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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 sensitive 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 of state-of-the-art, source-receptor 

relationships based on available model results and measured 

deposition values from monitoring 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 selected 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 factors in acid  ra i ,  have not yet been successfully 

incorporated in the models. Initial source-receptor relation- 

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 relationship 

between pollution emissions and deposition in sensitive areas 

must be established. To do this, a transfer matrix approach 

has been adopted. Theoretically, by using this method, a 

change in a source strength 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 changes, 

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 deposition from the existing monitoring 

networks in both countries are required. At present, wet 

deposition/acid rai is being measured reasonably well. 



Dry deposition, 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 transport models do have restrictions 

on their usefulness, they are an important and possibly the 

only guide to establishing source receptor relationships. 

Their further development and intercomparison will be an 

ongoing activity of the Group in Phase II. 
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INTRODUCTION 

The Atmospheric Modeling Work Group was established under 

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 sensitive areas. In addition, the Group was to 

prepare proposals for the "Research, Modeling and Monitoring" 

element of an agreement. 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 

specified in its approved work plan. During Phase I the 

Work Group has devoted its efforts to: 

(1) Preparing a work plan for the first two phases; 

(2) Identifying required inputs from and outputs to 

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 

rIMMMfflfflMMMM 



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

can use (see Appendix 3). 

During Phase II, the Work Group will: 

(1) Endeavor to evaluate several selected models against 

available monitoring data sets and to intercompare further 

these models and their results with one another; 

(2) Review the science 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-receptor relationships 

t6 be used in the Phase III Work Group effort. 

In this regard it is expected that some revision of designated 

sensitive areas and source areas to be used following Phase II 

will be accomplished by the appropriate Work Groups during 

Phase II. 

Many advances in understanding the regional and long-range 

transport 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 air pollution transport 

on a regional or continental scale. Consequently, many simpli-

fications have been made in the analyses of results presented 
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in this report. A major effort will be made during Phase II 

to review available research results, both published and 

unpublished, in order to specify more precisely the validity 

and range of uncertainty that 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 

phenomenon of primary concern for the first two phases of our 

Work 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 fir -st 

phase, emphasis has also been placed on the developMent of. the 

"transfer matrix" concept. It is this application of estab-

lishing quantitative relationships between sources and sensitive 

receptors for which mathematical models are uniquely suited, 

and the development of useful, comprehensible display of this 

information is of great importance. 

This first report is structured to follow closely the terms 

of reference for the Group. The following two chapters describe 

the role of models in the particular application at hand, and 

those models which have been selected for use in Canada and the 

United 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 



report, presents source-receptor matrices from the five models 

for a variety of concentration and deposition parameters. 

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 source 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 course of action of the - 

Work Group. It is intended that the Phase II report will 

primarily be an elaboration upon this Phase I report; for 

this reason the report structure will remain the same, with 

upgrading of information and additions being made as necessary. 



f 

1 - 5 

A large amount of reference material is available for the 

modeling work described in this report. This work draws 

heavily upon what was accomplished in the Canada-United States 

Research Consultation Group  on the Long Range Transport of Air 

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. Inventory, Analysis 
and Recommendations. Report to the United States - Canada 
Research Consultation GroUp on LRTAP. December 1980, 
123 pp. 

These two reports can be obtained from: 

LPO Office, 
Atmospheric Environment Service 
4905 Dufferin Street 
Downsview, Ontario, Canada M3H5T4 

Program Integration and Policy Staff, RD-681 
U. S. Environmental Protection Agency 
Washington, D. C. 20460 



Chapter 2 

THE ROLE OF MODELING IN THE DEVELOPMENT OF EMISSION CONTROL  

STRATEGIES  

Goals  

Work Group 2 will provide several major output products 

to Groups 3A and 33. One of these, a review of experimentally 

observed atmospheric loadings for hydrogen and sulfate ion, 

is discussed in Chapter 6 of this report. These loadings 

will be used by Group 3 3 as the starting point for planning 

strategies to reduCe loadings in sensitive areas. A second 

major output is thé 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 these matrices in some detail in 

order that the present and future utility of this tool is 

well understood. 	 - 

What is a Long Range Transport Model  

Before introducing the concept of a transfer 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 of the system being modeled are 



replaced by logical connections or equations in the mathematical 

model. The model can be used to study the complex 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 in long-range 

transport 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 

(1) 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 pollutànt:s 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 its 

application. 

The main uses and advantages of LRT models include the 

following: 

(1) A model is a vital component of data interpretation. 

For example, parameters such as the oxidation rate of 

SO2 to particulate-sulfatematerial can be inferred 

by fitting model results to measurements. 

(2) A model can be used to interpolate between monitored 

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 invaluable tool in the planning of 

large scale field experiments and in the design of 

monitoring networks. Sensitivity studies  cari  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 many different source 

areas to the deposition at a receptor of interest. 



For this last application, the contributions to the depositions 

or ambient concentrations at a series of 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 relationship 

between a specified receptor area and a specified source area 

for the species and variable of interest. One can thus relate 

source to receptor, 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 deposition 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 of the LRT model used in its 

construction. 

Present Limitations of LRT 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" 



2 - 5 

model. The necessary simplifications introduced into most 

available models will lead to errors in model outputs. 

Those areas in which simplifications are most likely to 

affect model results and which are currently being improved 

are 

(1) The relationship between the 	ion and precursor 

sulfur compounds, especially 502; 

(2) The dharacterization of the nitrogen-oxidants cycle 

in connection with H+ ion; and 

(3) The representation of the wet removal of pollutants 

via scavenging processes during rai  or snow events. 

The availability, accuracy and resolution of field 

measurements alsce limit both our ability to make reliable 

model predictions (when the data are used as model inputs) 

and our ability to assess the degree 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 because dry deposition cannot 

yet be measured reliably. 

Typically, on an annual basis, 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. 
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The above discussion points out the need for caution 

when using small differences in model results as a basis for 

choosing between alternate 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 Phases II 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 Group 

that the present matrices can be used by Groups 3A and 3B to 

begin to consider the major elements of strategies vihich 

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. 
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SUMMARY OF SELECTED MODELS 

Types of Models Available  

There are two basic types of LRT Models: Lagrangian 

(trajectory) and Eulerian (grid). 

A Lagrangian Model solves the conservation equations in 

a coordinate system fixed to each moving air parcel. 

An Eulerian Model solves the conservation equations in 

a fixed coordinate system through 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 

approaches. One can have, for example, a statistical Lagran-
. 

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  cari  be applied to both 

short-term (multi-day episode0 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 II decided that the annual 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 
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period modeling results. A survey of modeling groups (see 

Appendix 4) revealed that there are about fifteen active 

modeling efforts in the U.S. and Canada and that the majority 

of the models are of the Lagrangian type and have been applied 

to monthly-to-annual time periods. The effort on Eulerian 

and episode type models has increased during the past year, 

providing more balance in - the overall modeling effort. 

Discussion of Models Selected  

The models selected for this exercise fulfilled several 

important criteria, namely: 

(1) They are fully operational; 

(2) They are numerically practical; 

(3) They can be expanded as the knowledge base'increases; 

(4) They can be used over the geographical and temporal 

time scales of interest; and 

(5) They have each been at least partially evaluated 

through comparison with measurements. 

Two regional air quality simulation models developed in 

Canada and three developed in the United States were selected 

for Phase I. It is conceivble that additional Canadian 

and/or U.S. developed models could 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. 
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AES-LRT Model 

The Atmospheric Environment Service of Canada (AES) has 

developed and applied a Lagrangian box model to simulate 

ambient concentrations and depoàition patterns of sulfur 

throughout eastern North America (Olson et al., 1979). The 

AES-LRT model is based on - trajectories, at approximately 600 

meters above the surface, which are calculated from each 

designated receptor four times a day using analyzed winds on 

the standard numerical weather predicton grid covering North 

America. As the air parcels follow the trajectories towards 

the receptor points, sulfur dioxide emissions (1976-1980), 

mixing heights and precipitation amounts along the path are 

determined from gridded arrays. The transformation and 

deposition processes are parameterized linearly. The concen-

trations at eadh receptor are combined to form daily, monthly, 

and annual average concentrations and depositions. An 

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 Environment (OME) has developed 

and applied a simple statistical model to simulate long term 

ambient concentration and wet deposition patterns 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. The OME model also has 

been used to calculate the relative contribution from U.S. and 

Canadian SO2 emission sources to the sulfur concentrations 

and wet deposition over eastern North America. 

ENAMAP-1 Model  

SRI International has developed a trajectory-type regional 

air quality simulation model (Bhumralkar et ai., 1980). This 

model calculates monthly and annual average concentrations 

and dry and wet depositions of SO2 and SO4. The basic element 

of the E1Th.MAP-1 model is the emission of puffs of SO2 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 observations approximately 1500 m above 

mean sea level. Removal and transformation of the pollutant 

mass is treated linearly. 

SO2 emissions from the SURE program were used in ENA1AP-1 

model simulations. The months of January, April, August, and 

October 1977 were chosen for model evaluation. 



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 mbnthly and annual basis 

(Shannon, 1980). 

The ASTRAP model takes a statistical approach to long-term 

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

The ASTRAP model is based on the assumption that for long-period 

averages, i.e., one month or longer, horizontal and vertical 

dispersion processes can be separated. 

The long term horizontal dispersion of individual puff 

is represented by dispersion statistics. Vertical dispersion 

is simulated by numerically 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. In 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. The model results were then compared with measure-

ments from the SURE data network for 1977 and 1978. 

RCDM Model 

The Regional Climatological Dispersion Model (RCDM) of 

Teknekron Research, Inc., .(TRI) is an application of the basic 

model developed by Fay and Rosenzweig (1980). Analytical 

solutions to the coupled diffusion equations for sulfur 

dioxide and sulfate concentrations are found through the use 

of simplifying assumptions. The horizontal eddy diffusivity 

and conversion and removal rates are uniform in space. 

The TRI formulation of RéDM attempted to apply temporal 

and spatial averaging of the wind data sufficient to eliminate 

most of the detailed fluctuations While preserving 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 each emission cell (state, province 

or subunit thereof) by averaging available upper air wind data 

for the eastern U.S. and southeastern Canada (Niemann, et 

al., 1980). 

The conversion and removal parameters used in 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 

Table 3-1 outlines the parâmeter values for the meteoro-

logical and chemical processes used in these models. 

The sulfur dioxide transformation rate to sulfate is 

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

allowed. 

The sulfur dioxide dry deposition 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). 



PARAMETER 

SO2  transformation 

(%/hour)  

505 dry deposition 

velocity 
LLsJ 	 

ROOM  

2.4 x 105 f  

0.83h 
(1.7 x 105 )9 

ASTRAP  

Diurnal Cycle 
Summer 1.1 

Winter 0.55 

1.0 	 Summer 0.4 (avg.) 

Winter 0.25 (avg.) 

ENAMAP - 1 

1.0 • 
rate 

0.5 0.5 

OME 	 NS 

1.0 	 1.0 

Wind Cata resultant 
average 

vector wind 
field, 

191 x 191 km grid, 
f/R2  

analyzed to grid 

points 

Iàhg  tenu 	o6ject1Vely ,  
wind 	analyzed at 
statistics 4 levels on 

381 x 381 km 
grid 

6.; = VmT 

• 10 Ws 

yin  - 6 Ws 

80 x 80 )en gr1d; 
representative 
gricl square 
average 

ijes 3.2mIs 	= 0.75 U850,1, 

= 265 .  True 	= 81350ffib  .45 e  

TABLE 3-1. REGICOAL MODEL PARAMETER VALUES FOR EASTER' mell AMERICA TRANSPURf SIMULATIONS 

SO4  dry deposition 
velocity 
(cm/s)  

0.2 	 &ewer 0.4 (avg.) 

Winter 0.25 (avg.) 

0.05 	0.1 

SO2 wet removal rate (1.2 x 105)g 
(%/hour) 

SO4 wet removal rate (1.6 x 105 )g 
(%/hour)  

Mixing depth (m) 	1000 

28P(t) a  

7P(t) a  

Winter 1150 

Spring 1300 

Summer 1450 

100(h/4) 1/2 : h 4 h  
10.8 e 	30,000 e 

100 	h 4 h  
360 	850,000c  

up to 2100 (10 levels) 	1000 	Climatological d 
by month 

(mean = 12000 

(1977) 
• Prec p tat  • n rate, P t n 	. 

b Precipitation rate, h, in mm/6 hr. 
C  Scavenging ratio 
d Based on Portelli (1977) & Iblzworth (1967) 

(1975) 	 (1978) 
• Faction  of average length of wet and dry periods 

(applies during wet period only) 
f Chemical conversion time scale (seconds) 
9 Total wet and dry depletion time scale (seconds) 
h Dry and wet combined 
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The wind data varies from long-term statistical to 6- 

hourly, objectively analyzed fields* on grids ranging in 

size from 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 

comparisons with measured data. 

il 

sm 

* Objective analysis routines variously 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. 

AESEffl 



Chapter 4 

SOURCE REGION AND SENSITIVE AREA DEVELOPMENT AND TRANSFER 

MATRIX OPERATION 

The application of LRT models to the development of 

quantitative relationships between pollution source areas and 

sensitive receptor areas in the form of transfer matrices 

requires the identification of appropriate geographical 

groupings of sources and the identification of sensitive 

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 calculations. 

This need was recognized 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 

, 



SO2 emissions and boundaries as closely as possible. A table 

that compares the state and grid-aggregate SO2 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 elements) 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 SO2 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 fofy comparing the SURE 

SO2 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. 

Canadian efforts, similarly based upon the aggregation of 

sources, have resulted in the delineation of 11 regions. 

Because of this difference, the 11 Canadian regions, loihich 

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 4.1: 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 uncertainties still 

exist in relating the 11 Canadian regions to the 63 U.S. areas. 

SO2 emissions in the 11 Canadian regions and in the 63 

U.S. areas are given for comparative purposes in Appendix 6. 

In addition, a comparison was made between SO2 emissions 

used in the Ontario Ministry of the Environment (OME) and 

the Atmospheric Environment Service (AES) models. Basically, 

the OME model used emissions that 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 equivalent. 

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 ‘...ihich will be made available to all 

• participating modeling groups. Such a common inventory 

could be expected to lead to improved agreement in model 

results. 



The Work Group will develop a common basis for specification 

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 

resp6nsibility of Work Group 1, in coordination with Work 

Group 2. However, in order to commence modeling work, Work 

Group 2 chose sensitive areas that had been previously 

identified in the work of ARMS and of the RCG. • 

The Canadian sensitive receptor areas, which are actuaily 

specified as points by latitude and longitude coordinates, 

and the ARMS sensitive areas are listed in 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 sensitive areas were purposely selected 

to include at least several SURE grid squares (usually 4) 

and to include areas in which adverse ecological impacts 

from acid deposition 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 I will provide a list of candidate 

sensitive areas together with their sensitivities and target 

sulfur deposition objectives. It is expected that many of 

these sensitive areas will coincide with 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 receptor 

area from a variety of source regions. This information 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 

f. • Q. ij 

where. Di is the deposition (or concentration) of the parameter 

of interest at r'eceptor 'j'; Qi is the strength of source 'i'; 

and fii is an element of the transfer matrix which describes 

the relationship between the two. The LRT models are used 

to determine the transfer matrix, examples of ‘Which are 

presented in Chapter 5. 

An important future application would involve the estima-

tionofthereductioninDi(concentration or deposition) 

due to a reduction in emissions Qi •  Examples of the manipu-

lations which can be undertaken with the relationship include: 
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(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 deposition reduction. 

These applications are described 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 themselves, an integrated transfer matrix processing 

system is under de*elopment. This system will be accessed 

by Work Groups 3A and 3B during Phase II and beyond in order 

to provide the 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 

system consists of five computer programs whidh format, 

intercompare, plot, and manipulate the matrices. It is 

expected that the integrated matrix processing system will 

be refined and that the opera-tions in program five (least-cost, 

source-receptor optimization) will be specified by Work Group 3B 

in Phase II. This system is described in more detail in 

Appendix 7. 
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Chapter 5 

SOURCE-RECEPTOR RELATIONSHIPS  

Introduction  

Several long-range transport models are currently avail-

able for predicting sulfur deposition and for developing source-

repector relationships; these were described in Chapter 3. 

No models are currently available for predidting either 

acidity or nitrate deposition. 

Eastern North America can be divided up in a variety of 

Ways for purposes of source-receptor modeling as described 

in Chapter 4. In the United States many modelers have used a 

basic 80 km grid with the cells aggregated into 63 

geographical areas. 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  

The results of running the three U.S. models are contained 

in separate computer print-out files on a 60 by 60 matrix. The 

matrices are to be consolidated into the eleven source areas 

used for the Canadian models. These matrices also can be 

reduced in size by selecting out the columns representing the 

sensitive receptor areas from the set of all 60 areas. The 

values are to be presented in the same three ways discussed 

below for the Canadian models. 

For the purpose of illustrating 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 regions 

(Southern Ohio, Southern Michigan and Southern Indiana) and" 

the largest Canadian emission source region (Sudbury) were 

chosen, and 10 of the 60 regions were selected as receptors 

because of their known sensitivity to acid deposition. 

This resulted in the 4x10 matrix shown in Table 5.1, 

and its use can be illustrated as follows. If one is inte-

rested in the impact of a given source, for example S Ohio, 

one reads down the column headed "46 S. Ohio" and the annual 

deposition of sulfur at each receptor is given. Conversely, 

if one is interested in the contribution to a given receptor 

area, for example Adirondack, one reads across the row headed 

"8 Adirondack". 
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Total Annual Sulfur Deposition as 
Computed from the ASTRAP Model (KgSha-1  yr-1 ) 

Selected Major Source  Areas 

El 

11 

1 

Table 5.1 

Sensitive Recentor Areas  

2. New Hampshire 

8. Adirondack 

15. Pennsylvania 

25. S. Appalachia 

33. Florida 

39. Arkansas 

53..Boundary Waters, 

56. Ontario 

58. Quebec 

L . S.N.S.a 

45 S. Ind. 

ASTb 

0.63 

0.91 

2.3 

2.2 

0.08 

0.38 

0.11 

1.1 

0.61 

0.43 

46 S. r-4 r1 	49 S. Mich. 

AST 	 AST 

1.3 	 1.6 

2.0 	 2.5 

9.0 	 2.8 

2.2 	 0.17 

0.06 	0.01 

0.15 	 0.06 

0.11 	0.20 

2.0 	 5.1 

1.1 	 2.2 

0.88 	 1.1  

55 Sudbury  

AST 

1.0 

1.3 

0.15 

0.01 

0.0 

0.0 

0.01 

6.4 

3.5 

0.83 

a Sulfur deposition  in  Southern Nova Scotia sensitive area assumed 
sasse as for Maine. 

b Annual averages computed  frein  winter and summer months. 



h) 	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 SO2 concentrations 

(2) ambient SO4 concentrations 

(3) dry deposition of sulfur 

(4) wet deposition of sulfur 

(5) total deposition of sulfur 

In each case information on the variable is presented 

in three ways: 	 - 

(1) normalized to a unit emission from each source 

(2) as a percentage contribution from each source 

(3) as an absolute 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 sensitive receptor 

areas match fairly closely those 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 

m 3. Ohio". 
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Conversely, the contributions at a given receptor such as 

Muskoka  cari  be seen bài reading down the column headed 

"Muskoka". 

