287 7 b x5 781 127.7
—_—F..—1n_._288——38 3L e Stle5 —
bRy 1e 249 9 0 I 3.0 33.5
11 n 293¢ 10 3 3 c.0 549
42 —16—23t— 11— 00— 3% —— QB —— 152 -
17 tn 232 12 e 33 8.0 1.8
1% iz 293 13 r 31 7.0 Bel
15—40— 29444 3 33 3+d 2.5 —
16 11 235 15 Q 30 20.9 $2.2
17 1 296 16 ) b 3.7 a0
— 18— 23717 3 n —3+8 -t.0 -
139 1" 2928 18 3 3 C.2 .0
27 16 299 19 0 u 0.3 C.C
2 T B IR . AR 4. 3 3 3 <= C.C ——— e e
22 16 371 21 a ! Ged el
23 18 302 22 ] Q 2.0 .0
—2%—10_3G3 —23- . 3 7.3 Ll -
25 1¢ 36s 24 2 g 0.0 Fef
26 tn 305 25 0 J 7.7 L
27 13 32628 g 3 L4 30§ 2.8
28 1¢ 347 27 b] ] 1.0 .0
29 in  3cs8 28 i} 1 2.0 t.0
30 —4r__3%Q__ 29 ] J 8.8 — L0
34 1¢  3t¢ 2 2 2 J.0 c.C
1 11 31s c 1 R4 Iy Ce0
——en 211312 1 13z -—C2.2 - 1.C
2 11 513 2 1 17 2.3 53.3
L 11 314 3 t 35 .0 13.4
——— 5 - 11 258 __ & 1 25 1.0 I 4
5 11 316 51 2 0.0 6.5

i
;
t




7 11 317 6 1 35 11.0 63,2
3 (R 318 2z 1 35 3.4 Ic L . o
9 11 3319 8 1 35 3.0 12.2
10 11 32¢ 9 1 35 2.8 1C.5
11 11324 &} 1 35 3.0 8.1 -
12 11 322 11 1 34 7.3 8.0
13 11 32 12 b S 3.0 30w
IR 14 195 12 1 k 4.1 f .20 4 2 1
15 11 325 16 1 g.0 |
1§ 11 326 15 1 33 241 JB.2
—_—Fi 1327 16 4 a 3+ 1 -
18 11 328 17 1 i} 0.0 BTy
19 11 329 18 1 ) G C.C
29 11 -330 15 s 3 — 33— el
21 11 37¢ . 2¢ 1 ? 0.0 .C
22 11 332 21 b 8 0 0.0 Gell
_23 1132322 - Y . L 83 .
26 11 334 23 1. g et Gel
4] 11 335 24 1 0 Jo7 G.8
2& 4_1‘ IXE 2: 4 b [, S 4_»‘ —
27 11 337 26 b g - 3.0 8.0
23 11 333 27 1 '] .8 0.3
—29—41-—3%9 28 .2 2 J.8 —Ge 8 ———
30 14 3un 29 1 B] Ceo CeC
31 4t 36t 30 1 5 c.0 Gl N
i 42 —3%2 & 2 3F s - e
2 12 3Ial 1 2 37 3.0 1.6
3 12 3uu 2 2 37 0.0 1.2
—_— —4 2 —I4E 33— 2 32 Jew — b
S 12 3us L 2 35 1%e5 2244
[ 12 37 S 2 5 h 1647
b 2 12 —2%38 5 2—3la . Ye2 - -
8 12 349 7 2 3s 11.1 2%.0
.9 12 35¢ 8 2 35 Geld 6.5
—_—ir 42 354 aQ 2 35 .| T.8 -
11 1?2 152 10 4 ?5 3.0 3.1
12 12 3% 114 2 34 Ge8 Cole
12..—12 354 —12 —2 X)) . Des Leb -
16 12 355 13 2 30 G.C 1.7
15 12 356 14 2 3C 0.0 6el
—_—16— 12 .-357..-.15 2 3 L B 335 —— —— -
17, 12 358 186 2 n 7.3 2.7
18 12 359 17 2 29 .0 25
—_—1g—12—-360—18 2 3 Je3 —
20 12 361 19 2 .3 1.0 g.0
24 12 382 20 2 p] 0.0 c.C
—_—2 12383 282 - 3.3 ol e
27 12 356 22 2 ] .0 0.0
26 12 365 - 23 2 ] 2.0 La0
—_—25——12-—366 —24 v 2 5.¢ —t ol ——————————— - -
26 12 367 25 2 J 8.0 .8
27 12 358 26 2 g8 0.0 ]
———28——12 --3R3 22 2 a Jel Celirr i
29 12 37¢ 28 2 b} 3.0 c.
30 12 374 29 2 v t. - Gel
—312 372 . 36—2 3 3.0 Gel -
1 13 173 e 3 37 ‘N0 g.C
2 13 376 1 3 ki d 0.0 1.9
3—qx-.326 2 3 37 8.3 - R A
b 13 378 2 3 37 2.0 18.6
& 13 77 [N 3 36 o1 Leb
—_——13..278 5. " 3 5 T.8 S - S
7 1T 379 6 3 3o Q.0 o7
8 13 338 7 3 35 291.0 291.3
- Q__ 13 384 8 3 35 3.0 11.0. .
10 1T 382 9 2 35 133.7 161.7




14 13 383 i 2 35 12.7 27.1
32 - 13 384 13 k4 23 1436 1226 —a
13 13 385 12 3 29 13.5 25.6
16 13 326 13 3 30 63.8 T1.6

16 13 =88 15 3 29 0.0 2.9
17 1T 389 16 3 2 13." 2%.t
—_—g8 13 300 42 323 185 45— 14548 .
19 13 391 18 3 28 8.0 ol
20 13 332 - 19 3 1 3.0 9.0
41 _!.3 I8 20 h 4 L, | ﬂ_‘uﬂ L & —— e ——
22 1% 3396 2% 3 g 6.3 Cel
23 1T 395 22 3 0 6.0 Cel
24 13 236 23 ® b LI ] L L] —_— e
25 13 337 24 z (] 0.0 €. 0
26 13 338 25 3 N N.6 .0
—_—27.__ 33 299 __25 3 3 Bl Bl o e .
23 1T 81 2 3 0 Bet E
xe 13 L2 24 x L) L.t Cold e
I 13 33 30 3 3 0.9 0o
1 14 3le £ s 3 Gol Col
2 16 405 Ll * 13 1 9.} 8.2 —_—
3 16 L& 2 v 33 8.0 11.6
|3 1 H"7 3 + 33 .7 1.5
[ 1& J.xl)l L > 2A - g 41 -
6 14 uf9 S v 25 3.0 .8
T . le wiC 6 Y 35 0o 8
y WP R B, ~—35 3.8 1.6 R -
3 fu aLe s & 25 115.3 12%.7
10 14 617 g % 2% L 76.7
—_—— b ikt o33 12.9 3ee8 ; e
12 16 15 11 T 28.8 319.5
1T 14 ei1f 12 v 23 36 26,3
—_—le—— il i —13 —33 Gl 203 e =
15 16 18 1t + 23 049 12,6
16 1t L19 15 [ 23 6.3 5245
17— 16— 28— 4 6—tm2B 3T 02— WGl . ..
18 16 424 17 s 23 £.0 12,7
19 14 622 in [ 23 7.8 C Y’
Mo 46462388 2T J B e BB e -
21 16 624 P g L) p,.0 Cok
22 1k 625 2% . ] LI Leh
——23 {f L2622 4 3 3.5 S, U
2% 14 427 23 . 3 de0 2.0
25 1k 428 24 . ) Vel £l
26— 429 28 + g Ded SR D S
27 16 430 26 4 9 T £el
28 1t w31 27 * 1 248 Se
——2G Ll 32— 28 a 3ed Zel _—— ——
30 14 32 29 » " .0 €aC
34 16 43n. 30 -y 3 -84 .0 :
—t 15435 — ¢ 5—.38 CuG 83 e e
2 15 435 1 5 23 8.0 8
3 15 427 2 5 23 3.5 12.9
—_— 15 4383 338 3.5 1.5
N 5 15 '4»39 'S ; 35 3.9 505
6 15 <bf e 5 35 S 0.0 3.8
T—e-15.. 4a i 5 3> X5 el ---2e5 - . e ee
3 45 L2, 7 5 35 7.0 1.1
9 15 443 s 35 15 251,64 259,
10 ——18 ..LLyY 9 3 38 B3 42— i  BR e e e e
11 15 445  1¢ 5 25 233.0 215.4
12 15 w46 {1 5 29 332.1 ui3.7
PUESIENNS §. JUPIE, § - JEI N ' JEN, -/ 3 23 [} Y -
16 15 448 3 5 25 £.0 fe2