A comparison of the predictions of the two Canadian 

models shows that, whilst they agree reasonably well with 

each other, the AES model generally predicts larger values 

than the OME model for the absolute values and the emission-

normalized values in Tables A8-1 through A8-10. 

Comparison of matrix outputs with each other and observations  

Each of the models discussed in this Chapter has been 

compared with observations as described in Appendix 5. But, 

since the observations consist only of the deposition or 

ambient concentration at a monitoring station due to all 

sourdes, there ie no way that each of the contributions in 

the matrices cari  be directly verified. However, 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 

depositions do agree reasonably well, then in the absence of 

any evidence to the contrary, it can be assumed that the 

individual contributions in the matrices will probably also 

be realistic. 
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Table 5.3 - Comparison - of the predicted annual wet deposition 
of sulfur (kgSha- from selected LRT models 
compared to the measured values 

Model predictions* 
Canadian I United Statest gurrim IASTRAP RCDM 

1 Boundary Waters 
2 Algoma 
3 Muskoka 
4 Quebec - Montmorency 
5 Southern Nova Scotia 
6 New Hampshire 
7 Adirondack - Whiteface 
8 Pennsylvania - Penn State 
9 Southern Appalachians 

10 Florida 
11 Arkansas 

* Modeled values include wet deposition of SO2 and SO4 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 
was 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 SO2 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. 

Sensitive Areas 
Observed 
Values** 

* * 
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•  The most detailed and reliable deposition observations 

are for the wet component. The results presented 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. 

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 overpredict and the MOE 

model tending to underpredict. 

We recognize the importance of advising the reader about 

the confidence with which one can make use of the transfer . 

matrices in this chapter and Appendix 8. These matrices 

have not yet been thoroughly verified or intercompared, so 

that it is difficult tO assign a quantitative measure of 

uncertainty to the matrix elements. The differences among 

- model estimates for individual matrix elements are perhaps 

the best indication of the uncertainty in these values at 

the present time. On the whole, the matrix elements repre- 

senting transport between major 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 initiated 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. 
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In the meantime all the model results must be regarded 

as preliminary. The results are presented here primarly to 

indicate the type of information and the format thàt can be 

provided for use by others. The results also give some useful 

indications, or trends, regarding the relative importance 

of various source regions on the sensitive receptor areas 

presently of interest. But at this time the absolute values 

of the numbers in the matrices should not be given too much 

importance 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 atmospheric transport or 

ecological and other effects, the measurement of atmospheric 

pollutants and precipitation composition and deposition is 

a vital aspect of understanding long-range transport and 

acid rain. Modeling research and applications require ground 

truth measurements with which calculations can be compared. 

Ecological and other impact studies require the amount of 

atmospheric input to relate quantitatively loadings to effects. 

A multistage monitoring program 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 

part 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 

the mid-1950's  whichhas  been continued more or less intact 

to the present. Only in recent years have limited commit-

ments been made to long-term  monitoring in Canada and the 

United States. 
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Precipitation chemistry monitoring networks in Canada 

and the United States are of three types: global background, 

national trends and research support. The small number of 

global background sites are located in remote areas where 

there is little or no local or even regional pollution. 

Such sites include American Samoa, Barrow, Alaska, and others. 

,These stations identify long-term trends in the global spread 

of pollution. 

Currently the national trends networks measure the 

composition of precipitation and wet deposition using wet- . 

only collectors for both atmospheric and ecological purposes. 

They are long-term, country-wide, national networks: the 	- 

Canadian Network for.Sampling Precipitation (CANSAP), 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. 



As a result of the increased activity in monitoring during 

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 map of 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 large acidic deposition in the northeastern part 

of the United States and southeastern part of Canada. It 

has been postulated that the geographic extent of increasing 

rai acidity is spreading toward the southeast and midwest 

with all states east of the Mississippi River now receiving 

some degree of rai acidity. Some west-coast sites in both 

countries also show relatively large hydrogen ion deposition 

based on recent measurements. 

Since it will be some time before models will be able to 

calculate hydrogen ion deposition, 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 North America is given in Figure 6.2. 

(Galloway and Whelpdale, 1980). The problem of comparing mddel 

results with such data is obvious in view of the complexity 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 
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Figure 6.1 : 	Mean annual hydrogen ion (WI') deposition in 

precipitation for period 1976-1979 (mg m-2  y-1 ). 

Deposition values are derived from mean pH and 

mean annual precipitation. Adapted from 

Wisniewski and Keitz (1980). 
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Figure 6.2 : Wet deposition of sulfate ( $04) in precipitation 

in eastern North America for 1977 (g S m-2 y-1). 

Adapted from Galloway and Whelpdale (19 80). 



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. 

Besides the natural variability of precipitation 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 based on data from 

networks with different measurement techniques. Also, the 

level of quality assurance varied from network to network. 

With these considerations 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 hydrogen deposition to be as high 
■■■ 

as +50% and of sulfur deposition to be as high as +25%. As 

better quality assurance techniques are applied and a large. 

- statistical base established e  error estimates can be refined. 

One of the goals of this Canada - U.S. study is the 

quantitative evaluation of transport of material through the 

atmosphere and deposition on sensitive areas. The amount of 

wet deposition to sensitive areas can be estimated from recent 

monitoring data collected since 1977. Some such estimates of 

annual wet deposition of hydrbgen and sulfate ion to specified 

sensitive areas are given in Table 6.1. 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. 



Sensitive Area* (my  u m-2y-1) 
SO 4 

(g S m-2y-1  * * 
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Table 6.1 	Estimated annual wet deposition of hydroyen 
and sulfate ion to specified sensitive areas. 
These data must be considered preliminary.  Errors 
in le and SO4 values are estimated to be as high 
as +50% and +25%, respectively. 

Annual Wet Deposition 

Boundary Waters 	 10 	 0.6 

Alyoma 	 30 	 1 	. 

Muskoka. 	 70 	 1.8 

Quebec - Montmorency 	 40 	. 	 2.0 

Southern Nova Scotia 	 30 	 1.2 

• New Hampshire . 	 5 0 	 0.9 

Adirondack - Whiteface 	 50 	 1.2 

Pennsylvania - Penn State U. 	90 	 1.9 

Southern . Appalachians 	 60 	 1.2 

Florida 	 30 	 0.9 

Arkansas 	 30 	 0.9 

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

** To convert sulfate loadiny expressed in terms of S 
(as shown in table) to loading in terras of SO4, 
multiply by 3. 
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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 component is at 

present not possible because there exists no generally accepted 
, • 

method for routine monitoring of dry deposited material. 



Chapter 7 

CONCLUSIONS, RECOMMENDATIONS, AND PHASE II WORK 

Conclusions  

Work Group 2 has reviewed tir modeling, monitoring and 

research aspects of the atmospheric behavior of acid-forming 

pollutants, particularly sulfur, between 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 constructed by the Group. Comparisons of 

model results 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 an interim nature, and must be viewed as only a 

first attempt to quantify relationships. Revisions 

and refinements will be made in the transfer 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. 

=11.111T4.319111 
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(3) The above uncertainties notwithstanding, the - results 

from the models and the monitoring networks which 

have been presented can serve for the initial develop-

ment of pollution control stratagies. 

(4) 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. 

Recommendations  

Thè first set of recommendations pertains to matters 

requiring consultation or clarification among the various - 

Work Groups. Work Group 2 recommends that: 

- there be continUing consultation wii.h.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 (International System) units; 

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 recommend that: 

- the relative importance of hydrogen and sulfate ion 

deposition, as a measure of damage, be examined and 

resolved, as far as possible at this time; 

- key 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 1 priorities, be established; 

- the priority of considering the long-range transport 

of other materials (e.g., metals, synthetic organics, 

particulates) be established; 

- the need to model past emissions and deposition of 

sulfur and other species be reviewed, in view of 

the paucity and uncertainty of past 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 naine of Work Group 2 be changed to "Atmospheric 

Sciences and Analysis Work Group" to reflect more 

accurately our charge; 
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- the following be added to our terms of reference: 

" - evaluate and employ available field measurements, 

monitoring data and other information;"; 

- a critical path analysis of tasks and information 

needs be completed by the Coordinating Committee or 

Work Group 3A and distributed to ensure a coordinated 

effort; 

The third set of recommendations are more general in 

nature and concern the broader aspects of the acid deposition 

problem. We recommend that: 

- a long-term commitment be made by governments to 

the operation of national and regional 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 

deposition information, including that on nitrate 

and ammonium ion, alkaline constituents, and dry 

deposition; 

- communications within and coordination of scientific 

programs in the two countries continue and be 

enhanced. (The structure for this exists: MOI 

Work Groups provide the near-term reporting functionr 

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, 

outlined the major tasks of the Group and their timing. 

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 recommendations, 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 emissions 

inventory for North America, on an annual and 

seasonal basis by February 1, 1981 (from WG 38); 

- 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). 
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IABLE 7.1 

NORK GROU11 2 ACTIVITY SCHEDULE (REVISED 80/12/19) 

1 Receive unified U.S./Canada present S inventory (anrual) fram  3D---- 

2  Receive unified U.S./Canada rcesent S inventory (seasonal) fran  3D--- 

3  Receive Fast/future S inventories (annual and seasonal) fnan Grcup 38 

4 Receive unified U.S./Canada N and 1E inventories fram Croup 3B------- 

5 Final dhoice of source and receptor areas fnan Grcup I, 3A, and 3D--- 

6  Settle meteorolcgical Feriod for verification- 

7 Settle meteorolcgical period for general use 

8 Chocee selected models 	  

9 Neview and document model paraneters 	  

10 Demonstratemodel output 	  

11 Demonstratemodel use-    • 

12 Evaluate and intercomFere selected models 	. 

13 Glossary 	  

14 Assess and use measured data- 

15 .  Develcp and demonstrate transfer matrix 

16 Run reference scenarios 	  

17 Review of selected atmospheric science topics 

18 Donnulete Fccposals for agreement 

■■■■7  

Timirg of _11lases 'Chase I 	I Phase II Phase III 



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 chosen. See Appendix 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 Chapter' 5 and Appendices 5 and 8. 

Task 12: 	A major Phase II activity. This will be the 

subject of a series of workshops. See Appendix 9 

for a report of the first workshop. 	 - 

Task 13: 	Completed, but can be ammended. See Appendix 3. 

Task 14: 	Completed for Phase I. See Chapter 6. This is a 

continuing activity throughout all phases. 

Task 15: 

	

	Completed as an interim step. See Chapter 5 and 

Appendix 8. Refinements will occur during Phase II. 

Task 16: 	To be done in Phases II and III as determined in 

consultation with-Work Groups 3A and 3E.  

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. 
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Terms of Reference from the MOI  

The Group will provide information based on cooperative 

atmospheric modeling activities leaainy to an understanding 

of the transport of air pollutants between source regions and 

sensitive areas, and prepare proposals for the "Research, 

Modeling ana Monitoring" element of an agreement. As a first 

priority the Group will by October 1, 1980 provide initial 

guidance on suitable atmospheric  transport  models to be used 

in preliminary assessment activities. 

In carrying out its work, the Group will:* 

- identify. source regions and applicable emission 

data bases; 

- evaluate and select atmospheric transport models 

and data bases to be used. 

- relate emissions from the source regions to 

loadings in each identified sensitive area; 

- calculate emission reductions required from source 

regions to achieve proposed reductions .  in air 

pollutant concentration and deposition rates which 

would be necessary in order to protect sensitive 

areas; 

* proposed additiOnal term of reference: 
te  — evaluate and employ available field measurements, 

monitoring data and other information;" 
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- assess historic trends of emission, ambient 

concentrations and atmospheric deposition to gain 

further insights into source-receptor relationships 

for air quality, including deposition; and 

- prepare proposals for the "Research, Modeling and 

Monitoring" element-of an agreement. 

Additional Guidance from the Chairman of WG 3B  

Each Work Group will be responsible individually for the 

following. 

a. Develop data needs and analysis methods for their. Work 

Group; identify required inputs from other Work Groups; 

(due to the size of the Work Groups, the Chairmen will 

have to very carefully orchestrate the Group°s activities 

in order to accomplish tbeir tasks). 

b. The technical review (including peer review as necessary) 

of their work products. 

c. Maintaining agreed upon work schedules with prompt 

notification to 3A Chairman in the event of any 

significant deviation from Work Plan. 

C]. Responsible for coordination with their counterparts 

from the other country in conducting full cooperative 

analyses in order to fulfill the terms of reference. 

e. Responsible for fulfilling requests for information 

from other work groups in a timely fashion. 



f. Be prepared to draft language for portion of agreement 

that pertains to their tasks as directed by Coordinating 

Committee. 
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Glossary of Terms 



Introductory Comments  

During the preparation of this glossary, use has been 

made of terminology 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 uniformity in terminology amongst all Work 

Groups and others involved in 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 disciplinés 

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

and acidifying materials are removed from the atmosphere and 

deposited at the surface of the earth. Also, the amount of 

material so deposited. (Units: M172T-1 .) .  

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

usually refers to all types of precipitation with pH less 

than . 5.6. 

Acid Rain: A popular term used to describe precipitation that 

is more acidic than "clean" rain (pH-..0 5.6). It - is also used 

more generally to 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 consists of wet deposition, plus an unknown fraction 

of the dry particulate deposition, plus an unknown and probably 

very small fraction of the dry gaseous deposition. 

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. (Units: ML -2T-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 models where computations are made following an air 

parcel). 	Computation points are usually arranged in a-fixed 

grid, and the model is also known as a grid model. 

Flux: A physical quantity, the amount (mass) 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 

particular pollutant for a specified time period. Inventories 

and parameters are normally organized on a point-source basis, 

an area-source basis, or a combination of the two. Area 

sources may be represented on a grid, urban-area, 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 idhich computations 

are made successively in the sanie 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.) 

J.Joading Surface: A term used interchangeably with deposition. 

LRTAP: The long-range transport of air pollutants refers to 

the processes, collectively, by which pollutants are transported, 

transformed and deposited, on a regional 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, and which inhibits upward flux of 

pollutant. 

Model: A quantitative simulation of the behaviour of 

a portion of the environment. 
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Model Evaluation:  A procedure by which the validity and sen-

sitivity of a model is assessed. Usually the validity is 

ascertained by comparing model outputs with 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 procedure of comparing the results 

of several models which have been run on specified data bases 

and with (usually) specified values of mode].  parameters. 

Mode].  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. 

Mode].  Validation:  The part of model evaluation in which modeled 

results are compared with measured values. 

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

oxide (NO) and nitrogen dioxide (NO2). Other forms are 

nitrate (NO3), nitrous oxide (N20), and dinitrogen pentoxide 

(N205). 

. Oxides of Sulfur:  This term usually denotes sulfur dioxide 

(SO2). Other forms are sulfur trioxide (S03) which is uncommon, 

and sulfate (SO4). 

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 s.ihich usually 

reflect 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 region are quantitatively linked. 

5patial 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 381-km 

grid will provide no significantly different information for 

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

Statistical Model:  A mathematical model 1Which 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 determined (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 parcel 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 matrix form. Matrix elements can be expressed 

as percentage values, as absolute values, or as 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 dhemical 

species are converted into other chemical species (in the 

atmosphere). 
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Variance: A measure of variability. It is denoted by e 2  

and defined as the mean-square deviation from the mean, that 

is, the mean of the squares of the,differences between 
emm. 

individual values of x and the mean value x. 

or 2  = E [(x-7 ) 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-1.) 
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Teknekron .  
Research, Inc. 

Argonne 
National Labs 

Teknekron - 
Research, Inc. 

Name of 
Organization 

Batelle -Pacific 
Northwest Labs 

Brookhaven 
National Labs 

ERT, Inc. 

ERT, Inc. 

Model 
Acronym 

Type of 
Model 

Principal 
References Tinte  Period 

RAPT 	Lagrangian 	monthly to annual McNaughton (1980) 

AIRSOX 	Lagrangian 

ASTRAP* 	Lagrangian 

SURAD 	Eulerian 

monthly to annual Kleinman et al 
(1980) 

monthly to annual Shannon (1980) 

episodes 	 Lavery et al 
(1980) 

MESOPUFF 

RCDM* 

Lagrangian 	episodes 

Analytical 	annual 
Eulerian 

Bass (1980) 

Fay and 
Rosenzweig (1980) 
Niemann et al 
(1980) 

REGMOD 	Eulerian episodes Prahm and 
Christensen (1977) 
Niemann et al 
(1980) 

Lagrangian 

Statistical 
Lagrangian 

Statistical 
Eulerian 

Lagrangian - 

Statistical 
Lagrangian 

monthly . 	 Wilkening and 
Ragland (1980) 

seasonal 	 Weisman (1980) 

seasonal to 	Lelièvre (1981) 
annual 

Work Group.2 as of January 15, 1981. 
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Table 1. Summary of Principal Regional Air Quality Simulation Models 
in the United States and Canada 

Washington 
University 

SRI 
International 

EPA Meterology 
Lab 

CAPITA- 	Statistical monthly to annual Patterson et al 
Monte Carlo Lagrangian 	 (1980) 

ENAMAP-1* Lagrangian 

Eulerian 

monthly to annual Bhumralkar et al . 
(1980) 

'episodes 	 Lamb (1980) 

monthly to annual 

annual 

RPAQSM 

Atmospheric 	AES-LRT* 

Ministry of the 	OME-LRT*-  
Environment 

NOAA/ARL 	 ATAD 

Colorado State 	RADM 
University 

University of 	ATM- 
Wisconsin 	 SOX 

MEP, Ltd. 	 LRT 

'Environnement 	TGD-EQ 
Québec 

* Models selected for use by 

Environ. Service Environ. Service 

Lagrangian 	monthly 

Lagrangian 	monthly 

Voldner et al 
(1980) 

Venkatram et al 
(1980) 

Heffter (1980) 

Hanoi (1980) 
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Model: ASTRAP (Advanced Statistical Trajectory Regional Air 

Pollution Control Model) 

Modeling Group: Argonne National Laboratory, Jack Shannon 

Model Type:  Statistical Lagrangian 

Emission Data: Point Sources or gridded virtual sources for a 

normalized 60 x 60 transition matrix (emission height can be 

variable) 

Wind Data: uses 1/2 NMC* (191 km). Calculate mean transport 

speed and direction 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 kin .  

and increase until at least two observing stations). 