- 8 15 w49 16

H 28 1.3
—1p—4i5—L5s -t s 23 e
bAd 15 51 16 3 28 8.C
18 15 52 17 5 28 5.9
12— (K _&52 13 5—27F 149
2¢C 15 WEYy 19 5 27 20.5
21 15 55 2s S 27 0.C 2.1
22 1556 23 3 27 58 L
23 15 487 22 5 4} 0.4 . Gal
26 1S W58 23 5 . |4} 0.0 - Be0
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27 15 s61 26 S 4} f.0 Y
—_—28——15. 62 27 3 3 L B Lol
29 1% 863 28 5 3 3.0 .0
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1 16 W#ARE G 5 38 0.0 Beu
2 1h  BR7 1 5 33 Ja2 5
—_— X {b__4B8 2 513 £ Lol
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5 16 70 L' -3 38 9.0 6.0
—_——h 1 h 4T 5. s 23 819 93.1 -
ke 16 472 & 5 23 g.0 Bole
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1.3

Aggregrated Grid

Areas in 11 Canadian Regions




TR . L YR

Relationship Between U.S. 63 Areas
and Canadian 11 Regions

Canadian Canadian SO, SURE SURE SO,
Region Emissions Aggregate Area Emissions %
Number (xT/vr) Areas Number (kt/yr) Difference* ‘ﬁ;
1 1946 MIl 49 2311
' ' MI2 50 316
Subtotal 2627
’ (2388) +19
2 3874 1Ll 42 1066
IL2 43 960
IN1 44 751
IN2 45 1793
Subtotal 4570
. (4154) + 7
3 4762 OH1 46 . 3014
OH2 47 1109
OH3 48 636
Subtotal 4759
(4326) -10
4 : 2056 PAl 12 569
PA2 13 477
PA3 14 1076
SA3 15 55
Subtotal 2177
(1979) -4
5 2408 NY1 9 307 [ =
NY2 10 379 - -
VT 3 6
NH 4 138
MA 5 670
RI 6 33
CN 7 45
SA2 8 12
NJ 11 692
SAl 2 42
ME 1 —332
Subtotal 2656

(2415) o]




{continued)

Canadian Canadian SO, SURE SURE S0O;
Region Emissions Aggregate Area Emissions 3
Number (kT/vyr) Areas Number (kT/vyr) Difference*
6 2835 KY1l 21 754
KY2 22 1055 .
TN1 23 726
TN2 24 633
SA4 25 73
Subtotal 3241
: (2946) +4
7 : 2446 DE 17 131
MD 16 428
‘NC1 26 512
NC2 27 473
VA 18 644
WVl 19 1089
Wv2 20 268
Subtotal ) 3542
(3220) +24
8 7485 sC 28 423
GAl 29 621
GA2 30 321
SAS 33 60
FL1 31 648"
FL2 32 180
FL3 34 912
AL 35 1209
MS 36 501
LA 37 614
AR 38 67
SA6 39 11
MO 40 1291
IA 41 525
WI 51 936
MN 52 487
SA7 53 - 20
Subtotal 8826
(8024) +7
" Total
Eastern U.S. 27,812 32,398

(29,453) +6




(continued)

Canadian Canadian SOp
Region Emissions
Number (xT/yr)

9 1970
10 1037
11 469

Total

Eastern

Canada 3,476

TOTAL 31, 288

* UsS - CAN . x 100
Us

Number in parenthesis are

SURE SURE SO3
Aggregate Area Emissions
Areas Number {kT/yr)
ON1 54 434
ON2 55 1061
ON3 57 585
SA8 56 8
Subtotal 2088
(1898)
QEl 59 287
QE2 60 734
SA9 58 0
Subtotal 1021
(928)
NS 62 -
NF 63 -
Subtotal oo 0
3,109
(2826)
35,507
(32,279)

in units of kT/yr where 1 kT = 1.1 kt

3

Differencef

=23

+3




S. SURE, Canadian SURE,
and NEDS 1976 on a State Basis

Comparison of U.

2.

=




Table. Comparison of U. S. SURE, Canadian SURE, NEDS 1976 on a State

Basis
States SURE Major
L Point (kt) (1)
Alabama 939
Arkansas 13
Connecticut 39
Dist. Columbia. 0]
Delaware 65
Florida 605
Georgia 587
Illinois 1635
Indiana 1601
Iowa 228
Kentucky 1613
Louisiana 377
Maine 50
Maryland 248
Massachusetts 306
Michigan 1294
Minnesota 339
Mississippi 209
Missouri 975
New Hampshire 52
. New Jersey 194
New York 383
North Carolina 645
Chio 3310
Pennsylvania 1795
Rhode Island 0]
South Carclina 242
Tennessee ‘ 1046
Vermont 0]
Virginia 261
West Virginia 1086
Wisconsin 512
TOTAL 20,644
(1) Canadian Aggregation
(2) U.S. Aggregation
*

SURE Major
Point (kt){(2)

944
13

45.