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

( 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 precipitation means up to 60% 

removal is allowed)- 

Mixing Height: not used directly - numerical integration 

to 2100 metres using a diurnal pattern of 

growth of a nocturnal stable layer followed 

by breakup during the day to a maximum afternoon 

value and repeating on an actual rawinsonde ascent. 

Chemistry: first order S02/SO4, 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 SO2 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 everything 

whereas 1 mm/hour removes 50%). 

Model Outputs:  Long term regional patterns of SO2 and SO4 

surface concentration and cumulative wet  and 

dry  deposition of total S. 

Resolution: 	Monthly and 1/4 of an NMC grid (95 km). 

Area of Application:  Eastern North America 

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

Winter (Jan., Feb.) 

Average VDs02 and SO4 = 0.4 cm/sec. (summer) 

= 0.25 cm/sec. (winter) 

Conversion S02/SO4 	= 1.1%/hour (summer) 

= 0.55%/hour (winter) 

calculation done on ensemble parameters only. 

Me=MUM 
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Descriptive Material: 

Seasonal and diurnal cycles in the deposition velocities 

of SO2 and SO4 produced by vertical mixing and plant stomatal 

activity are also provided for in the model. Sulfate deposi-

tion velocities used are the saine  order of magnitude as SO2 

velocities rather than an order of magnitude less as in other 

modeling studies. 

Wet removal is taken into account using the scavenging 

ratio approach. 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 fcund that scavenging 

rates -are relatively constant, and sulfur depositiOn 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 

level in the atmosphere based on NS data. Winds are inter-

polated between data points using a radius of influencé inverse 

square 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-

pencies, particularly in the western part of the eastern 
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U.S. It must 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 distribution 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 

important. By season, dry deposition was equal to wet 

deposition in the summer, but wet removal was approximately 

twice dry removal in the winter. 

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

Model. 
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I. 

Figure 	A5-1 Comparison of cumulative sulfate in 
rain, expressed as total sulfur for 
1977 with ASTRAP simulations (isopleths) 
(Galloway and Whelpdale). 
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A.5-7 
Figure 	A5-2 Comparison of Jan-Feb 1978 SURE average 

sulfate measurements (number) with 
ASTRAP simulations (isopleths) using 
Jan-Feb 1975 meteorology. (Shannon) 
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Figure 	A5-3 Comparison of August 1977 SURE average 
sulfate measurements (numbers) with 
ASTRAP-  simulations(isopleths) using 
Jufy-August 1975 meteoroglogy. (Shannon) 
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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 grid extended 

- SURE and NEDS 

- average (annual and seasonal) 

- 12 hour puff 

Wind Data:  historical (retaining original temporal and spatial 

detail) (1977) 

- 3 hour time steps using objectively* analyzed 

wind fields from surface (6 hour intervals) & 

upper air data (12 hr. intervals) on 80 x 80 

grid. 

U = 0.75 U (850mb); 	=  0 (850mb) - 15 °  

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

using observed data. 

Mixing Height:  seasonal dependence varying from 1.15 km in winter 

to 1.45 km in summèr. 

Chemistry:  502/504 first order 

Dispersion:  - Fickian (t1/2 ) 

- 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) SO2, SO4 Concentrations 

(2) dry and wet deposition 

(3) interregional exchanges 

Resolution: monthly, 70 x 70 km grid square 

Area of Application: Eastern North America 

Parameter Values: S02/SO4 1%/hour 

L = 1.3 - 0.15 km 

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

S02 . • dry deposition = 0.037 hr -1 

 S02 : wet deposition = 0.28R hr -1 

 where R = mm/hr. of precipitation 

SO4  : dry deposition = 0.007 hr -1  

SO4 • -wet deposition = 0.07R hr -1  

Descriptive Material: 
• 

ENAMAP-1 was originally developed for the Federal Republic 

of Germany (as EURMAP-1) 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 at the 850-mb level (approxi-

mately).500 m above mean sea level). The resulting field 

wind speeds are decreased by 1/4, and the lend directions are 

rotated 15° counterclockwise to account for surface layer 

friction effects. The wind fields are then interpolated 

every 3 hours between 12-hour data intervals. ' 
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The SO2 transformation rate, the SO2 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 SO2 and SO4 wet removal rates are different than those 

used in other regional models. 

Comparisons with Data: 

SO2 emissions from 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 resulte 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 

SO4 against observed SURE data show very good agreement. 
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Figure 	A5-8 SO9  concentrations (ug/m3 ) for August 
1977 from ENAMAP-1 
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Figure 	A5-11 SO4  concentrations (ug/m3 ) for October 
1977 from ENAMAP-1 
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Figure 	A5-12 Calculated annual concentrations of SO2 
and SO4 (ug/m3 ) for 1977 from ENAMAP-1 
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Figure 	A5-13 Calculated annual  dry and  wet deposi- 
tions of SO2  (10 mg/mq for 1977 from 
ENAMAP-1 

LOCAL Maxibir-Al VALUES SnOwti APPLY AT POiNTS MARKED BY PLUS SIGNS 



A.5-22 

Figure A5-14 Calculated annue dry and wet depositions 
of SO4  (10 mg/m`) for 1977 from ENAMAP-1 
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Model: AES-LRT 

Modeling Group:  Atmospheric Environment Service, Marvin Olson 

and Eva Voldner 

Model Type: Lagrangian 

Emission Data: 127 km 127 km - polar stereographic'CMC* grid 

Wind Data:  upper air observations, objectively** analyzed 

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 S02/SO4 

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

- individual trajectories (96-hour backward) 

Removal Processes:  wet and dry deposition of SO2 and SO4 

Model Outputs: (1) concentration and deposition fields for SO2, SO4 

(2) source receptor matrix (11 x 9) 
_ 

Resolutiôn: 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 



A.5-24 

Parameter Values: S02/SO4 	= Whour 

VDS02 	=0.5  cm/sec. 

VDSO4 	= 0.1 cm/sec. 

Scavenging ratio: SO2  = 30,000 (.3 x 10 5 ) 

SO4 = 850,000 (8.5 x 10 5 ) 

Descriptive Material: 

Wet deposition is parameterized by using the scàvenging 

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 using computed vertical motions. - 

Comparisons with Data: 

Preliminary results indicate some overprediction of 

sulfur dioxide concentrations and some underprediction of wet 

deposition, but generally the overall concentration patterns 

and episode occurrences agree quite well with measurements 

(correlations 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. 
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Figure A5-15 AES-LRT computed and measured daily mean 
SO2 concentrations during October 1977 at 
Albany, N.Y. (measured-solid, computed-
dashed) • 
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A.5-26 
Figure A5-16 AES-LRT computed and measured daily mean 

sulfate concentrations during October 
1977 at Port Huron. Mich. (measured-solid, 
computed-dashed) 
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Figure A5-17 Ratios of AES-LRT computed to measured 
monthly precipitation weighted sulfate 
concentrations in the rain and percent 
contribution from direct sulfate scaveng-
ing (in parentheses) for October 1977. 



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. 

Wind Data:  statistics of 	and ev  from Tennekes (long term 

average only) 

Precipitation Data:  duration and frequency of wet and .dy 

• periods (Slinn, 1979) 

Mixing Height:  constant value of 1000 metres 

Chemistry:  first order S02/SO4 

Dispersion: - instantaneous mixing 

- solution of the Lagrangian dispersion equation 

- function of trajectory spread 

Removal Processes:  Stochastic scavenging - wet and dry removal 

of SO2 & SO4 

Model Outputs: (1) concentration and deposition fields for 

SO2 & SO4 

(2) source receptor matrix (11 regions) 

Resolutiory.  Annual, 100 km. 
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Area of Application: North America 

Parameter Values:  di =  UT 

Y = Vm  T 

where Um  = 10 m/s 

VM = 6 m/s 

S02/SO4 = 1%/hour (dry & wet) 

Effective washout rate for SO2  = 3 x 10 -5  1/sec. 

Precipitation scavenging of SO4  = 1 x 10 -4  1/sec. 

VDS02 = 0.5 cm/s 

VDSO4 = 0.05 cm/s 

Td = 46 hours 	 - Langrangian dry period 

Tw  = 7 hours 	 - Lagrangian wet period 

— 
L = 1000 m 

10 m/s 

Ratio of SO2 to SO4 at the Source = 0.98/0.02 

Descriptive Material  

The horizontal dispersion of pollutants is based on a 

Gaussian puff 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 aildws for different SO2 to SO4 

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 A5-1 details the verification data and correlation 

coefficients for various agglomerations of sources from the 

OME-LRT Model. 
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Figure A5-19 OME-LRT model predictions of annual wet 
deposition of sulfur in gm/m 2/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 A5-1 
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Wet sulfur deposition 
OBS 	PRED 	OBS/PRED  

(g/m2/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 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 

Il 	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 	0.84 	1.00 
17 	Oneida Cnty, N.Y. 	1.70 	1.08 	1.57 
18 	Onondaga Cnty, N.Y. 	0.79 	1.19 	0.66 
19 	Ontario Cnty, N.Y. 	1.20 	1.34 	0.90 
20 	St. Law. Cnty, N.Y. 	1.00 	0.89 	1.12 

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 	1.25 	0.44 

LINEAR ANALYSIS: OBSERVED DEPOSITION = a + b* PREDICTED DEPOSITION 

2 r_ 	a(g/m2/yr) b 	Rèceptoe Excluded 

Canada 	 0.76 	0.24 	1.49 

Canada 	 0.84 	0.16 	1.48 	11 

U.S. 	 0.09 	0.73 	0.34 

U.S. 	 0.47 	0.05 	0.98 	24, 25, 26 

All PT 	 0.19 	0.67 	0.58 

All PT 	 0.51 	0.24 	1.0.4 	11, 24, 25, 26 

All PT Can Obs Reduced 30: 0.70 	0.12 	0.97 	11, 24, 25, 26 

Table 	A.5-1 Comparison of OME-LRT model predictions 
with observations of wet deposition of 
sulfur for 1977 (Galloway and Whelpdale, 
1980). 

Station No 	Receptor Name  

Receptor Location 
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Model: RCDM (Regional Climatological Dispersion Model) 

Fay and Rosenzweig 

Modeling Group: Teknekron Research Inc., Brand Niemann and 

Carl Benkeley 

Model Type:  Analytical Eulerian 

Emission Data: - single or multiple point and area sources 

- SURE inventory 

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. S02/SO4) 

or fast and reversible (e.g. NO/NO2) 

- 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:  17. =  1000 m 

u = 3.2  mis 

9 = 265 °  True 

VDs0
2= .01  mis 

Tw = 3 x 10 5  seconds 

= net depletion time = 10 5  seconds 

DH = Dif.fusivity = 6.4 x 10 5  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 which the horizontal eddy diffusivity 

and conversion and removal rates are uniform in space. 

The RCDM is an appropriate compromise between the original 

Fay and Rosenzweig application which used only one 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 vectora at 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 data to compute an ensemble 

average of trajectory statistics. 

Sensitivity analysis of the RCDM show in general that SO2 

concentrations are most sensitive to the mixing height and the 

inverse total depletion rate while the sulfate concentrations 

are most sensitive to mixing height and the inverse chemical 

conversion rate. The RCDM has been evaluated against historical 

sulfate data and current sulfur 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 regional pattern of elevated sulfate concentrations which 

are roughly symmetrical about the 11 contiguous states with 

the highest sulfur dioxide emissions. 

The RCDM also gives generally good agreement with winter 

and summer season regional sulfur dioxide and sulfate concen-

trations  when the seasonal mixing heights from climatological 

data are used and the inverse dhemical conversion rate (i.e., 

SO2 residence time) is 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 MAP3S and EPRI precipi-

tation chemistry networks in the region of highest SO2 emissions. 

However, the RCDM does not predict the observed maxima in wet 

sulfur deposition in regions like southeastern Canada beyond 

the region of highest SO2 emissions in the eastern U.S. 

Figures A5-20 through A5-26 illustrate the verification 

data available for this model. 
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Figure A5-20 Isopleths of annual SO2 concentrations 
(ug/m3 ) simulated by the RCDM 
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Figure 	A5-21 Isopleths of annual sulfate concentrations 
(ug/m3 ) simulated by the RCDM 
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Figure 	A5-22 Three-year average (1975-1977) of AQCR 
average sulfate concentrations (ug/m3) 
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Figure A5-23 Annual average sulfate concentrations 
(ug/m?) at Ontario Hydro monitors in 1978 
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Figure A5-24 "Annual average" sulfate concentrations 
(ug/m3 ) at the SURE monitors 
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Figure A5-25 Isopleths of wet sulfur deposition 
(g/m2yr) simulated by the RCDM 
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Figure A5-26 Wet sulfur deposition (g/m2 yr) at event 
monitoring sites in the northeastern U.S. 
(1976-1979) 
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Appendix 6 

Source Region and Inventory Description 

NOTE: 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 Experiment 

(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. 
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TABLE A6-1 Comparison of state  unissions  Totals 
and Aggregate - Grid Totals (based 
on SURE Phase II Inventory) 

Difference 
Emissions  

(1000s tons/year) 
SURE Data Files  

(Grid Aggregate - Data Base)  
Aggregate of  
Grid Squares 	1000 tons/year 	Percent State 

• 

Alabama 	 1290 	 1209 	 -81 	 -6 
Arkansas 	 79 	 90 	 +11 	 +14 
Connecticut 	 66 	 45 	 -21 	 -32 

Delaware 	 129 	 131 	 +2 	 +2 
Florida 	 1788 	 1798 	 +10 	 +1 
Georgia 	 916* 	 942* 	 +26 	 +3 	' 

Illinois 	 2344 	 1994 	 -350 	 -15 
Indiana 	 2189 	 2545 	 +356 	 +16 
Iowa 	 535 	 557 	 +22 	 +4 

Kentucky 	 1824 	 1809 	 -15 	 -1 
Louisiana 	 636 	 614 	 -22 	 -3 
Maine 	 337 	 339 	 +2 	 +1 

Maryland & D.C. 	352 	 455 	 +103 	 +29 
Massachusetts 	666 	 670 	 +4 	 +1 
Michigan 	 2292 	 2627 	 +355 	 +13 

Minnesota 	 521 	 508 	 -13 	 -2 
Mississippi 	447 	 501 	 +54 	 +12 
Missouri 	 1288 	 1291 	 +3 	 0 

New Hampshire 	169 	 173 	 +4 	 +8 

New Jersey 	 555 	 692 	 +137 	 +25 
New York 	 974 	 698 	 -276 	 -28 

N. Carolina 	984* 	 1004* 	 +20 	 +2 

Ohio 	 4533 	 4759 	 +226 	 +5 

Pennsylvania 	2480 	 2150 	 -330 	 -15 

Rhode Island 	43 	 33 	 -10 	• 	 -23 
S. Carolina 	459 	 429 	 -30 	 -7 
Tennessee 	 1332* 	 1360* 	 +28 	 +2 

Vermont 	 7 	 6 	 -1 	 -14 
Virginia 	 695 	 644 	 -51 	 -7 
West Virginia 	1349 	 1355 	 +6 	 0 

Wisconsin 	• 	937 	 935 	 -2 	 0 

Ontario (part) 	2228 	 2088 	 -140 	 -6 

Quebec (part) 	1017 	 1020 	 +3 	 0 

	

- - 	- -------- 

	

35509 	 35519 	. 	 +10 	 0.03% 

Emissions in S. Appalachain sensititve area excluded 
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The SURE-II Extended Grid  

The grid has an 80-km mesh, with41 cells east-west and 42north-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 =  1+ 41*  (J-1). 

The grid is °centered" around 81 °' west longitude, 39°  38' latitude, 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 TM coordinates 
for the grid lines: 

42 N-S lines at -780, -700, 	 9'4.2420, 42500 km 

43 E-W lines at 2687.02, 2767.02, 	  5967.02, 6047.02 km 



40. missouri 
41. Iowa 

	

1290.5 	 2.58 11.06 	3.38 	11.00 

	

524.8 	 2.78 16.30 	3.56 	16.10 
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TABLE A6-2 	SURE II SO2 Emissions Allocated to 
Grid Aggregate Areas. 

SO2 Emissions 	AFEACINTROID 	EMISSION CENTROID 
1000s tons oer vear 	X 	Y 	 X 	Y  

1. Maine 	 332.0 	 27.36 20.79 	26.92 	19.45 
2. New  Hampshire SA* 	 41.7 	 25.50 20.00 	25.16 	19.40 
3.'Vercont 	 5.8 	 24.00 18.50 	24.00 	18.29 
4. Southern NeurEarpshire 	 138.4 	 24.67 17.33 	24.90. 	17.28 
5. Massachusetts 	 670.1 	 25.67 16.00 	25.80 	15.98 
6. Rhode Island 	 33.2 	 25.00 15.00 	25.00 	15.00 
7. Ccnnecticut 45.1 	 24.00 15.00 	24.00 	15.00 

8. Adirondack SA* 	 12.0 	 22.50 18.50 	22.75 	18.54 
9. hestern New York 	 307.1 	 18.20 16.40 	• 18.54 	16.88 
10. Southeastern New York 	 378.9 	 21.46 16.69 	21.83 	16.08 
11.New Jersey 	 691.7 	 23.00 13.00 	22.85 	13.64 

12. Southeaste= Pennsylvania 	569.0 	 21.67 13.33 	21.83 	13.35 
13. Central Pennsylvania 	 476.9 	 19.88 14.13 	20.00 	13.46 
14. Western Pennsylvania 	 1075.8 	 17.40 14.20 	17.09 	13.42 
15. Pennsylvania SA* 	 55.2 	 18.00 12.50 	18.00 	12.51 
16.Maryland t DC 	 428.2 	 20.17 11.= 	19.98 	11.11 
17. Delaware 	 130.5 	 21.67 11.00 	21.34 	11.66 
18.Virginia 	 643.8 	 18.35 	9.06 	19.13 	8.91 
19.Northeastern West Virginia 	1086.3 	 16.67 11.67 	16.26 	11.89 
20. Southwestern  West  Virginia 	268.3 	 15.17 10.00 	15.01 	10.11 

21.Eastern Kentucky 	 753.9 	 11.58 	9.17 	10.58 	9.87 
22.Western Kentudky 	 1054.6 	 8.00 	9.00 	- 	8:11 	9.00 
23.Western Tennessee 	- 	 726.2 	 6.89 	6.78 	7.52 	7.17 
24. Eastern Tennessee 	 633.2 	 10.80 	7.00 	11.32 	7.42 
25. Southern Appalachain SA* 	 72.8 	 12.83 	6.00 	13.14 	6.35 
26. Central North Carolina 	 512.4 	 15.20 	6.80 	15.34 	7.12 
27.Eastern North'Carolina 	 473.2 	 18.94 	5.94 	18.20 	6.25 
28. South Carolina 

	

	 423.0 	 16.07 	3.86 	15.97 	3.96 
' 29. Northwestern Georgia 	 620.8 	 11.40 	3.80 	11.08 	4.40 

30.Southeaste= Georgia 	 321.4 	 13.21 	1.42 	13.66 	1.74 . 
33. Southern Florida 	 647.7 	 15.33 -5.89 	14.75 	14.59 
32.Northern Florida 	 179.8 	 15.17 -2.33 	14.81 	-2.57 
33. Florida SA* 	 59.6 	 13.50 -1.50 	13.61 	- -1.52 
34.Western Florida 	 911.8 	 9.80 -0.90 	8.38 	-0.31 
35. Alabama 	 1208.5 	- 	8.67 	2.67 	8.59 	3.64 
36 Mississippi 	 500.6 	 5.30 	2.65 	6.24 	2.28 

37. Louisiana 	 614.1 	 2.20 	0.44 	3.01 	-0.20 
38. Arkansas 	 67.4 	 1.95 	5.85 	2.63 	5.24 
39. Arkansas SA* 	 10.6 	 2.40 	7.20 	2.40 	6.66 

Area 
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42. Southern Illinois 
43. Northern Illinois 
44. Northern Indiana 
45. Southern Indiana 
46. Southern Ohio 
47. Northeastern Ohio 
48. Northwestern Ohio 
49. Southern Michigan 
50. Northern Michigan 
51. Wisconsin 
52. Minnesota 

53. Boundary Waters SA* 
54. Central Ontario 
55. Sudbury 
56. Ontario SA* 
57. Southern Ontario 

58. Quebec SA* 
59. Southern Quebec 
60. Central Quebec 
61. Southern Nova 

Scotia* 
62. Nova Scotia 
63. Newfoundland  

1065.6 
959.9 
751.4 
1793.2 
3014.2 
1108.8 
635.9 
2310.5 
316.4 
935.5 
487.3 

20.2 
433.5 
1060.8 

8.2 
585.4 

14.5 
273.0 
732.9 

2.9 

6.44 
7.42 

10.00 
9.63 

14.14 
15.50 
12.78 
12.17 
10.50 
6.84 
2.15 

6.20 
12.52 
15.00 
17.50 
17.12 

23.50 
22.69 
23.66 

30.50 
32.00 
37.00 

11.44 
14.42 
14.00 
11.13 
11.86 
14.50 
13.33 
16.67 
20.54 
19.36 
20.51 

24.60 
23.57 
21.00 
19.50 
17.76 

22.50 
21.00 
24.33 

19.50 
21.50 
28.00 

6.31 
6.97 
9.37 
9.69 

14.58 
15.32 
13.06 
12.71 
10.20 
7.36 
3.54 

6.00 
16.00 
15.00 
17.34 
16.25 

23.50 
23.10 
19.12 

30.50 
32.00 
37.00 

11.15 
14.43 
14.55 
11.06 
12.07 
14.54 
13.07 
16.16 
20.27 
18.34 
20.91 

24.00 
20.99 
21.00 
19.12 
17.27 

22.50 
20.66 
24.23 

19.50 
21.50 
28.00 

*SA = Sensitive Area 

NOTE: Canadian emissions in areas 54-60 are also from the SURE inventory. 



TABLE A6-3 SURE II SO2 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 	 o 	49 
2 	 o 	 o 	o 	o 
3 	 o 	 o 	o 	o 
4 	 34 	 17 	 0 	 51 
5 	 74 	 233 	 0 	 307 
6 	 6 	 8 	 o 	14 
7 	 18 	 13 	 0 	 31 
8 	 0 	 o 	o 	o 
9 	 94 	 60 	 o 	. 154 
10 	 141 	 25 	 o 	166 
11 	 169 	 60 	 0 	 229 
12 	 193 	 97 	 o 	290 
13 	 131 	 202 	 o 	333 
14 	 279 	 424 	 170 	 873 
15 	 30 	 o 	o 	30 
16 	 81 	_ 173 	 0 	 254 
17 	 43 	 22 	 0 	 65 
la 	 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 	 o 	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 	 o 	326 
37 	 263 	 126 	 0 	 389 
38 	 11 	 2 	 o 	13 
39 	 0 	. 	o 	o 	o 
40 , 	 139 	 856 	 0 	 995 
41 	. 	193 	 19 	 0 	 212 
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STACK HEIGHT 	 TOTAL 
Area Number 	<100m 	100m - 300m 	>300m 	(103  tons)  

42 	 204 	 713 	 0 	 917 
43 	 138 	 325 	 0 	 463 
44 	 240 	 176 	 0 	 416 
45 	 233 	 1254 	 0 	 1487 
46 	 211 	 2048 	 403 	 2662 
47 	 519 	 123 	 0 	 642 
48 	 94 	 170 	 0 	 264 
49 	 534 	 1253 	 0 	 1787 
50 	 96 	 78 	 0 	 174 
51 	 170 	 355 	 0 	 525 
52 	 38 	 285 	 0 	 323 
53 	 20 	 0 	 0 	 20 
54 	 162 	 264 	1059 	 1485 
55 	 0 	 0 	 0 	 0 
56 	 0 	 0 	 0 	 0 
57 	 27 	 345 	 0 	 372 
58 	 0 	 0 	 0 	 0 
59 	 89 	 0 	 0 	 89 
60 	 36 	 650 	 0 	 686 

7,076 	14,122  3,066 	24,264 



4.3 

CLI 

100,000 200,000 330,000 

A.6-8 

FIGURE A6-1 	SO2 Erlif3sion Rate with Height (SURE II 
Invent•Jiy) 

1500 

Emission Rate (gis)  
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TABLE A6-4 

Principal Reason for Selection of Sensitive Areas 

AREA NUMBER 	 PRINCIPAL REASON 

2 	 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 

39 	 Ozark Mountain Soils and Forests 
and Hot Springs National Park 

53 	 Lake Studies by Gary Glass et al 

56 	 Lake Studies by Canadians 

58 	 Lake Studies by Cahadians 

61 	 Lake Studies by Canadians 

a 

15 

25 

33 
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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 	 SA1 	 32 	 FL2 
3 	 VT 	 33 	 SA5 
4 	 NH 	 34 	 FL3 
5 	 MA 	 35 	 AL 
6 	 RI 	 36 	 MS 
7 	 CN 	 37 	 LA 
8 	 SA2 	 38 	 AR 
9 	 NYI 	 39 	 SA6 
10 	 NY2 	 40 	 MO 
11 	 NJ 	 41 	 IA 
12 	 PA1 	 42 	 IL1 
13 	 PA2 	 43 	 IL2 
14 	 PA3 	 44 	 INI 
15 	 SA3 	 45 	 'IN2 
16 	 MD 	 46 	 OHI 
17 	 DE 	 47 	 0112 
18 	 VA 	 48 	 0113 
19 	 WVI 	 49 	 MII 
20 	 WV2 	 50 	 MI2 
21 	 en 	 51 	 WI 
22 	 KY2 	 52 	 MN 
23 	 TN1 	 53 	 SA7 
24 	 TN2 	 54 	 ON1 
25 	 SA4 	 55 	 0N2 
26 	 NCI 	 . 56 	 SA8 
27 	 NC2 	 57 	 0N3 
28 	 SC 	 58 	 SA9 
29 	 GAI 	 59 	 QE1 
30 	 GA2 	 60 	 0E2 

61 	 SA10 	 , 
62 	 NS 

63 	 NF 



Chio 
(Southern Chio) 
(Northeast Chio) 

4762 	3961 	4759 	46-48 
(3092) 	 (3014) 	 (46) 
(1286) 	 (1109) 	 (47) 

3 

2039 

2281 

2400 

4 	Pennsylvania - 	2056 
(Western Pennsylvania) (1067) 

5 	New York, New Jersey 
to Maine 	 2408 

Kentudky, Tennessee 	2835 . 
(Western Kentucky) 	(740) . 

2177 	12-15 
(1076) 	 (14) 

2656 	 1-11 

3241 	21-25 
(1055) 	 (22 ) 

A.6-11 

TABLE A6-6 Relationship Between Canadian Regions 
and the 63 Aggregated SURE Grid Areas 

Canadian. 	Ares  
Region # 	Pepresented  

Canadian SO2 
Enissions( 17 

(kT/Yr) 

Canadian SO2 	SURE SO2 
Emissions( 2 )-  Emissions( 3 ) 	Principal 

(kT/yr) 	(kt/yr) 	SURE Areas 

1 	Michigan 
(South Michigan)  

1946 	1566 	2627 	49-50 
(1762) 	 (2311) 	 (49) 

2 	Illinois, Indiana 	3874 
(Southern Illinois) 	(1050)  

5072 	4570 	42-45 
(1066) 	 (42) 

7 ' 	West Virginia, 
Virginia, N. Carolina, 
Delaware, Maryland, 
and D.C. 
(Northern W. Virginia) 

2446 	3400 	2557 	, 16-20 

985 	26-27 
(476) 	 (1086) 	 (19) 

8 	Pest of Eastern 
United States 
(Missouri) 
(Alabama) 

TCMAL EASZERN 

9 	Cntario 
(Sudbury) 

10 	Cuebec 

11 	Atlantic Provinces 

TOTAL EASTERN CANADA 

	

7485 	2387 	8803 

	

(1316) 	 (1291) 

	

(1525) 	 (1209) 

	

27,812 	23,106 	32,375 

	

1970 	1809 	2108 	' 	53-57 

	

(1001) 	 (1061) 	 (55) 

	

1037 	1186 	' 1021 	58-60 

	

469 	 368 

	

3,476 	3,363 	3129 

28-41, 51, 52 
(40) 
(35) 

1 kT 1.1 kt 

1  Used in AES-LRT Model 
2  Used in OZ-LRT Model 

Used in ENAMAP, ASTRAP, and RCEM Models 
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TABLE A6-7 Relationship Between Canadian Receptor 
Areas and ARMS Sensitive Areas 

ARMS 	 Canadian 
Sensitive 	 Receptor 	Area 

Area 	Name 	 Point 	Represented  

1 	 Nev  Hampshire 	6 	New Hampshire 

2 	 Adirondacks 	 7 	Adirondack 
(Whiteface) 

Comments 

3 	 Pennsylvania 	 8 	Pennsylvania 
(Penn State) 

4 	 Southern 	 9 	Southern 
Appalachia 	 Appalachia 

(Smokies) 

Florida 

6 	 Arkansas 

7 	 Boundary Waters 	1 	Boundary Waters 	Northwest 
of SA 7 

8 	 Ontario 	 3 	Muskoka 

Quebec 	 4 	Quebec City 

(Montmorency) 

10 	 Nova Scotia 	 5 	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 information 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 basis the aggregated SO2 data base closely 

represents actual emissions for the year 1979. 

In the case of 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 x  data 

base probably represents actual emission rates in 1977. 

The eastern Canada (including Manitoba) 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 dui- rent 

Canadian SO2 emissions inventory is estimated to be + 30% at 

a 75% confidence level (2). The accuracy varies widely for 

each sector of emissions and within eadh 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 NO x  emissions. 

Seasonal variations data for use in detailed air quality 

analysis have been developed for both SO2 and MOx  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 selectively combine information 

from various sources Sudhi  as emission inventories 

and transport model transfer matrices to provide 

estimates of resulting concentrations and 

depositions. 

2. The ability to support comparison and evaluation 

of different data bases and models by converting 

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/or deposition. 

With regard to the first dharacteristic, the integrating 

framework could be used to combine utility, industrial, 

combustion, and area source emission estimates 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 and comparison tables and 

scatter diagrams prepared. 



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

SOx  Source - Receptor Matrix Processing System 

External - prepare inputs 

Emissions and control costs 

Utility - USM, ICF, EPA 

Industrial - ICF, IFCAM 

1 Work Group 2 - analyze 
and  intercompare 

Run models with emissions 
to meet specified target 
loadings in sensitive 
areae. 

Work Groups 3A and 3B - develop 
least cost control strategy  

Program 4 - Format Emissions( 4 ) 
and Costs 

Program 5 - Least-Cost Source- 
Receptor 
Optimization ( 5 ) 

Other - EPA Mobile, SEAS 
- DOE Canada 
- Work Group 3 13  

Re-run models to confirm 
efficacy of emission 
reduction scenarios to 
meet specified target 
loadings in sensitive 
areas. 

Program 3 - Compute Concentrations 
and Depositions ( 3,  

LRTAP model matrices 

Canadian - AES, OME 
(11x9x5) 

U.S. - ENAMAP, ASTRAP* 
RCDM* (63x63x 
VAR) 

Other - CAPITA*, REGMOD 
(episode), BWA, 
PNL, BNL 

Program 1 - Format 
Matrices ( 1 ) 

Program 2 - Intercomp9re 
Matrioes 

2A Convert: U.S. 
to Canada 

2 13 Plot Scatter 
Figures 

Program 3 - Same as for 
Work Group 3A 
and 313 

* NOx  in progress Statua: (1) on-line 
(2) in-process 
(3) on-line 
(4) to he developed 
(5) modify existing program 
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The final Characteristic permits the combined assessment 

of 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. TECHNIQUE FOR IDENTIFYING CANDIDATE AREAS FOR EMISSION  

REDUCTION  

The deposition of sulphur Dj (or acid) at a receptor due 

to a source can be expressed as 

• := D3 	1] 	 (1)  

where Qi is the strength of source 'i', and 'j' refers to the 

receptor. The transfer function fij establishes the physical 

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'. f.• . 	1.] 

is the most important model result from the point of view of 

emission control strategy. 

The reduction in deposition â Dj due to a source reduction 

Qi follows from (1) 

A D• = 1] (2) 
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The deposition reduction associated with a number of sources 

- can be written a 

1. D 	 (3) j 	 13 

Equation (3) can be conveniently written for several receptors 

in matrix notation 

AD = FT cLID 	 (4) 

where AD and àQ 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) Màximize the reduction in deposition given constraints on 

emission réduction. This is a problem in linear programming 

and can be stated - as: 

Maximize 	A D = 	 Qifijaj 	 (5a) 
i 

Given 21:à a j à Q.  4 QTj; j = 1,2....N 	(5b) 
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where QTj is the specified emission constraint and N is . 

thenumberofconstraints.Thenumber. ai  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 interest. Then we take ai = 3 for 

Ontario receptors and ai = 1 for the others. 

2) Minimize cost of emission reduction given constraints on 

deposition reduction. This is also a problem in linear 

programming which can be stated as 

Minimize A C = 	bi A Qi 	 (6a) 

Given 	aii â Di > 	DTi ; j = 1, 2 ....N 	(6b) 

where bi relates cost to emission reduction. A possible 

constraint corresponding to (6h) is 

L.\ Di > ADri 	 (7) 

Equation (7) states that the deposition reduction at each 

receptor should be greater than or equal to a specified value. 

NotethatAD.in(6b)isrelatedtoà%through (2). -- 

This discussion illustrates the importance of the transfer 

matrix F in any emission reduction strategy. 

fi 
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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 F1(c) we can 

write 

F (c) = 	y (Q , D ) 	 (8) 
ij 	 i 	ij 

Note that Fij is not expected to be a linear function of Q. 

D• • is the physical relationship between 'i' and 'j' s4hich 

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. 



Appendix 8 

Transfer Matrices 

NOTE: 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: 

Annual Sulfur Dioxide Concentration (ug/mr3 ) 
per unit emission (1g.S.yr-1 ) 

%CI B.4aterà-1 Aig. 
Receptor Areas  

Musk. I Que.  i S. M.Sc.  1  Vt. NIL . 1 Penn.  1  Smokies 
Source 

lions Models 
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Table A8-2 Transfer Matrix ofs 

Annual Sulfate Concentration (ug/m-1 ) 
ptr unit emission (1gS.yr-1 ) 
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Table A8-3 Transfer Matrix  of  
• 

Annual Dry Deposition of Sulfur (kg.ha-1 .yr-1 ) 
per unit emission (1g.S.yr-1 ) 

Vt.  Nil.  
Source 
Regions 	Models 
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4 	MOE 
Penn. 	AES  

5 
N. York 	MOE 
to Maine 	AES  

6 
Kent. 	MOE 
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W.Virg. 	MOE 
to N.C. 	AIS  

8 
Rest of 	MOE 
(USA) Fld  AIS  
to Mo. to 
Minn. 
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Table A8-4 Transfer Matrix of: 

Annual Wet Depositicn of Sulfur (kg ,ha-1.yr-1) 
Fer unit emission (Tg.S.yr-1 ) 
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Table  A8-5 Transfer Matrix of: 

Annual Taal Deposition of Sulfur 
per unit emission (1g.8.yr-1 ) 

(kg.ha -1 .yr-1 ) 
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Regions 	Models 
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Receptor Areas 

QUe. 1 S. N.Sc. Vt. Nil. Penn.  I  Smikies Mir. 