0

65
630
643
1650
1610
234
1621
391
49
252
307
1686
343
281
995
51
214
398

651 -

3423
1812
0
246
1075
0
263
1099
521

21,512

SURE
Total (kt)

1290
79
66

0
129
1788
916*
2344
2189
535
1824
636
337
352
666
2292
521
447
1288
169
555
974
984*

4533
2480
43
459
1332
7
695

1349

Emissions in S. Appalachian sensitive area excluded

NEDS

1976 (kt)

1028
111




3. New U. S. Total and Utility SOx Emissions for
the ‘Aggregated Grid Areas in the United States




S

Table . New U. S. Total and Utility 50x Emissions for the Aggqregated Areas in the United
States (kt/yr) -
Now New
Arca Total Point UTL  AIRTEST 80 Total Atea Total Point UTL ALRTEST 80 Total
1 332.0 49.3 926.5 25.6 261.3 33 . 59.6 14.4 25.4 9.1 43.3
2 41.7 0.0 20.7 0.0 21.0 34 911.9 43.3 57.5 184.0 1038.4
3 5.8 0.0 0.2 0.0 5.7 35 1208.4 897.9 822.3 508.3 894.4
4 138.6 51.5 86.9 50.0 101.7 36 500.1 325.9 94.3 230.5 636.3
5 670.7 307.4 410.7 189.1 449.1 37 614.1 391.2 243.,0 27.1 398.2
6 33.2 13.1 15.2 2.0 20.0 - ki:} 67.6 13.4 28,0 27.1 66.7
7 45.1 1.4 27.4 12.3 30.0 39 10.6 0.0 2.4 0.3 8.5
g8 12.1 0.0 0.0 2.6 14.7 40 1291.4 994.8 827.1 1357.9 1822.2
9 7.1 153.7 70.9 166.3 402.5 41 525.3 212.5 334.6 176.2 366.9
10 379.0 166.7 1617.9 195.4 406.5 42 1065.5 917.4 850.8 961.1 1167.8
11 693.4 231.6 222:) 267.1 738.2 43 960.3 463.1 463.4 331.3 828.2
12 569.8 291.6 245.7 143.6 467.7 44 152.2 418.4 Jl1.0 281.0 722.2
13 4717.2 333.5 332.2 373.7 518.7 45 1794.0 1487.7 1547.5 1530.7 1777.2
14 1075.8 874.1 B817.6 692.4 950.6 46 3014.3 2663.8 : 2626.06 2391.0 2778.7
15 55.3 30.4 - 13.4 2.0 . 43,9 47 1109.5 643.7 435.3 325.5 999.7
16 428.5 254.5 184.6 243.6 387.5 48 636.6 264.7 278.0 . 169.8 528.4
17 130.6 65.3 40.9 95.0 184.7 49 2311.7 1789.4 437.8 810.1 2684.0
18 644.2 231.1 172.7 211.3 682.8 50 316.5 173.5 6.7 31.2 341.0
19 1086.9 1019.5 1025.5 1039.0 1100.4 51 936.0 526.1 552.2 494.4 878.2
20 268.5 153.8 137.2 108.9 240.2 52 487.8 322.7 356.1 178.9 310.6:
21 754.5 583.3 544.5 619.9 829.9 53 20.2 19.9 - 2.9 0.0 17.3
22 1054.3 1026.4 1026.9 838.2 865.6 54 433.8 425.7 0.0 0.0 433.8
23 727.0 . 629.5 600.1 724.9 gs51.8 55 1060.8 1058.4 0.0 0.0 1060.8
24 633.3 461.5 419.0 342.5 556.8 - - 56 8.2 0.0 0.0 0.0 8.2
25 72.7 16.1 0.8 0.0 71.9 57 587.5 372.6 348.3 0.0 239.2
206 512.7 380.4 385.2 283.1 410.6 58 0.0 0.0 0.0 0.0 0.0
27 473.3 261.2 216.1 45.5 302.7 59 207.17 89.3 0.0 0.0 287.7
28 423.2 246.3 215.9 225.6 432.9 60 734.2 686.4 0.0 0.0 34.2
29 620.7 537.8 554.4 500.5 566.8 61
30 321.4 115.9 139.4 65.5 247.5 62
k) 648.1 435.1 456.4 420.1 611.8 63 ’
32 179.8 126.2 127.5 151.8 204.1 TOTALS 35,504.6 24,293.9 19,533.9 18,063.0 33,147.6

NEW TOTAL =  Total - UTL + AIRTEST 80

~
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4. New Canadian SOx Emissions for the Aggregated Grid
Areas in Canada :

E



In Process




5.