	

(8) 	I 	(8)  

	

2.6 	I 0.12 

	

3.7 	0.16 

	

3.3 	2.0 

	

2.3 	3.2  

	

7.9 	0.73 

	

21.5 	1.9  

	

9.4 	0.16 

	

22.3 	0.12 

0.71  I  0.07 
0.70  I 0.05 

Models 
MOE 
AES 

MDE 
AES 
MDE 
AES 
mOE 
AES 

mDE 
AES 

4.3 

1.2 
1.5 
r7- 
2.8 
-674.6 
0.73 

0.37 
0.68 

(2)  
0.55 
2.8 

0.87 
1.4  
0.43 
0.33 

0.06 

0.11 
0.15 

(1) 
0.06 
0.16 

0.18 
0.14 
0.08 
0 

U:UI 
0 

0.02 
0.01 

0.89  I  3.9 
1.8 	I 13.2 

0.75  I 2.2 
1.7 	I 11.4 

MDE 
AES 
MDE 
AES 

0.09 
0.11 
0.04 
0.04 

0.91 
2.5 
erg 
0.47 

2.9 
12.2 
-67T4 
1.0 

1.7 
1.7 ,  

3.5 

8;82 
0.77 
15776 
1.2 

2.6 
176 
6.8 

2.0-  
4.1 

2.0 

Arg. Mk  

(5) 
0.44'- 

 0.37 

0.57 
0.21 
b77-1-  
0.77  
0.63 
0.45 

(6) 
U7.11-  
1.0 

0.78 
0.50 
0.95 
1.7  
0.63 
1.3 

(7) 
rr  
1.4 

1.2 
0.81 
17F 
3.2 

2.3 

0.24 0.33 0.15 0.66 0.22 
1.0 0.26 

0.45 
0.47 

MDC  
MS 0.13 0.17 

0.81 
2.3 2.0 

0.14 
0.10 

0.22 
0.38 

0.04 
0 

MDE 
AES 

0.28 0.12 0.20 0.18 
0.31 0.17 0.06 0.06 

Table A8-6 Transfer Matrix  of:  

Annual Sulfur Dioxide Concentration (ug.m7 3 ) 

]c• 

al  

Source 
Relions  

Miéh.  
2 

Ind.  
3 

Ohio  
4 

Penn.  
5 

N.York 
to Maine  

6 
Kent. 
Tenn.  

7 
W.Virg. 
to N.C.  

Rest of 
(USA) Fld 
to Mo. to 
Minn.  

9 
Ontario 

Quebec  
11 

Atlantic 
Provinces  
Western 
Canada  
Total 
Concert-
tration 



Alg. 

2) 

0.54 
0.71 
0.30 

 0.10 
U;II 
0.03 

0.75 
0.79 
à73"I 
1.4 

0.30 

0.46 
0.24 
0.40  
0.39 
U72-2 
0.20 

Adir. 

7) 

Penn. 

(0) 

Smokies 

(9 ) 

0.26 0.47 0.16 0.26 
0 0.06 0.16 0.09 

3.3 4.3 3.7 2.2 
5.2 3.7 8.4 3.5 

AES 

MDE 

0.79 
0.65 
(17M 
1.5 
671-2 
0.93 

0.91 
2.5 
0.38  
1.5 
ô7r2 
0.11 

1.4 
1.4 
177 
5.5 

2.6 

0.06 
0 

NOE 
AES 

0.23 0.72 0.44 
1.1 0.86 0.33 

3.3 7.2 4.7 
8.5 13.3 15.3 

[1.48 LUC 
1.5 0.24 0.91 

VIDE 
AES 

MDE 
AFS 

0.07 
0.02 

0.44 
0.84 

0.21 
0.22 

0.04 
0.01 

0.09 
0.09 

0.17 
0.26 

0.25 
0.37 

0.70 
1.5 

0.40 
0.66 

0.24 
0.16 

0.84 - 
3.7 

0.46 
0.80 

0.15 
0.01 

0.20 
0.06 

0.20 
0.08 

0.20 
0.17 

0.06 
0 

0.14 
0.05 

0.21 0.52 0.31 0.42 0.22 0.26 
1.1 

0.32 0.11 
4.3 0.28 0.48 0.18 0.17 1.0 

0.34 
0.74 

MDE 
AES 0.44 

0.21 
0.66 

0.22 

0.60 
2.3 
D713 
0.44 

0.60 
0.98 
U74-1 
0.66 

0.45 
0.78 
U71I 
0.63 

1.4 

0.98 

6.-62 
1.9 
0.20  
0.75 

0.31 
1.0 
0.08 
0.09 

0.11 

0.02 

0.06 
0.13 

o 0.03 0.04 0.07 0.06 0.06 0.09 0.20 

0 
0 

0.01 
0 

0.01 
0 

0.02 
0.01 

0.02 
0.01 

0.01 
0 

0.02 
0.03 

alt 	Mle 	EMI 	 La tar gib ea lati kwir 

Table A8-7 Transfer Matrix of: 

Annual Sulfate Concentration (ug ol-3) 

0.44- 

Musk. 

3) 

1.8 

Receptor Areas 
Que. 1 S. N.Sc. 

(4) 
.2 

0.54 0.45 

0.56 
0.21  
0.59 
0.74  
0.38 
0.35 

Source 
ions 

Mich. 
2 

Ind.  
3 

Ohio  
4 

Penn. 

N.York 
to Maine 

Kent. 	. 
Tenn. 	' 

7 
W.Virg. 
tJoo N.C.  

Rest of 
(USA) Fld 
to Mo. to 
Minn.  

9 
Ontario  
10 

Quebec 
I 11 
Atlantic 
Provinces 
rTgiriE-1 
Canada  
Total 
Concen-
tration 

Models 
MOE 
AES 

MDE 
AES 
MOE 
AES 
MDE 
AES 

MDE 
AM 
FIDE 
AES 

MOE 
AM 

B. Waters 

(1) 

0.10 

0.20 
0.04 
0.11 

0  
0.05 

O 

0.07 
0.05 
'KU 
0.07 

0 
O 

0.40 

0.80 
1.1 

Vt. NU. 

(6) 

0.78 

0.63 
0.42 
ro 
0.97  
0-.34 
0.51 

0.38 
0.21 

4.3 
6.4 

3.06 
(5 ) 

571-(1 



3.9 

1.2 

6) 7) 

0.90 

3) (1) 

ILE) 

(4) 
U.1"/ 
0.70 

(2) 

2.2 3.6 

1.4 
3.2 

0.02 
0 

,0.03 
0 

0.10 
0 

0.37 
0.90 

0.94 
2.0 

0.30 
0.60 

1.7 
4.1 

0.09 
0.10 

0.16 
0.10 

0.18 
0.30 

0.12 
0.10 

0.15 
0.10 

0.23 
0.30 

	

2.2 	I 0.35 

	

3.0 	I 0.90 
0.31 
0.20 

0.24 
0.20 

0.14 0.03 
o 0 

0.55 0.63 0.45 
0.60 0.40 0.20 

0.60  I 1.8 
1.4 	I 9.5 

• 

0.12 
1.6 

0.65 
1.9 

0.53 
0.9 

0.19 
0.20 

..0.18 
0.10 

0.27 
0.20 

0.37 
0.40 

171 
1.4 

2.8 

3.4 
•ST 

1.7 

0.69  f  0.04 
2.0  I  0.10 
0.09  I  0.01 
0.10  I 0 

L4 
2.2  

5.5 

0.08 
0.10 
effi 

0 

0:71 
2.0 

0.40 

0766 
0.70 
0.60 

 1.0 

9.8 

0.90 

0.04 
0 0 

o 
o 

0 
0 

0.40 

0 
0.01 0.02 

0 0 0.10 0.10 

0.04 
0.10 

0 

5.0 
7.7 

0.22 
2.5 

0 

6.0 
10.3 

	

0.01 	0 
0  

0  

	

23.0 	7.7 

	

49.1 	25.9 
7.9' 

14.3 
8.6 

16.1 
0.60 
2.4 

7.1 
20.5 

3.5 
8.4 

.03 

Table A8-8 Transfer Matrix of: 

Annual Dry Deposition of Sulfur (kg.ha-1 .yel) 

ug • muik. 
Receptor Areas 

Que. i S. N• Sc• Adir. Penn.  I Smokies 

L0 I 0.10 
3.0 	I 0.10 

B. Waters  
Source I 
Rections  I Models 

Mich. 	AES  
2 

ni. . 	MOE 
Ind. 	AES  

3 	MDE 
Ohio 	AES  

4 	MDE 
Penn. 	AES  

5 
N. 	?DE  
to Maine AES  

6 
Kent. 	MDE 
Tenn. 	AES  

7 
W.Virg. 	MOE 
to N.C. 	AES  

Rest of 	MOE 
(USA) Fld AES 
to MO. to 
Minn.  

9 	MDE 
Ontario 	AES  
10 	MOE 

Quebec 	AES  
11 

Atlantic 	MOE 
Provinces AES  
Western 
Canada 	AES  
Ibtal 
Concert- 	MOE 
trat  ion 	AES 

0.13 
0.20 

O  

0.03 
o 

0.70 
1.2 

0.30 

0.10 

0.99 
1.2 
W.-gr 
2.3 
D-717 
0.60 

0.40 
0.30 
Ure 
0.70 
0.24 
0.40 

15) 
en.  
0.30 

0.47 
0.20 
0.64 
0.70 
U-.3r) 
0.40 

Vt. Nil. 

0.63 
0.40 
U:77 
1.5 
U73I 
1.1 

0.94 
0.70 
rr 
2.7 

1.9 

	

2.6 	1.6 

	

2.0 	2.8  

	

6.2 	0.58 

	

17.6 	1.6  

	

7.3 	0.13 

	

17.9 	0.10 

	

0.56 	0.05 

	

0.60 	0  

	

0.71 	3.1 

	

1.5 	10.8 

11111i II% tilig OIL 



JUg. Musk. B. Waters 
Receptor Areas 

Que. 1 S. N.Sc. Vt. NH. Penn.1-Smokies Adir. 

	

( 8 ) 	I 	(9)  

	

1.3 	j 0.09 

	

1.7 	I 0.20 

(7)  
0.67 
1.1 

( 5 )  
0.30 
0.30 

(4) 
6:76 
1.0 

(6) 
r:44 
0.70 

(3) 

3.1 

(1)  
b.05 
0.20 

-073I 
2.3 

	

1.9 	1.2 

	

2.2 	1.5  

	

4.0 	0.45 

	

11.3 	0.60 

	

4.5 	0.11 

	

8.1 	0.10 

0.55  I 2.0 
2.1 	I 4.4 

0.04 
0 

0.10 
0.90 

0.13 
0 

0.46 
2.3 

0.26 
0.40 

0.90 

0.22 
0.40 

0.18 
0.20 

0.47 
0.30 

0.18 
0.10 

0.38 
1.1 

0.24 
0.30 

0.50 
1.4 

0.31 
0;50 

	

1.5 	I 0.27 

	

4.3 	I  0.60 

	

0.47 	1.1 

	

2.0 	I 9.2 

0.15 
0.10 
T:b1 

O  
0.03 

0 

0.58 
2.4  
0.30 
0.60 
0.12 
0.20 

0.81 
2.2  
0.63 
4.4 
U77-g 
1.3 

0.39 
0.60 

1.1 

0.70 

0.46 
0.20 
0.56 
0.50  
0.41 
0.30 

0.58 
0.50 
ECM 
2.4 
0.40 
1.8 

0.79 
0.70  
0.93 
3.2 
U-75i17 
2.3 

0.38  I 0.06 
0.50 

0.04 
0 

0.21 . 
0.60 

1.2 
2.4 

0.12 
0.20 

0.16 
0.30 

0.17 
1.0 

0.11 
0.10 

0.16 
0.10 

0.03 
0 

0.29 
1.6 

0.22 
0.60 

0.64 
2.7 

0.09 
0.20 

0.91 
2.9 

*Note: In order to calculate the total deposition at each site, the deposition resulting from 
background in the amount of 0.2 g.m-2 .yr-1  (or 2.0 kg.ha-I.yr-1 ) should be added to this 

9 	143E 

	

Ontario 	AES  
10 	MDE 

	

Quebec 	AFS  
11 

	

Atlantic 	MOE 
Provinces AES  
Western 

	

Canada 	AES  
lttaI 

	

Concen- 	MDE* 

	

•tration 	MS 

0;97 
1.6 

1.7 

0.03 
0 

0.02 
0 

0 0.20 
1-  -- 

	

5.9 	1 6.3 

	

13.1 	115.7 

0.48  j 0.05 
1.2  
0.08  I  0.02 
0.10 

0.01 
o  

ai 	o 

15.2  I  5.4 
33.5 116.7 

2.0 
0.35 
0.80 

o 0.01 
O 

0.07 
0.10 
0.03 

0 

0.46 
1.8 
U7IT 
0.10 

0.20 

0.62 
1.5 

0.20 

2.7 
10.4 

0.94 
1.7 

1.5 

0.03 
0.10 

0 

3.9 
9.0 

0.52 
0.60 
(7-.11 
0.50 

0.14 
0.60 

0 

4.8 
5.9 

I:4-  
3.3 
UtI§ 
0.30 

0.01 
o 

0.10 

5.1 
17.6 

Table A8-9 Transfer Matrix  ofs 

Annual Vat Deposition of Sulfur (kg.ha-1 .yr 4 ) 

Source 
Relions Models 

MDE 
Mich. 	AES  

2 
MOE 

Ind. 	AES  
3 	MDE 

Ohio 	AES  
4 	MOE 

Penn. 	AES  
5 

N.York 	MDE  
to Maine MS  
6 

Kent. 	MOE 
Tenn. 	MS  

7 
W.Virg. 	MOE 
to N.C. 	AES  

a 
Rest of 	MOE 
(USA) Fld MS 
to Mo. to 
Minn. 



(6) 	1 	(7) 	1 	(8) 	1 	(9)  

	

1.0 	1 1.6 	3.4 	1 0.19 

	

1.6 	1 2.2 	1 4.7 	1 0.30 

	

1.2 	1.7 	4.5 	2.8 

	

0.90 	1.4 	4.2 	4.3  

	

1.4 	2.2 	10.2 	1.0 

	

3.9 	5.9 	28.9 	2.2  

	

0.90 	1.4 	11.8 	0.24 

	

2.8 	4.3 	26.0 	0.20 

(3) 

6.7 

(5) 
0.64 
0.60 

(4) 
eSti 
1.7 

(2) 

4.5 

1.3 
3.5 

 0.65 
0.90 
0.26  
0.40 

1.8 
3.4 

6.7  
0.65 
1.9 

0.78 
0.80 
U:77 
1.8  
0.45 
1.2 

0.93 
0.40 
172-  
1.2  
0.91 
0.70 

	

1.6 	1 2.3 	1 0.93  1 0.11 

	

4.7 	1 6.1 	1 1.1 	1 	0 

	

0.33 	1 0.44  1  1.3 	1 5.0 

	

0.40 	1 0.90  1 3.6 	15.2 

2.8 
6.5 

	

0.83 	1 1.1 	1  3.7 	1 0.62 

	

1.5 	1 2.0 	1 7.3 	1 1.5 

	

0.51 	1 0.68  1  1.1 	1 2.9 

	

0.50 	0.90 	3.4 	18.7 

0.23 
0.30 

0.35 
1.3 

0.31 
0.20 

0.21 
0.10 

0.66 
2.5 

0.52 
1.2 

0.18 
0.40 

0.46 
0.60 

1.1 0.94 
1.8 4.2 

0.27 
0.10 

0.57 
0.50 

1. 0 
0.50 

0.36 
0.30 

0.37 
0.40 

	

2.4 	1 2.6 	1.2 	1 0.09 

	

3.8 	1 5.4 	1 3.1 	1 0.10 

	

3.6 	1 0.86  1 0.17  1 0.03 

	

7.2 	12.5 	10.20 1 	0 

2.3 
3.1 
371 
4.3 

13.2  
0.46 
1.2 

I;-2r 
1.3 

1.5 

3.9 
 0.25 

0.50 

0.02 0.35 
0 3.2 

0.20 

12.2 
38.1 

0 0 

10.8 
16.3 

	

0.07 	0.04 	0.02 	0 

	

0.10 	0 	0 	0 

0 	0.20 	0 	0 

	

13.8 	14.9 	38.3 	13.0 

	

27.4 	31.8 	82.5 	42.6 

0. 0 1 
0 

0.20 

6.2 1 
18.8 1 

0.07 
0.10 

8.9 
16.7 

Table A8-10 Transfer Matrix  of s 

Tptal Annual Sulfur Deposition (kg.ha-1 .yr -1 ) 

Mt-Tak: 
Receptor Areas , 

Que. I S. M.Sc. 1 Vt. NIL  Mir. 	Penn. Smokies 0.Waters 
Source  
Relions 	Models 	(1)  

	

MOE 	0.10 
Mich. 	AES 	0.30  

2 

	

111. MOE 	0.28 
Ind. 	AES 	0.30  

3 	MDE 	0.16 
Ohio 	AES 	0  

4 	MDE 	0.06 
Penn. 	AES 	0  

5 
N.York 	MOE 	0.05 
to Maine 	AES 	0  

6 
Kent. 	mDE 	0.07 
Inn. 	AES 	0  

7 
W.Virg. 	MOE 	0.08 
to N.C. 	MS 	0  

8 
Rest of 	MOE 	0.22 

	

(USA) Fld AES 	2.5 
to Mo. to 
Minn.  

9 	MOE 	0.14 
Ontario 	AS 	0.10  

10 	 MOE 	0.06 
Quebec 	AES 	0.10  

11 
Atlantic 	MOE 	0 

	

Provinces AES 	0  
Western 

'Canada 	.ABIS 	0.60  
Total 
Concenr 	MOC 	1.2 
tràtion 	AES 	3.9 

*Note: In order to calculate the total deposition at each site, the deposition resulting from 
background in the amount of 0.2 g.m72 .yr-1  (or 2.0 kg.hel.yr-1 ) should be added to this 
111-14 



Irian 

AI B.Waters 
Receptor Areas 

Que. 1 S. M.Sc. Vt. NH. Penn. 1-  Siedés Mir. 

(8) 	I 	(10)  
8.8  I 1.2 
6.1 I 0.5 

.15) 
57§-  

5.8 

(7) 
rr  
7.2 3.0 

(4) 
6.2 
8.5 

(2) 
rf76 
27.2 

(1) 
172 
5.4 

( 3 )  
15./ 
17.3 

	

11.2 	20.6 

	

3.8 	10.3 

	

26.9 	7.5 

	

35.7 	6.1 

	

32.0 	1.7 

	

37.0 	0.4 

24.7 
4.8 

rr76 
0 

-471 
0 

19.8 
13.6 

3.2 
-375 
0.6 

13.4 
6.0 
1T:2 
11.2 
5.2 
2.9 

11.0 
4.2 

16.6 
-U75- 

 11.9 

7.8 
2.9 

9.8 
r.71.7 
7.5 

7.6 
1.7 

6.2 
-7574' 
3.6 

7.6 
3.2 

9.6 

5.2 

2.4  I 0.7 
1.2  I 0.1 

9.5  I 4.5 
6.1  I 3.5 

2.6  I  22.7 
2.8  I 36.5 

3.0  I 40.2 
3.0  I 42.3 

5.5 
0 

4.3 
0.8 

4.6 
2.1 

3.9 
0.2 

• 2.9 
1.0 

4.2 
2.7 

16.5 
20.2 

28.0 
40.8 

12.0 
13.9 

7.3 
11.9 

2.7 
0.3 

2.5 
1.5 

5.6 7.2 9.1 
1.7 4.0 2.7 

4.1 
2.4 

3.3 
1.5 

7.4 
4.0 

20.5 
68.0 

18.5 
22.3 

3.8 
1.9 

5.5 
0 

2.4 
1.5 

1.9 
0.7 

3.2 
1.0 

2.4 2.6 2.0 
1.0 1.6 0.4 

26.9 
18.4 
28.5 
38.0 

o 0.8 
0.7 

0.1 

44.1 
43.1 

1.0  I 0.5 
4.0  I 3.0 
0.4  I 0.2 
0.31 0 

0 	0 
01 	0 

01 	O 

96.4  I  99.1 
95.7  I 99.7 

9 	viet 
Ontario 	MS  
10 	MOE 

Quebec 	AIS  
11 

Atlantic 	MOE 
Provinces  AIS  
Western 
Canada 	MS  
Eastern 
U.S.A. 	MOE 
Contri. 	MS 
bution 

20.7 
24.3 
--471 
4.6 

0.2 
o 

1.4 

74.2 
69.6 

II:0 
6.2 

1571 
9.6 

0.1 

74.9 
58.4 

12.3 
3.7 

-375 
1.4 

16.3 

82.2 
78.5 

18.0 
15.0 
M75 
39.3 

0.1 

53.6 
45.1 

18.3 
21.2 
7:6 
10.4 

0.1 

75.4 
68.1 

32.5 
49.0 

4.0 

0.1 
0 

0.3 

63.8 
46.4 

TOtal 
Canadian1 MOE 
Contri. 1 AES 
bution 1 

36.4 156.2 
53.3 157.2 

3.6 
25.6 

0.5 
0.2 

0.3 
0.1 

46.5 
54.6 

24.7 
41.5 

25.0 
30.3 

17.8 
21.4 

3.4 
4.3 

0.7 
0.3 

24.6 
31.8 

Table A8-11 Transfer Matrix  of  

Percent Contribution to Annual Sulphur Dioxide Concentration 

Source 
Reeons Models 

MOE 
Mich. 	MS  

2 
MOE 

Ind. 	MS  
3 	MOE 

Ohio 	AES  
4 	NOE 

Penn. 	AES  
5 

N.York 	MOE 
to Maine 	AIS  

6 
Kent. 	MOE 
Tenn. 	AES  

7 
W.Virg. 	MOE 
to N.C. 	MS  

8 
Rest of 	MOE 
(USA) Fld AES 
to Mo. to 
Minn. 

rrio 

€1111fflEn 



9.0 14.5 

(2) 

12.6 
1-176 
21.5 

24.6 
20.3 
117U 
2.9 

20.6 
9.4 

mi 
16.7 

14.8 
6.6 

1r.1 
15.2 
8.0 
8.0 

	

19.5 	27.9 

	

9.0 	18.6 

	

23.7 	11.7 

	

35.8 	11.0 

	

16.7 	3.7 

	

16.9 	0.8 

16.7 
7.7 

Ira« 
17.9 
17174 
11.0 

25.0 
3.6 

o  
rr.if 
-6-71 

o 0.9 

2.9  I 2.2 
1.4  I 0.1 

6.4 125.8 
5.2 127.7 

10.0 1 7.1 
7.1 1 6.5 

14.6 13.7 9.3 5.9 116.0 
6.9 132.3 

6.5 
4.8 8.8 39.6 28.6 

Receptor Areas 
Que. 1 S. N.Sc. 

14.2 
6.4 

mi 
10.5 

5.4 

M u-s k B.Waters 
Source 
Regions 	Models 

1 	MOE 
Mich. 	MS  

2 
MOE 

Ind. 	AES  
3 	MOE 

Ohio 	MS  
4 	MOE 

Penn. 	AES  
5 

N.Yoek. 	MOE 
to Maine AES  

6 
Kent. 	MOE 
Tenn. 	MS  

7 
W.Virg. 	MOE 
to N.C. 	MS  

8 
Rest of 	. MOE 
(USA) Fld  MS  
to Mo. to 
Minn. 

Vt. NH. MU. Penn.  J  Smecies 

8.6 

13.2 
4.0 

71:u 
14.1 

9. 0 
6.7 3.6 

4.1 
2.6 

9.4 
10.3 

7.7 
9.9 

4.7 
3.1 

5.0 
0.9 

9.3 
9.9 

16.5 
28.6 

6.4 
1.4 

7.5 
0 

5.1 
1.9 

4.7 
1.3 

5.5 
2.0 

4.7 
1.2 

4.6 
0.3 

11.1 
3.1 

7.3 
0 

9.3 
3.9 

7.1 
1.1 

7.5 
0 

8.9 
3.3 

8.0 
1.6 

6.1 
4.4 

6.6 
5.7 

5.2 
3.2 

.(7) 
10.2 
10.7 

(8) 	I 	(10) 
9.3  I 3.1 
10.0  I 1.8 

(6) 
8.5 
12.2 

94.4 197.5 
92.3 198.8 

86.1 82.2 80.7 79.8 67.8 
53.4 

74.5 
61.3 68.7 66.2 69.5 69.3 

0.6 
0.8 

1.4 
2.5 

0.5 
0.2 

0.4 
0.1 

13.8 
46.8 

13.7 
30.9 . 

5.5 2.7 17.7 19.3  20.2 25.6 32.3 
1.0 7.6 30.5 46.7 38.5 31.3 33.8 

Table A8-12 Transfer Matrix  of*  

Percent Contribution  to  Annual Sulfate Concentration 

8-.11 
4.5 
T:6 
6.3 

rea 
27.5 
-17U 
5.3 

1076 
14.9 
-7:3 
12.0 

1176 
21.9 
r0:3 
15.4 

4.3 1 1.8 
6.8 1 0.8  
1.1 1 0.9 
0.6  1 0.2 

9 	MOE 
Ontario 	MS  

10 	MOE 
Quebec 	AES  
11 
Atlantic 	MOE 
Popvinces  MS  
Western 
Canada. 	MS  
Eastern 
U.S.A. 	MOE 
Contri. 	ALI 
bution 

18.9 
-17U 
6.3 

26.3 
1T.0 
17.7 

21.9 
-4:1 
8.8 

O 
o 

36.0 

86.2 
53.1 

0.5 
0 

5.7 

0.3 
0 

1.0 1.8 1.1 1.0 0.5 

	

0.1 1 	0  
010 

	

 

0.2 1 	0 

Total 
Canadian 
Contri. 
bution 

1 
MOE I 
Mg I 

1 



B.Waters Penn. Smokies Adir. Vt.  Nil. 

(1) 

4.2 
1-2;4 
26.2 

(4) 
6.4 
9.2 

(5) 
&Ur 
2.9 

13) 
 T5.3 

17.6 
8.7 
6.1 

1191 
1.1r 
0.4 

- 	(6) 

6.3 7.5 

a:» 

0 0 0 0 0 

o 
0 

1.1 0.4 

0 
0 

0 
0 

0.2 
0 

0.5 
0 

0. 1 
0 

3.6 
24.3 

0.8 
1.3 

-Ir.° 
47.8 

4.4 

260 
18.4 
28.0  
36.8 

rr  
6.8 

9.7 

17.7 
15.4 

38.5 

18.6 
21.1 
7571 
10.6 

3.0 
4.1 
6774 
0.2 

0.5 
0.4 
U:1 

0 

21.7 
8.3 
1E1 

0 
-375 

o 

20.0 
14.3 
I67-6 
3.6 

-T:5 
1.2 

14.0 
5.9 

"ff.1 
11.2 
-575 
2.9 

8.0 
4.0 

9.2 

5.3 

7.8 
1.1 

ru7-6 
6.8 
8.3 
3.9 

8.0 8.0 
2.8 
377 
10.5 
--‘74 
7.7 

10.9 
4.4 
11.T 
16.8 
-§71- 

 11.8 

11.3 
4.1 
777-d- 
35.8 
31-J- 
36.4 

20.7 
10.8 

6.2 
-17 
0.4 

9.6 
6.1 

2.6 
2.9 

7.3 
3.7 

4.3 
2.5 

23.3 
36.5 

9.1' 
1.9 

3.0 
1.0 

5.7 
2.8 

3.4 
1.4 

4.8 
2.6 

3.8 
2.6 

4.4 
1.0 

7.5 
4.4 

4.0 
0 

18.6 
22.6 

5.0 
0 

20.0 
66.7 

3.3 
0 

2.6 
1.2 

4.2 
2.9 

7.4 
11.8 

28.3 
39.8 

11.9 
14.0 

16.3 
19.9 

2.4 
1.2 

0.6 
0 

5.0 
0 

3.5 
1.2 

2.6 
1.5 

2.0 
0 

2.5 
1 .0 

2.0 
0.7 

2.6 
1.9 

3.1 
3.1 

40.2 
41.5 

4.5 _ 
3.5 

81.6 
79.2 

75.3 
70.3 

64.8 
47.4 

45.4 
44.7 

75.6 
59.2 

54.3 
46.2 

75.4 
68.5 

96.4 
95.7 

99.7 
99.3 

	

54.8 1 24.6 	146.0 

	

56.5 I 40.8 	153.9 
24.5 
29.7 

34.9 
52.6 

18.3 
20.5 

0.6 
0.4 

3.4 
4.3 

24.7 
31.7 

lade WM AMU Algal Mt SUM 

Table A8-13 Transfer Matrix.of: 

Percent Contribution to Annual Sulfur Dry Deposition 

Receptor Areas 
Que. 1 S. M.Sc. 

Source 
Reg ions 	Models 

1 	MOE 
Mich. 	AES  

2 
MOE 

Ind. 	AEs  
3 	MOE 

Chio 	AES  
4 - 	MOE 

Penn. 	AES  
5 

N.York 	MOE 
to Maine MS  

6 	• 
I Kent. 	MOE 
ITenn. 	AES  
, 	7. 

MOE 
to N.C. 	AES'  

8 
Rest of 	MOE 
(USA) Fld MS 
to Mo. to . 
Minn.  

9 	MOE 
Ontario 	AES  
10 	MOE 

Cuebec 	AES  
11 

Atlantic 	MOE 
Provinces MS  
Western 
Canada 	MS  
lEastern 
U.S.A. 	MOE 
IContrio 	AES 
Ibution  
Vrotal 
1Canadian 	MOE 
IContri 	AES 
Ibut  ion 

1371 
3.8 

-S7C 
0 

0 
o 

16.7 

20.4 
23.8 
-471-  
4.8 



D.Waters Penn. 1 Smokiis 

	

(8) 	I 	(10) 

	

8.6 	1 1.7 

	

5.1 	I 1.2 

Vt. NH. 

(6) (7) 

7.0 

	

12.5 	I 22.3 

	

6.6 	1 9.0 

	

26.3 	1 8.3 

	

33.7 	I 3.6 

	

29.6 	1 2.1 

	

24.2 	I 0.6 

	

2.5 	1 1.1 

	

1.5 	I 	0 
14.4 
18.5 

10.9 
20.6 

25.0 
40.7 

	

3.6 	I 37.1 

	

6.3 	I 26.4 
2.7 
2.3 

2.3 
3.8 

3.3 
1.7 

	

9.9 	1 5.0 

	

12.8 	I 3.6 
9.8 
5.1 

6.5 
8.4 

7.9 
8.9 

	

3.1 	1 20.4 

	

6.0 	1 55.1 
17.1 
22.1 

4.8 
0 

21.5 
23.1 
117 
5.8 
4.5 
2.9 

15.9 
12.5 
nrs 
25.0 

7.4 

10.0 
6.7 

-375 
12.2 
-37 
7.8 

9.6 
' 3.f 
-rrx 
8.5 
8.5 
5.1 

9.9 
3.8 

I-077 
18.3 
6.8 
13.7 

12.5 
4.5 
117-6 
20.4 
-772 
14.7 

3.3 
1.9 

4.3 
3.4 

7.4 
17.8 

4.5 
1.9 

3.3 
5.7 

2.8 
1.1 

5.1 
2.3 

5.6 
4.4 

4.9 
3.2 

4.1 
2.3 

3.7 
1.7 

4.6 
2.2 

8.0 
5.1 

	

1.2 	0.9 

	

3.6 	I 	0 

	

0.5 	1 0.4 

	

0.3 	I 	0 

17;0 
17.3 

1.0 

27:4 
18.8 
-17 
1.7 

2L-1 
18.9 
na 
16.7 

10.8 
10.0 

8.5 

r-65 
12.2 
23./ 
13.0 

173 
12.7 

5.1 

0.1 	I 	0 
O 1 	0 

O 1 	0 

	

96.1 	I 98.0 

	

96.2 	I 99.5 

0.4 
0 

1.9 

21.5 I 31.3 
20.2 I 21.0 

1 

48.0 1 22.6 
36.7 1 28.7 

23.4 I 3.8 
19.0 I 3.9 

1 

0.2 
0 

0 1.2 0 0 0.5 

59.1e 
74.7 

0.3 
0 

0.5 
0 

40.7 
25.2 

1.3 
0 

77.7 
71.3 

76.6 
81.0 

52.0 
63.3 

68.7 
79.0 

78.3 
79.8 

2.9 
10.2 

0.8 
1.1 

Table A8-14 Transfer Matrix of: 

Percent Contribution to Annual Sulfur Wet Deposition 

112  
22.1 

Source 	 11 
Regions 	Models 	1) 

mDE 
Mich. 	AES 	13.3  

2 

	

111. MOE 	24.2 
Ind. 	AES 	6.7  

3 	MOE 	12.9 
Ohio 	AES 	0  

4 	MOE 	4.8 
Penn. 	AES 	0  

5 
N.York 	MDE 	4.8 
to Maine 	AES 	0  

6 
Kent. 	MOE 	6.5 
Tenn. 	AES 	0  

7 
'W.Virg. 	MOE 	6.5 
to N.C. 	AES 	0  

8 
Rest of 	MDE 	16.1 

	

(USA) Fld -AES 	60.0 
tJo Mo. to 
Minn. 	•  

9 	MOE 	11.3 
Ontario 	AS 	6.7  
10 	MOE 	4.8 

Quebec 	AES 	0  
11 

Atlantic 	MOE 	0 

	

Provinces AIS 	0  
Western 
Canada 	AES 	13.3  
Eastern 
U.S.A. 	MOE 	83.9 
Contri 	AES 	80.0 
bution  
1Total 
!Canadian 	MOE 	16.1 
IContri 	AES 	20.0 
Ibution. 

Receptor Areas 

	

Musk. 	aie.  I S. N.Sc. 
1 

	

(3) 	I (4) 	I 	(5)  
14.3 1 6.7 I 6.2 
17.6 rila 1 5.1 



B.Waters Penn. Smokies Mir. Vt. NH. 

(0) 
M-
5.7 

(1()) 

0.7 

(7) 
1677 
6.9 

(6) 
7 -
5.8 3:7 

(4) 
-6.5 
10.2 

(1)  
8.2 
7.7 

(2) 
1'272 
23.9 

(3) 

17.6 

23.0 
7.7 

n-:r 

o 
-475 

21.1 
18.6 
17)75 
4.8 

2.1 

14.8 
8.9 
117 
17.6 
-U71 
5.0 

8.7 
4.8 

10.8 
771 
7.2 

8.7 
2.4' 

11.1- 
 7.3 

--E17 
4.3 

8.7 
3.3 

14.2 

10.2 

11.4 
4.4 

I-47â 
18.6 

13.5 

11.8 
5.1 

35.0 

31.4 

21.5 
10.1 
-777 
5.2 

-17ff 
0.5 

7.4 
6.3 

4.8 
3.5 

9.7 
8.8 

6.0 
5.5 

5.1 
3.6 

4.4 
0.5 

4.6 
1.3 

9.3 
3.0 

6.6 
0 

18.0 
64.1 

2.9 
2.1 

2.4 
1.2 

4.1 
0 

4.2 
3.2 

0.8 
0 

7.4 
15.0 

15.4 
19.2 

26.0 
39.9 

11.6 
17.1 

5.7 
0 

2.9 
3.4 

2.9 
1.2 

2.4 
1.5 

3.7 
1.6 

2.9 
2.8 

3.4 
4.4 

2.3 
0.6 

38.5 
35.6 

3.4 
1.8 

4.1 
2.4 

3.7 
1.8 

4.5 
2.8 

2.9 
4.1 

7.7 
4.7 

17.8 
22.3 

22.3 
43.8 

2.6 
4.9 
2.6 

Li 
0.2 

0 

3:1 
3.8 
b7.1 
0.2 

17.0 

7.9 

17;4 
13.9 
7671 
26.3 

WI 
8.0 
-U:3 
9.2 

25.8 
18.6 
iM 
25.8 

30.3 
34.7 
-3:(1 
3.2 

19.5 
20.7 
4.0 
2.6 

83.6 
79.5 

76.8 
75.9 

65.7 
61.7 

47.8 
54.6 

76.0 
63.6 

56.2 
59.4 

76.5 
74.5 

96.5 
95.7 

98.9 
99.4 

0 0 

0.3 
0 

0.6 

0.5 
0.4 

0 

3.3 
19.6 

0 

0.8 
0.6 

0 

0. 1 
0 

0.5 

0.1 
0 

1.0 

0 
.0 

15.3 

0 
0 

0 
0 

Total 	1 
Canadian 1 MDE 
Contri 1  MS 
bution I 

r____ 
I 16.4 
1 20.5 

52.4 1 23.7 
45.0 1 36.8 

1 

34.2 
38.4 

23.6 
24.3 

r- 
144.0 
140.6 
I. 	 . 	 I 

3.5 
4.0 

0.9 
0.2 

23.5 
25.5 

• Table A8-15 Transfer Matrix of: 

Percent Contribution to Total Annual Sulfur Deposition 

Receptor Areas 
Que.  I S. N.Sc. 