Primary SOx Emissions for the Aggregated Grid Areas
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NOy and TEP Em

for the Aggregated Grid Areas

l1ssions

6.
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The Phase I report of work Group III B contains sectiohns
on historical, current, and projected emissions in the eastern
United States and Canada. Some of the historical and current
emissions data from that report is included in this addendum
for the convenience of the modelers.

The primary objective in developing historical emission
trends is to recreate the emissions situations of several
decades ago so that such data can be used in atmospheric models
to provide an insight into sulfur deposition rates for those
periods. These rates can then be compared to current deposition
rates for an indication of the rate of degradatlon of the
environment with time.




To examine emission trends on a regional basis in the
United States, a data file has been constructd which also uses
historical fuel usage fiqures to calculate emissions of S0 and
NOy from various categories of sources. The basis file contains
emissions at the individual state level for the following source
categories:

Electric Utilities.
Industrial
Commerical/Residential
Pipelines ’
Highway Vehicles
Gasoline-Powered
-Diesel-Powered
Miscellaneous
Railroads
Vessel
Misc. Off-Highway Mobile
Chemicals
Primary Metals
Mineral Products
Petroleum Refineries
Others )

The file currently contains data for 33 eastern states
plus the District of Columbia. Years on record for thé file
are 1950, 1960, 1965, 1970, 1975, and 1978.

For the electric utility sector, all power plants greater
than 25 megawatts have been identified and located by the
appropriate county within each state for each year of record.
Emissions of SO and NOy have been determined for each year for
all such power plants. Consequently, it is possible to identify
power plants emissions on a county—by—county level for each
year of record for all 33 states.

The file identifies each power plant by name, size, county
location, and SO, and NO, emissions from coal, oil, and natural
gas consumption. The file also contains fuel usage information
and has some limited data on stack height.

To distribute the non-power plant emissions to a county
level, work is underway using historical census data to assign
the statewide emissions to the county level. The technique to
be used is to apportion the emissions to the county base on a
historical population basis. The Brookhaven National Laboratory
is currently conducting this work. A partlal file is currently
available from Carmen Benkovitz and it is expected that
EPA/OAQPS will complete this file for Work Group 2. A paper
describing the methodology is currently belng prepared by a
contractor for EPA/OAQPS.




As an example of the information from thls file, a sample
state and county are provxded.

To assist in examining the historical emission trends on a
regional scale, tables have been prepared in which the states
are grouped according to the appropriate EPA regional offices
(Regions I through V). Trends in SOy and NOy emissions for
each state along with a summary for each grouping of the states
(by regional office) are shown in the tables.

The current emission rates reported here for the United
States are based on estimates of actual rates for numerous
sectors of the economy. The values used in this summary are
taken from National Air Pollution Emission Estimates (U.S.
Environmental Protection Agency). Basically, the methodology
for deriving these estimates used an inventory of sources,-
determinations of fuel consumption, and air pollution emission
factors.

The inventory of sources, and associated fuel consumption
rates, were taken from the National Emissions Data System
(NEDS). The data in NEDS were provided by State agencies as an
inventory of sources for each state. NEDS is constantly being
updated and the version used here reflects values for 1978.
However, NEDS is. not complete and some source categories are
more accurate than others. Estimates of the accaracy of this
information are unavailable at this time.

The emissions factors used in developing these emission
estimates are from the U.S. EPA report AP-42. The emission
factor is an average estimate of the rate at which a pollutant
is released to the atmosphere as a result of some activity.
The emission factors are estimates based on source testing,
process material balances, and engineering apparaisals. As a
result, some emission factors are more accurate than others.
In general, the emission factors are more ofter applied to
regional or national emission estimates, than to single source
estimates where the inaccuracies would be considerable.

SOy and NOx emissions are shown on a state-by-state basis
in the.table. Only 33 states are represented in the table.
Data for the 15 Western States and Alaska and Hawaii are
unavailable at this time. The values in table represent 80% of
the SO5 and 76% of the NOy emissions for the entire United States.

The emissions estimates can be further disaggregated to
show emissions by source category for each state.
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'Sog,Emissions

in 1000's of Tons

State of Kentucky

1960

1970 . 1975

1978

262.3
368.8
631.1

1960

310.7 198.4 117.7
603.3 1082.5 1349.1
914.0 1280.9 1466.8

'108.8
1221.2
1330.0

1978

1950
Non PP 34.5
Power Plant 28.6
Total ' _ 63.1
Countv of Jefferson, KY
Power Plant 1950
Canal 1.9
Cane Run -
Mill Creek -
Paddy's Run 7.4
Waterside =9
Total PP 10.2

Non Power Plant - Jefferson County, KY

Work not complete on this‘pqrtion of file as yet.

‘11,
9

4
.4
20.8




HISTORICAL TRENDS IN 502 EMISSIONS

in 1000's tons
EPA - REGI_ON I

State 1950 1955 1960 1965 1970 1975 1978
Conn. 130.3 139.1  241.6 457.6 317.3 191.0 112
Maine 37.8 45.6 70.2 97.0 82.0  67.8 66
Mass. 906.4 956.7  374.6 443.2  584.4  362.2  402.2
New Hamp. 73.3 89.7 29.1 41.2  95.9  75.4 67.8
Rhode Island . 67.7 80.2  87.3 41.2  60.1. 24.3 19.7
TOTAL T1215.3 TI3M.3  T%02.8 T 1030.2 5.1- 720.7 687.7
" EPA - REGION I
New York 7.0  1126.0 1427.4 1645.6 1455.0 1079.0  1041.1
. New Jersey #1308.8 *1486.2  482.6 623.4 590.2 3t1.0  323.7
TOTAL ¥2135.8 ¥2612.20 T910.00 ~—2283.8 7065.2 T1670.0 T1384.%
EPA - REGION IIl - | |
Delaware 105.4 136.0  196.1 217.8 223.4 193.6  i88.2
D.C. 32.4 31.0 38.5 47.9  78.0  27.1 17.6
Maryland 398.9 515.5  518.2 588.1 467.7 322.3  357.3
Penn. * 970.2  2138.4  2362.2 2546.8 2245.7 2130.8  1900.0
Va.- . 157.2 277.6  171.4 188.1 475.2 381.0  359.9
West Va. 243.5 617.8  529.7 776.8 979.7 1220.0 1049.5
TOTAL *1907.6 ~3716.I 33I6.T T 4365.5 G489.7 ©278.8 33772.3
EPA - REGION IV
-Alabama | 139.5 522.7  613.5 892.3  979.1 986.5  762.1
Florida - 225.5 350.5  341.1 501.6 862.3 827.9  685.9
Georgia ©119.9 163.6  198.2 303.0 410.4 571.4  707.0 =
 Mississippi 46.9 43.3 41.1 44.6  79.4 193.0  264.3 '
Kentucky 113.1 404.8  631.1 914.0 1280.9 1466.8 1330.0
Nerth Carolina 306.1 347.4  232.4 29%.4 533.2 500.5  562.3
South Carolina 44,5 8.3  115.9 121.7 185.% 202.3  288.6
Tenn. 97.3 369.2  731.2 771.5 °'988.1 1141.9 1162.8

TOTAL 1092.8 2285.8 2908.3 3843.1 3318.8 3890.3 35763.0




JRICAL TRENDS IN SO, EMISSIONS (Cont.)

2

in 1000': tons

s ' State 1955 1960 1965 1970 1975 1978

EPA - REGION V

lllinois *172.1  2452.9 2791.4 2506.5 1950.6 1747.2

Indiana 178.2 1840.8 2180.3 1941.5 1980.0 1848.2
Mich. 702.7 1085.5 1521.7 1520.9 1450.6 1117.8
Minn. 536.4 391.8  419.8 450.7 382.3 379.0
Ohio *344,9  2933.2 3181.2 3125.2 3271.2 3115.3
Wisc. : 304.2 604.0 703.8 322.3 166.6 663.6
TOTAL * 234, 9308.2 “10798.2 9367.1 920I.3 38371.1
OTHER STATES
Arkansas .- 36.7 26.1 29.9 37.0 63.6  121.6
Iowa 258.0 364.5 440.8 370.2 314.0 335.9
Louisiana 261.2 219.4 268.7 318.0 295.1 353.0
Missouri 1155.1 582.6 674.9 1107.3 il74.3  1307.7
Texas 073.8 900.0 1076.3 1136.8 1123.8 1244.8

*Questionable Data
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HISTORICAL TRENDS IN NOx EMISSIONS

in 1000's tons
EPA - REGION I

State 1950 1955 1960 1965 1970 1975 1978
Conn. 35.7 100.0  152.6  169.0 202.0 182.0  183.0
Maine 44.6 46.7 . 49.1: 60.2  75.8  72.7 76.7
Mass. 164.2 195.0  254.9 303.4 359.9 340.2  36&.3

. New Hamp. - 18.2 22.6 31.1 39.7  63.7  67.5 66.9
Rhode Island 33.5 32.9 45.2 36.4  55.2  44.9 42.4
TOTAL ~—346.2 T 397.2 T3532.9 g03.7 ~73%6.6 7G/.3 T35