Source 
Regions 	Models 

1 	MDE 
Mich. 	MS  

2 
MOE 

Ind. 	MS  
3 	MDE 

Ohio 	' 	RES  
4 	MDE 

Penn. 	AES  
5 

N.York 	MDE 
to Maine 	AES  

6 
Kent. 	MOE 
Tenn. 	AES  

7 
W.Virg. 	MOE 
to N.C. 	AES  

B 
.Rest of 	MOE 
[(USA) Fld -MS 
.to Mo. to 
Minn. 

9 	MOE 
Ontario 	MS  
10 	mOE 

Quebec 	MS  
11 

Atlantic 	MOE 
Provinces AES 
Western 
Canada 	MS  
Eastern 
U.S.A. 	MOE 
Contri 	MS 
bution 
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111 

111 

111 
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Appendix 9 

Workshop Summary Reports: 

Atmospheric and Science Reviews 

Modeling Evaluation and Intercomparison 

(16-17 December 1980, Washington, D.C.) 



EMBIRBMWMMMIIMMMS 

Atmospheric Science Review 

At a Work Group 2 workshop meeting held in Washington, DC 

on December 16, 1980, a wide-rahging discussion occurred regarding 

the most important areas in the atmospheric sciences Which were 

closely connected 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 these 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 brief, comprehensive, reflect 

recent literature and work in progress, and written in a manner 

which is comprehensible to the educated layman. 

The initial topics chosen are described briefly below, and 

the lead authors are identified. First drafts of the write-ups 

will be distributed to all 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 heterogeneous reaction 

mechanisms will be reviewed. The degree to which models 

can teat sulphur chemistry as being first-order and indepen-

dent of other atmospheric cycles (e.g., oxidants, nitrogen, 

particulates, visibility) will be discussed. Seasonal 

differences will be mentioned. The ways in which SO2 is 

converted into sulphuric acid, as opposed to other sulfate 

products, will be .emphasized in all parts of the report. 

J. 

Ii 
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It is known that nitrogen chemistry is more complex 

than sulphur chemistry, and that in many situations 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 well as the aspects mentioned above for sulfur. 

Finally, the possibility of crudely modeling nitrogen 

reactions in a pseudo-first order way in existing 

Lagrangian models wiil 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 data sets reliable? 

Is there any way to relate trends, which these and 

newer sets of data may show, to estimates of past and 

present emissions of S02; should the comparison even 

be made in view of the different spatial distribution 

of the sources, the different release heights of the 

SO2, etc. 

3) Deposition processes for sulphur and nitrogen compounds  

(G. Van Volkenburg) Once atmospheric reactions have 

occurred, how does one measure and model the various 

pathways of deposition, both wet and dry? Are the 

medhanisms 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 being 

used in models currently? 1 

4) Global and western North American measurements of  

precipitation pH  (P. Summers) The strength of the 

assumption of "unpolluted" rain having a pH of 5.6 will 

be compared to recent global background measurements, 

and these measurements will be interpreted in light of 

current assumptions about residence times of acid precursor 

compounds and scavenging mechanisms for these compounds 

ovér oceans, coastal regions, and over land. - Recent 

measurements from western 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 agreed upon: 

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

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

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

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 annual 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 various 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 produce 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 SO2 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. 

E 
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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 paper 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) Amount of Model "Production i Usaoe":  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. 



Work Group 2 

efflle131 

1 
1 
1 
1 
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Source Region and Inventory Description 
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Atmospheric Modeling 



Preface 

The purpose of this addendum is to provide more detailed 
documentation of the emissions anâ 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 11 ) map of the SURE grid system, 63 SURE 
aggregate areas, and 11 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 



FTFS 	 ARms 

ST CITY 	SURE II 	CRID 	NUNMER 	REGInN ST AT E 	Cr1 U NTY 

AL 	AUTAUGA 
AL 	RALDwIN 
AL 	RenBmuR 
AL 	el IPB 
AL 	aLr1 UNT 
AL 	BULLnCK 
AL 	la  MER 
AL 	CALHOuN 
AL 	CHAMPF4s 
AL 	CHFROKEF 
AL 	CHILTON 
AL 	CHOCTAw 
AL 	CLARKE 
AL 	CLAY 
AL 	CLE.BURNE 
AL 	COFFF.E 
Al. 	COLBERT 
AL 	CoNECUM 
AL 	COOSA 
AL 	COVINGToN 
AL 	CRFN8HAw 
AL 	CULLHAN 
AL 	DALE 
AL 	DALLAS 
AL 	CIEKAL8 
AL 	ELHORE 
AL 	FSCAHBIA 
AL 	ETtlwAH 
AL 	FryETTE 
AL 	FRANKL/N 
AL 	GENEvA 
AL 	GREENE 
AL 	HALE 
AL 	HENRY 
AL 	HOUSTON 
AL 	JAèKSON 
AL 	JEFFERSON 
AL 	Lite4 AP 
AL 	LAuDERDALE 
AL 	LAwRENCE 
AL 	LEE 
AL 	LIHESTONF 
AL 	LOwNDFS 
AL 	HACON  

1 	1 	 9 	2 	 351 	35 
1 	3 	7 	0 	 287 	35 

35 
35 
35 
35 
35 
35 
29 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

35 
35 
35 

36 
35 
35 
34 
35 
3! ' 

 
23 
35 
35 -  
24 
35 
35 

1 	5 	Io 	 1 	 321 
1 	7 	 6 	3 	' 381 
1 	9 	 9 	4 	 413 
1 	11 	10 	2 	 352 
1 	13 	 9 	1 	 320 
1 	15 	lo 	4 	 41 11  

1 	17 	11 	3 	 384 
I 	19 	in 	s 	445 
1 	21 	 9 	3 	 382 
1 	23 	 7 	 2 	 349 
1 	25 	 7 	1 	 318 
I 	27 	1ct 	3 	 383 
1 	2 9 	10 	4 	 41 11  
1 	31 	 Io 	 1 	 321 
1 	33 	 8 	5 	 443 
1 	35 	 8 	1 	 319 
1 	37 	 re 	3 	 382 
1 	3 9 	9 	1 	• 32n 
1 	41 	• 9 	1 	 320 
1 	43 	 q 	5 	44 11  
1 	45 	Io 	 1 	 321 
1 	47 	 8 - 	2 	 350 
1 	49 	 10 	5 	 445 
1 	51 	 q 	2 	 351 
1 	53 	 8 	o 	288 
1 	55 	10 	.11 	414 
I 	57 	 8 	4 	 9 12 
1 	59 	 8 	5 	 443 
1 	61 	 Io 	0 	 290 

1 	63 	 7 	3 	 380 
1 	65 	 8 	3 	 381 
1 	67 	lo 	1 	 321 
1 	69 	10 	0 	 290 
1 	71 	lo 	5 	 445 

1 	73 	 9 	4 	 4 13 
175 	7 	- 4 	 4 11 
1 	77 	 8 	6 	 474 

1 	79 	 8 	5 	11 43 
1 	81 	 in 	2 	 352 
1 	83 	 9 	és 	 475 
1 	85 	 9 	2. 	351 
1 	87 	lo 	2 	 352 



Grid Square SO2 Emission Data in the SURE II Inventory - Utility 
Sector in the Major Point Source file 

Sample Output 

Individual Source Parameters 



SURE...2 502 A1.113 EMISSIONS 
OV GR ID 1411.13 ER 11 N GRAMS,  SEC) 

G0 IDNUM•699 

005 	GRID6 	GR 107 

626 	13 	 16 
627 	13 	 16 
628 	13 	 16 
629 	13 	 16 
630 	13 	 $6  
631 	13 	 16 
632 	13 	 la 
633 	13 	 16 
634 	13 	 se 
635 	13 	 16 
636 	13 	 16 
637 	13 	 16 
630 	13 	 6 
639 	13 	 a 
640 	13 	 a 
64$ 	13 	 6 
642 	13 	 6 
643 	13 	 a 
644 	83 	 6 
645 	13 	 6 
646 	13 	 a 
647 	13 	 a 
645 	13 	 6 
649 	13 	 a 
650 	13 	 a 
651 	13 	 a 
652 	13 	 6 
653 	13 	 • a 
454 	13 	 6 

STATE 

OHIO  
OHIO 
OHIO 
OHIO 
Dom 
OHIO 
OHIO 
OHIO 
p.m) 
Oslo 
OHIO 
wilco 
OHIO 
OHIO 
OHIO 
0010 
OHIO 
OHIO 
OHIO 
OHIO 
OHIO 
PENNSYLVANIA 
PEP.NSYLVANIA 
PENNSYLVANIA 
PENNSYLVANIA 
reemsyLvator 
PENNSYLVANIA 
PENNSYLVANIA 
02 41 ,45  VI. VA NIA  

COUNTY 	144.N TC00 	P.ITCOE 	SOURCE 	URI« 	UTNI! 	5 TAOCHGT 	502EM15 

640 	 5002 	 5 	 UT 	520.5 	•41 7.5 	259.3 	 145.95 
540 	 5002 	 6 	 tili 	 520.5 	•411 7.5 	259.1 	 165.12 
540. 	5002 	 7 	 UT 	520.5 	4417.5 	259. I 	 156.17 
340 	 5002 	 • 	 UT 	520.5 	4417.5 	259.1 	 178.77 
540 	 seer 	 9 	 UT 	520.5 	4417.5 	259.1 	 276.27 
540 	 5002 	 80 	 UT 	. 520.5 	4417.6 	769.) 	 295.70 
640 	 5002 	 II 	 UT 	520.5 	••1 7.5 	259.1 	 773.59 
54 0 	 6002 	 12 	 UT 	520.5 	4417.5 	259.1 	 792..50 
3160 	5002 	 I 	 UT 	530.6 	4455.0 	25 1• 6 	2060.30  
3160 • 	5007 	 5 	 UT 	529.9 	4455.6 	25 I • 5 	*829.20  
3160 	800? 	 6 	 UT 	529.9 	4955.6 	274.3 	 433.63 
3160 	5010 	 7 	 UT 	533.7 	4 455.6 	153.0 	531.90  
3160 	5010 	 a 	UT 	533.7 	44 05•5 	153.0 	 700.57 
3160 	5010 	 9 	 UT 	531.7 	4485.5 	153.6 	1001..82 
3160 	5010 	 10 	. UT 	531• 7 	4 405.5 	133.6 	*001.82  
3160 	5010 	 11 	 UT 	531.7 	4483•5 	259.1 	1534.90 
3160 . 	5010 	 12 	 UT 	531.7 	4455.5 	259.1 	3493.70 
3160 	5010 	 13 	 UT 	5314? 	44 55.5 	304.6 	3340.70 
3160 	60 17 	 I 	 121 	 533.5 	4 4111 a al 	$95.1 	 345.42 
3160 	6012 	 2 	 on 	533.6 	4401.0 	1918.1 	 501..60 
3160 	6012 	 3 	 UT 	533.5 	4 4011. 8 	'194.1 	 501.05 
9200 	7 	 a • 	UT 	685.3 	4452.8 	5140 	 30..05 
9700 	7 	 • 	2 	 UT 	508.3 	4•52•1$ 	5145 	 30.00 
9700 	7 	 3 	 UT 	558.3 	4 45 29 0 	 50.5 	 30.50 
4200 	7 	 • 	 UT 	558.3 	4452•0 	70.3 	1204.50 
9200 	12 	 1 	 UT 	592.1 	4 456.1 	02.9 	 330.52 
9200 	12 	 t 	 UT 	- 592.1 	4456.1 	02.9 	 350.12 
9200 	17 	 3 	 VT 	592.1 	4856.1 	52.9 	 380.75 
9200 	or 	 • 	 Ut 	592.1 ' 	4456.2 . 	59.0 	 607.70 



1.2 Grids in Aggregated Grid Areas 
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1 



EXplanation of Format 

Column 	Definition 	 Range 	 Format 

1 	 X index (west-east) 	 1:31 	 15 

2 	 Y index (south-north) 	 1:36 	 15 

3 	 Grid Scalor Index 	 1:1116( 1 ) 	 15 

4 	 X* index (west-east) 	 0:30 	 15 

5 	 Y* index (south-north) 	 - 9:26 	 15 

6 	 ARES area 	 0:60(2) 	 15 

7 	 Sum of major 
point sources SO2 	 F10.1 

8 	 Sum of all 	 F10.1 
sources SO2 

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

(2) 0 is the ocean 

* Original SURE Grid Numbering System 



I 
I 
II 
o 

1 	1 	1 	0 	•9 	0 	0.3 	0.0 
.2 	1 	2 	1 	-3 	3 	3.0 	0.0 
x 	I. 	3----2 -.4-4. 	0-.0 	0.0  

h 1 	4 	3 	-1 	1 	"A 	0.0 
5 	/ 	5 	4 	-9 	.4 	 let 	64■ 0 

e 1. 	5 	5 	3 	3 	1.-,1 	6 -3  
7 	1 	7 	6 	-9 	3 	2.0 	0.0 
8 	/ 	8 	7 	.-3 	0 	3.11 	0.0 
1 	1 	9 	8 	4 	3 	0-0 	0.4._----  

10 	1 	10 	a 	-3 	1 	3.3 	0.3 
11 	1 	1./ 	/f! 	-3 	3 	3.Z 	3.0 

--1.2 	1 	12 	1. 1 	-1 	I 	J..: 	C...0.--------- 
13 	1 	13 	12 	-5 	2 	1.0 	0.3 
14 	/ 	14 	13 	-3 	G 	0.0 	0.0 

-15- 	/ 1.5 1.4.-e÷ 	3 	'1.1 	0.1 	 
1' 	/ 	16 	15 	•3 	31 	3.0 	1.6 
1.7 	1 	17 	1.6 	.•3 	0 	3.1 	0.1 

-18 -1---1-8-17 -3 : 	0.0---C.4 	 
19 	1 	/9 	18 	-3 	3 	0. 3  
zr 	1. 	20 	19 	-3 	0 	0.0 	0.0 

-21 	1-41. .24-----.•4 		2 	3.4 	6.4 	 
72 	1 	22 	21 	-3 	2 	0.1 	0. 3  
23 	1 	23 	22 	-3 	3 	1.0 	0.0 

-24 	1 -24_____2 3_____..3O 	1.4- 	 
25 	1 	25 	24 	•3 	3 	0.0 	4.3 
26 	1 	26 	25 	-3 	3 	0.0 	0.0 

------2 7 	1 27 26----■3 -1 	3.3 -----0.-3- 
23 	1 	VIfl 	ei 	-; 	0 	 3.0 	0.0 
29 	/ 	29 	28 	«.q 	3 	0.1 	3.0 

	

--30----1---313-24- ■1 	3 • 	1.6---3-. .3 
31 . 	I. 	31 	30 	-.3 	3 	0.0 	0.3 

1 	2 	32 	0 	-3 	P 	0.0 	4.0 
2 --2 -33. 	1 --I 	C 	1.11-----6 •6 	 
/ 	? 	34 	2 	-3 	1 	3.3 	3.3  
I. 	2 	35 	3 	-3 	̂ 	0.P 	.à.0 	. 

. 	5 	2-36- 4-.4 	- -----3 ..0 	0.3 	 
6 	2 	3 7 	5 	-3 	3 	3.0 	6.0  
7 	2 	38 	6 	.•3 	3 	1.3 	Z.3 

----it -2 79 	7 --.•8-----6 	-6 .0 	 
9 	2 	4 .. 	8 	-8 	C 	0.0 	0.4 

tO 	2 	4 1 	9 	...3 	e . 	3.0 	4.1 
11_---2.--42-10,---=3 	3  
12 	2 	43 	11 	-3 	0 	0.0 	3.3  
13 	2 	44 	12 	-3 	3 	0.6 	0.0 

- --- 1E.-2 45 1 ...7-...3 	9  	4 .0 	 4•a -------- - 
1 5 	2 	46 	14 	-3 	0 	1.3 	0.3 
16 	2 . 47 	15 	•3 	31 	3.0 	.5 

- 17-2  48---46  -3 /1. 	n. 3 - 	.11.1._ - 
13 	2 	49 	17 	-3 	0 	1.3 	0.0 
19 	2 	5 3 	18 	-3 	3 	0.0 	0.3 

• - 23 ... 2 - 51 -19 ...-3 -3 ______--3.3 .----- Ca 
21 	2 	52 	zn 	-s 	.. 0  



	

22 	2 	53 	2 1 	-.41 • 0 	0.0 	2.0 

	

--.---24----2--F-4---2.2- 	
. 	..4.4.......____.4.4_ 

	

24 	2 	55 	23 	...0 	e 	0. 11 	0.0 

	

25 	2 	56 	24 	-8 	0 	0.0 	0.0 

	

------2-‘ 	2 	5w 	25 	-1 	î 	_11-0 	0_3  

	

27 	2 	58 	76 	...3 	1 	1.0 - 	Oa 

	

28 	• 2 	59 	27 	-.3 	0 	2.0 	0 .0 

	

29 	2 	60 	28 	-8 	1 	03 	C-S. 

	

31 	2 	61 	29 	-.9 	0 	OA 	0.0 

	

31 	2 	62 	30 	-9 	9 	0.0 	0.11 

	

/ 	w 	6' 	0 	-7 	0 	0....0 	0_0  

	

2 	3 	64 	1 	«-7 	0 	C. 	0.4 

	

3 	3 	es 	2 	-7 	0 	1.0 	0.0 

	

• % 	3 	66 	3 	-7 	2  

	

5 	1 	67. 	4 	•7 	0 	0.0 	0.0 

	

_6 	7 	68 	5 	•7 	0 	U. 	Oa 

	

7 	1 	41 	4 	-7 	2 	0-.4 	0.0 

	

8 	3 	7 6 	7 	-7 	0 	0.0 	0.0 

	

9 	7 	71 	8 	•7 	" 	0.0 	4.0 
	72 	9 	-7 	2 	C_C 	4.3  

	

11 	.1 	7! 	10 	•7 	0 	0 .0 	0.0 
12 - 3 	74 	11 	.4 	0 	0.0 	Oa 

---13 -_7._ 	tç.___t 2  -7 	3 	I.e. 	 c.r. 