EPA - REGION II
New York 493.6 606.5  767.0 919.1 16G0.3 8§69.3  908.9
New Jersey 281.5 . 319.1  362.7 439.1 53%.3  462.0  494.t
TOTAL 775.1 925.6 1129.7 1558.2 1533.3 T1331.3 T1405.3

EPA - REGION III

Delaware 19.3 30.1 5.2 6l.1 71.9 65.2 70.6

D.C. 30.8 o 34.3 35.0 33.1 58.3% .36.5 33.5
Maryland . 103.9 133.5 222.9 292.5 298.8 29%.9 . 313.9
Penn. 479.1 693.2 1020.2 1143.1 1089.2 1093.1 1120.7
Va. 133.8 228.0 259.9 361.8 4#33.5 420.8 435.2
West Va. 118.9 217.4 225.0 322.3  346.9 470.8 462.4

TOTAL 961.3 ~13G1.5 131%.2 7215.9 2293.6 2331.3 72436.3
EPA- REGION IV |

7
{

Alabama 172.6 367.0 308.6 448.3 4le.l1  580.3 473.0

Florida 206.3 263.4 321.5 42G6.8 552.1 733.2 777 .4
Georgia 170.3 198.9 - 226.9 296.7 398.1 520.5 543.8
Kentucky 145.4 203.0 279.1 377.6 497.2 567.3 563.0
Mississippi 97.1 30.8 151.2 196.4 304.5 243.5 272.8
N.C. 192.0 210.7 290.6 376.2 S46.4  568.0 591.0
S.C. 87.4 125.4 150.2 178.2 237.3 253.7 306.2 J
Tenn. - 164.9 232.7 335.9 38G.3 467.1 615.5 552.9

TOTAL “1237.0 ~16%6.9 2063.3 %753 3513.8 5032.3 GI5.T




HISTORICAL TRENDS IN NOx EMISSIONS (Cont.)

in 10G3's tons

- State . 1950 1955 1960 1965 197G 1975 1978

EPA - REGION V

Ulinois \ 600.1 390.4 895.9 1663.7 1119.8 1129.1 1129.9
Indiana : 296.6 447.2 584.9 555.2  576.4 631.7 600.6

g Mich. 318.3 382.9 - 587.3 746.4  846.6  8t0.7 343.1
Ohio 498.2 771.5 960.5 1082.3 1165.1 1221.0 1277.1

Wisc. ' 196.5 215.4  .296.6 367.%  455.0 445.7 473.2

- TOTAL T207%.4 ~2895.0 3565.3 T 4G9C.> GA9R.Z %638.2 7233

OTHER STATES

Arkansas 112.6 122.9 115.9 147.6 193.2  171.4  217.9

Iowa 167.2 203.6 216.4 -~ 248.1 309.6 3C38.8 321.0
Louisiana 283.5 330.2 535.3 76G.1 1016.9 1072.0 1593.7

, Missouri 198.1 251.0 294.6 339.1  42k.6 593.6 563.0
5 Texas ' 876.5 933.1 1653.0 20536.6 2551.3 2833.9  3309.5

*Questionable Data




Table. 1978

State

Alabama
Arkansas
Connecticut
Delaware
District of Columbia
Florida
Georgia
Illinois
Indiana

Iowa

Kentucky
Louisiana
Maine
Maryland
Massachusetts
Michigan
Minnesota
Mississippi
Missouri

New Hamsphire
New Jersey
New York
North Carolina
Ohio
Pennsylvania
Rhode Island
South Carolina
Tennessee
Texas

Vermont
Virginia

West Virginia
Wisconsin

TOTAL

SO, and NO
(kt/yr)

505
762.1
121.6
112.0

- 188.2

17.6

685.9
707.0
1747.2
1848.2
385.0
1330.0
359.0
66.0
- 357.3
402.2
1117.8

379.0 .

264.3
1307.7
67.8
323.7
1041.1
562.3
3115.3
1900.0
19.7
288.6
l1l62.8

1244.8

359.9
1049.5
663.6

23957.2

x Emissions by State.

{

NOx

473.0
217.9
183.0
70.6
33.5
777.4
548.8
1129.9
600.6
321.0
563.0
1593.7
76.7
. 43.9
364.3
843.1
399.6
272.8
563.0
66.9
494.4
908.9
591.0
1277.1
1207.7
40.4
300.2
592.9
3309.5
435.2
462.4
473.2

19420.6




En ==

1978 Emissions
Commercial/Residential

15 50 o, K c©

X
National 353,760 23,406 100,672 742,054 2,152,169
Alabama 8,504 407 2,314 18,285 18,285
g. Arkansas 4,249 259 1,375 8,417 © 23,968
Connecticut 3,202 131 ! 636 7,103 20,738
Delaware. 640 53 229 1,064 29,089
E Dist. of Columbia 612 179 214 477 7,482
| Florida 65,291 1,126 1,870 9,906 28,251
Georgia 7,298 445 - 2,646 13,833 39,126
a I1linois 16,606 1,186 2,981 39,490 116,353
: Indiana - 12,438 877 3,718 25,938 75,007
g Iowa 8,324 634 -~ 2,134 17,083 49,374
- Kentucky 5,927 398 2,192 11,170 32,107
Louisiana 5,739 287 - 1,723 11,753 33,316
Maine 2,719 182 776 5,579 16,072
Maryland © 3,806 257 1,351 7,199 20,439
. Massachusetts 7,794 420 1,501 17,869 52,370
g Michigan 19,415 2,503 15.557 41,699 115.990
: Minnesota 11,634 426 2,211 18,010 52,287
Mississippi 6,360 339 1,831 13,403 38,451
5 Missouri 10, 158 429 2,100 23,533 68,831
New Hampshire 1,836 123 505 3,799 10,965
g New Jersey 10,063 2,074 3,348 12,415 33,673
New York 16,216 1,453 4,718 27,866 79,280
North Carolina 11,159 865 4,106 20,296 57,248
§ Ohio 21,098 13,046 4,789 45,654 132,886
Pennsylvania 4,473 1,291 1,531 1,832 15,499 -
Rhode Island 1,187 48 208 2,856 8,403
5 South Carolina’ 7,676 390 2,230 16,185 46,695
Tennessee 9,366 507 2,601 20,165 59,487
Texas | 12,820 784 3,539 26,742 76,609
Vermont 1,479 95 444 2,995 8,590
Virginia 6,786 590 2,547 12,661 35,788

West Virginia 3,947 237 - 1,434 7,505 21,236
Wisconsin 11,907 995 3,208 23,524 67,860

i SOURCE: National Emissions Data System (NEDS).




National
Alabama
Arkansas
Connecticut
Delaware

Dist. of Columbia

‘Florida

Georgia

. I1linois

Indiana

Iowa :
Kentucky
Louisiana
Maine
Maryland

Massachusetts
Michigan
Minnesota
Mississippi
Missouri

New Hampshire
New Jersey

"New York

North Carolina
Ohio

Pennsylvania
Rhode Island
South Carolina
Tennessee
Texas

Vermont
Virginia

West Virginia
Wisconsin

SOURCE:

TSP

6,286,087
110,642
63,752
81,687
16,283

15,214
298,690
155,564
286,009
155,893

.60,897
90,950
113,812
23,288
113,453

158,713
- 269,852
103,899
53,514
151,023

21,252

221,443

340,260
143,885
321,708

282,530
28,389
76,807

129,396

455,232

9,794
135,464
17,147
87,748

1978 Emissions

Transportation
' e
955,767 9,355,943
25,892 . 205,541
9,921 128,555
6,622 100, 103
2,823 28,039
- 1,197 17,111
30,889 362,730
20,212 270,023
30,472 398,479
18,838 255,218
9,805 135,773
14,480 189,160
43,953 202,170
3,727 50,419
14,795 152,485
10,765 161,017
46,761 350,936
14,320 198,444
12,257 - 123,978
17,041 235,436
1,627 29,361
27,381 248,805
34,575 419,157
19,485 284,714
36,836 433,805
38,406 435,991
1,679 29,380
9,897 136,873 .-
19,506 . 250,647
111,334 704,565
1,383 21,363
19,047 237,600
5,663 69,521
13,941 198,364

National Emissions Data System (NEDS).

—~

HC

12,549,131
241,841
144,749
152,975

35,773

24,235
557,336
323,335
518,854
320,855

157,697
204,932
240,994

59,136
207,733

278,951
482,683
254,163
129,197
306,040

41,446
375,900
634,875
334,004
507,312

531,822

53,827
173,858
274,032
897,667

22,453
286,300
51,699
231,295

co

97,801,165
1,754,292
1,049,778
1,235,652

275,377

202,223
4,269,119
2,430,711
4,112,325
2,519,201

1,218,841
1,508,128
1,754,474

428,545
1,609,040

2,314,969
3,869,142
1,947,578
943,985
2,367,375

330,946
3,069,379
5,114,336
2,477,383
4,582,071

4,196,933

444,384
1,258,446
2,038,819
6,744,339

162,963
2,147,509
326,512
1,657,454
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