	

14 	e 	76 	13 	-7 	M 	1.0 	C.0 

	

15 	3 	77 	14 	-7 	2 	Oa 	0.2 
--.44.--,3 	,74___-4  6---.7_--3 1.--0.-.4-----e4.- 

	

17 	lit 	79 	if. 	•7 	31 	1.0 	19.3 

	

1M 	3 	8C 	17 	-7 	31 	22.8 	51.5 

	

-19-7-81 14 	-e • 	0■ 4----L-0-.4- 

	

20 	3 	82 	19 	-7 	3 	1.1 	3 .1 

	

21 	3 	31 	zr 	- 7 	] 	 2.0 	C.3 

	

--22 	3 	5'. 	21 -r--■1--«•-•-C -Cr•e• 	 11.0 

- 	2! 	Y 	85 	22 	-I 	i 	0.0 	0.0 

	

24 	! 	86 	23 	-r 	0 	3.0 	. 0.0 

	

-25 	3 47 e4 ---»7 	1 	0." 	0.4 

	

. 26 	e 	"0 	25 . •7 	1 	 0. 0 	0.0 

	

27 	I 	• 9 	2e 	.. 7 	: 	0.0 	3 .0 

	

--28- -4 -3 6  ---2-7 •-7 	3 	0.0 	a •4- 

	

29 	I 	91 	28 	-r 	0 	0. 0 . 	6.0 

	

30 	3 	92 	29 	-7 	I 	0.0 	3 .0 
-----3.1-3----33--30 -e ' 0 	0.-11 	0-.3 

	

1 	4 	34 	0 	-6 	3 	1.0 	4 .3 

	

2 	4 	95 	1 	-6 	3 	0.0 	0.0 
-----14 cie 	2 - 5-1.____z.0 	11,1  

	

4 	4 	9' 	3 	-5 	0 - 	1.0 	0.0 

	

5 	4 	98 	4 	-.6 	3 	- 	0.0 	0.0 
- 6- - -4--99----5--•4  3 	0.0 	6.0 	  

	

7 	4. /Ot 	6 	-S 	û 	1.0 	C..; 

	

8 	4 111 	7 1  -5 	0 	0.3 	1.0 
-9-4 -432 8 '. -6 3-3.4 	 

	

10 	4 ir3 	9, -5 	0 	0.r 	3.0  

	

11. 	4 1C4 	16 	-6- 	à 	0 .0 	2.0 

	

-12 	-4 105-11.-----.4 	0 	0.0 	0.6 	  

	

1 3 	4 106 	12 	-6 	0 	0.0 	C.2 

	

14 	4  1 67 	13 	-S 	0 	U.0 	43 .0 
-15-4-1-08  1 '.  In--3 1.----3 .3 	1.1 	  

	

16 	4  1.39 	15 	•6 	31 	0.0 	3.8 

	

17 	4 110 	16 	...5 	31 	0.0 	7.9  
31 	40.7 	 e 1 .2 

	

19 	4 112 	18 	-5 	0 	11 .0 	43 .0  

	

- 	20 	4 117 	19 	-5 	0 	0.4 	4 .0 	 . 	. 
	43.3 	-C.3 	  

	

22 	4 115 	21 	-.6 	0 	1.0 	43 .0 

	

23 	4  1. 16 	22 	-5 	3 	0.0 	0.0 
-:...---24____1.--.117 23--e 5-3- 	-0. 43 	0.0 	 

	

25 	4 118 	24 	 . -6 	3 	1.0 	6 .2 	_ 

	

___. 	_. 	.  



2=SIMILOZ=ICICIM 
	

2E 	4 119 
424 

	

28 	4 121 

	

29 	4 122 

	

31 	4 124 

	

1 	5 125 

	

.2 	5 126. 

	

,3 	5 127 

	

.4 	5 128 

	

5 	5 124 

	

6 	5  130  

	

+ 	5 131 
• 5 /3+ 

	

.9 	5 137  

	

10 	5 134 
	5-1,35-44 

0.0 

0.0 
0.0 

3.43  

0.0 
0.0 

1.0 
".0 

1.0 
0.0 
444- 
0.0 
0.0 

1.0 
1...0- 
0.0 
0.0 

1.0 
0.0 

1.r 
1.0 

0.0 

0.0 
0.0 

O.; 
0.43 

13.0 
Oor 

0.0 
0.0 

0.4 
0.0 

1.0 
0.43 
-4.4- 
6.0 
3.8 

0. 0  

0.0 

0.0 
0.0 

0.0 
4.4-- 
C.0 
0.4 
0.4 
0.13 
for 

12 
- 13 

/5 
16 

5 /36 
5 1.37 
5-134 
5 119 
F 140 

18 	5 /42 
19 	5 143 

	

25 	•6 	0 

	

26 	-é 

	

27 	•S 	0 

	

28 	•6 	1 

	

21 	-5 	" 

	

3P 	•5 	1 
C 	•5 	1 

	

1 	-i 	2  
2 -5 

	

3 	-5 	0 
L 	-5 	à  

	

5 	-5 	0 

	

6 	-5 	0 

	

7 	 m  

	

8 	-5 	0 

	

9 	-5 	0. 

	

11 	-5 	• 0 

	

12 	-5 

	

1..7 	-5 	1  

	

t4 	-5 	31 

	

15 	-5 . 31 
xi  

	

17 	5 	31 

	

18 	■ 5 

•S 	3 

--20-5--144  19 -5 "  
21 	5 - 145 	20 	-5 
2? 	5 146 	21 	-5 	0 

24 	5 148 	23 	•5 	I 
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5 	26 rec 	4 	J.: 	--i. 	 1.6- 	5/w4 	  

	

6 	26 '81 	5' IS 	41 	0.0 	24.o 

	

2 	26 752 	6 	16 	kt 	50.1 	52.6 

	

1 	2-6 	78' 	7 	I:. 	4! 	0.0 	51.-4 	  

	

9 	25 7 ,41. 	8 	là 	43 	7.A 	63.9 

	

10 	26 795 	9 	15 	43 	0.0 	11.6 

	

--U. 	35 78$ 	10 	2. 5 	43 	1-2 	7-8 	 . 

	

12 	2E 787 	11 	16 	43 	0.0 	55.7 

	

13 	26 748 	12 	15 	49 	47•4 	122.3 

	

-----414---25--L-14-9--44---4-6---41 	784.4.-----542-r7 	  

	

15 	25 730 	14 	16 	57 	94. 1 	112.6 

	

16 	2e '91 	15 	16 	57 	3.0 	2.7 

	

1_7 	26.. 192---46 	1e, 	57 	1...; 	.8  

	

18 	26 '93 	17 	16 	• 9 	0.0 	 .8 

	

19 	26 794 	2.8 	15 	9 	'0.0 	24.4 

	

-20 	-25 -e45---t 9 	---1S- 	1 	11.3 	13.1 	  

	

21 	25 796 	2! 	11 	10 	44.8 	51.1 

	

22 	25 717 	21 	16 	13 	11.5 	14.2 

	

-43---26-748-22 	ii 	1-2 	.-6- 	26.4 	  

	

24 	25 799 	23 	16 	10 	0.0 	70.2 

	

25 	26 8f0 	24 	15 	5 	21.4 	68.7 

	

-----e6---ef---643/ -25 	iS 	5 	114 ------7-7.5 	  

	

27 	26 802 	26 	16 	5 	55.6 	184.4 

	

ta 	ts 3C3 	27 	/I 	5 	78.5 	. 	79.4 

	

"----21 	26 834-2d---16-0---0vf 	0.0 	  - 

	

30 	26 815 • 29 	15 	2 	0.0 	8.0 

	

21 	25 836 	1C 	11 	0 	0.0 	0.0 

	

---1-27-3417-e-1-7-41 	' 42.8 	42.-8 	  
• 2 	2' 809 	1 	17 	41 	0.0 	' .6 

•3 	27 809 	2 	17 	41 	0.0 	10.4 

	

----- 1.---27--52.0-----3.--2.-7.---4L 	3., 	2.6 	  

	

5 	27 811 	4 	17 	41 	0.0 	17.2 
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27 	27 8'3 	26 	17 	5 	43.1 	121.8 

	

-----24---2' 3 14-27----47 	C 	3.-1---0.0 	  

	

29 	27 835 	28 	17 	o 	0.0 	0.0 
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.1 	31 3114 	0 	2Z---52 	 

	

_2 	33 9*1 	- 	1 	21 	52 	0.0 	.6 

	

.3 	so 902 	2 	20 	52 	.6 	4.3 
	.4---14--1S3 		3 	20 	 - 

	

.5 	30 904 	4 	20 	52 	154.4 	180 e7 

	

6 	33 9Ge 	5 	20 	51 	0.0 	13.7 
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12 	15 toe, 	11 	25 	5% 	0.0 	0.0 

	

. 1! 	15 1067 	12 	25 	54 	0.0 	0.0 
-14-3-5-1468 	 Te 	 

	

15 	35 1069 	14 	25 	54 	0.0 	0.6 

	

16 	35 107 0 	15 	25 	54 	0.0 	0.0 

	

14 21-16 	 25 	54 	1.1 	6.4 	 

	

18 	35 1172 	17 	25 	' 61 	0.0 	.3 

	

19 	35 10'elr 	18 	25 	AG 	0.0 	 • Lb 
-20 35-162L--_4;---.25 61  

	

21 	35 1075 	24 	25 	63 	0.0 	1.0 

	

22 	35 1176 	21 	25 	63 	3.0 	6.3 
	0.4 	 

	

24 	35 1. 7 8 	23 	25 	61 	0.0 	.1 

	

25 	35 1079 	24 	25 	62 	5.1 	11.2 

	

--22.4 	24.6 	 

	

27 	35 138 1 	26 	25 	60 	0.0 

	

28 	35 1182 	27 	25 	63 	0.0 
	-4,4 

	

30 	35 10 0 4 	29 	25 	63 	0.0 

	

I/ 	35  1185 	30 	25 	6; 	0.0 
	1-35-1385 -4--2-5----52----.1•41 	 

	

2 	3E 1 , 87 	/ 	26 	52 	0.0 	.2 

	

3 	36 1188 	2 	26 	52 	0.0 	•1 
	4---35-4n89 	7 36 	51 	4.0 	 

	

5 	36  139. 	1. 	26 	54 	0.0 	G.0 

	

6 	36 1391 	5 	25 	54 	0.3 	6.3 
4.4 	3.4 

	

-8 	36 1093 	7 	26 	54 - 	0.0 	0.1 

	

.9 	36  1094 	8 	26 	5!. 	0.0 	0.0 
---- 10 	3A--139A----9---26 54 	1.0 

	

11 	36 109E 	10 	25 	54 	0.6 	0.0 

	

12 	16 103' 	11 	26 	54 	0.0 	0.2 
0.0 

. 	/4 	3A 1099 	13 	25 	54 	0.0 	0.0 

	

15 	36 1121 	14 	26 	54 	0.0 	0.0 
-36.-101 	 - 	 0.1--- 	- 

.5 
2.2 

G.: 
3.0 

17 	36  1162 
18 	36 1103 

---- 
 

j9---36 1104 
20 	35 11:5 
21 	35 1105 

__IA 1107•  

21 	36 iir8 
24 	36 /109 

-----25---36 -1110 
26 	16 1111 
27 	36 11/2 

-----28---36-1113 
g9 	36 1114 
1 0 	36 1115 

-----11---36-1116 

16 	25 	54 	3.0 	e.c 
17 	26 	63 	0.0 	6.6 

19 	26 	60 	0.0 	0.0 
20 	26 	60 	0.0 	0.0 

22 	26 	61 	2.0 	C.0 
23 . 26 	6; 	1.0 	0.0 

	

---24 25 	GO 
25 	26 26 	63 	3.0 	C.0 
26 	25 	60 	0.0 	.0.3 

28 	25 	61 	1.0 	.9 
'29 	26 	se 	0.0 	6.0 
30-2 	60 	54.rx 	69.6 



AREA 1 NE MA/NE 
r 

ERISSION UNTROIO * 
GRID  CELLS INrLUDED2 

	

8 06(2,9191 	0Zrier-121i___---9251242.01 
929(29923 ) 	9527,211 	959(23:211 	962C29.211 	943(26,22) 
989C2f.221 	993(23.221 	102V127.231 	1.121(23.231 

-12EA-2-_SA1 Helit_KA4PSHI 2r  e"e"1"TWE "EA  
A2E1 CEVIZOID 	* 	25.51. 
ENISS/ON CE4fROID = 	IC 14 rt qo  

---SkID CELLS xNuumema 	  
894(25.191 	925(25.29 ) 	926(26.211 	957(26.21) 

AREA 3 VT VERIONT 
	 4.1LA_CENIZOID__II4v1  

ENTSSION CENTROID * 	af.e. 	04 im 
GR/0 CELLS IN:LUDEpt 
	862t240.81______39.112.M.1.91 

AREA 4 '4H 	SOUTHERN NEW HAMPSI/2r 
itE4 (.54noro IX.Y) a 	24.57, 17.33 
rUSSION_ZENIWITn  * 	1•Lia____114.1. 

GRID CELLS INcLuunt 
811(24.171 	/02(25.171 	863(25 9 /61 

_AREA _ .5 __NA _ -MASSACHLISE.T.T.S_ 	   
25.571 16.0C 
2r.ts 	gs./1 

771(26 1 15) 	883(24,16) 	821(25,16) 	8E2(26,/51 	803(27,16 ) 
8e3C26.171 

—AREA -6—RI—RHODE-ISLAND 

3.4.11. It. •Or 

AR.EA CENTROIO (X.Y) a 
EMISSION CENTROID 

CELLS INCLUDED' 

---GRIO-CrLLS -INCLUDED* 
770(25,15) 

25.33, 15.00 

35.00 ioø 

A2SA CENTROID IXIYI 3  
ENISSIO4 :E4TROIO * 



AYEA CENTRO/D (X.!)  2 	23.00. 13.00 
ENISSION CENTROIO 	23.1r IS. Vie  

AREA T CM CONNECTICUT 1 
44-rei-C-544-T-itale-tergeb-ga 
EMISSION CENTROID =  2.Y. .. EC. so 

GPIO CELLS /Nfl.uoms 
-76942‘wie 	 

AREA I  5A2 110/PONDAM SENSITIVE AREA 
AREA CENTRO/0 (X.Y) = 	22.50. 18.50 
em-I4SI0N cEmeaoto - 

G2/11 CELLS INCLUDED1 
860122.181 	161(23.18) 	891(22.19) 	892(23.19) 

--AREA--9--Un--WESTERN-N:4-40* 
AREA rungotn incel 	13.20. 16.40 
EMISSION CENTRO/0 = 	it.cf lilt  

---GRIO-CrLLS-TMCIADEDI 	  
193(17.161 	794(18.16) 	795(19,16 ) 	825(18.17) 	826(19.171 

AREA 10 NY2 SOUTHEASTERN NEW  YORK 
Ae£14_ZENIRffle..4X,r )s..---Z1,-.45*-16,49 
EmISSION CENTROIO =  

GRID CELLS DeLUDE01 

	

---767 (22.15)----7F'3(23.-15) 	796424.16e 	792-(21,16).------798422.161-- 
799(23.161 	827(21./7) 	823(21.17 ) 	82)(22,171 	831(23111) 
858(20.18 ) 	859121481 	890121.19) 

-AREA-Li—NJ —NEW-JERSE-X 

---GRIff CELLS-MI.40E02  
674(22.12 ) 	675123 1 /2/ 	706123.131 	7?7123.14/ 	738(24./4) 

AREA 12 PAL SOUTHEASTERN PENNSYLVIIN/A 
4RfA-CE1TROI0-4X....14 - 	21..67r-13.33 
ENTSSIO4 CE4TROID = 

GRID CELLS IN:LUDEDT 
704(21.13).------7-fl3À-72 1 1 11 	71t49,041 

11. 413 	1&.• 

Ii  
li  

IL 



AREA 13 PA2 CENTRAL PENNSYLVANIA' 
AREA CENTROID (X.v) = 	19.85. 14.13 
vizssins ZENTROID  

GR!! CeLLS IN^LUDED1 
702(19.13) 	ro 5 (20,131 

76512).151 
733(19.141 	731,120.141 	735(21.14) 
765421.151  

Imés 14 PA3 WESTERN PENNSTLVAN/A 
AREA CENTROID C.X1.-11/ m 
ENTSSTON CEVeROID  

GRID CELLS INCLUDED1 
.700117,131 	.731071141 	7320.8.141 

11.40, 14.20 

7630.7.1.51 	763(18,151 

-4REA-45--SAI--PENNISYLVAII-L-SEU-SLZUZ-JÀ44 	  
AR EA CENTR 0/0 (X.') = 
ENISS/ON CE41R010 

18.00. 12.50 
Ir. se 	M. 

--r-GRID-CEL1.Z-INCLUDED4  
670(18.121 	701(11.13) 

• AREA 16 NM 	maRvL4N0 *  DC 
ItZEL-Cibt72=  (YO') - 	20.-17,-41..01' 
mssr0m 2ENTROID = 	• /41.1, (411 

GRID CELLS TNCLUDED1 
--610120.1131_611(21.10 ) 	64112-0.111 	641(21..11L______674119,121 _ 

672(209/2) 

ARES 1'7  OE 	0ELAWARE 

EITSSTON CE4TROID = 	se.344 
GRP) CeLLS IN:LUDEOI 

- 612(22.10______6431224.411 	678(21,423 

AREA 18 VA 	VIRGINIA 
AREA CENTROID (X.T) = 

	 eusszoN  CENtROLD-=-- 
18.35. 9.06 

---41.il 	8,14 
uRID CELLS pctunEol 

543(15, 8) 	545(17, 8 ) 
- 549(21.-8t------57511 5 1 9) 	57 

579(2=1 9) 	580(21 , 91 
639(18,111 	640(19.11) 

54T(19, 81 
1 	57,08* 91  

631(18.10 ) 

541(20. 81 ' 
578(19.-9)--  
609(19,10) 

546(18. 8 ) 
SZ6(1e ,  
607(17911) 



GRID CELLS INCLUDED' 

637(16.11 )  
--fs.16L15.9-11.1. 

mmem UMeMMEM 

vleTwEASTERN wEST w/NCINII  
AREA CENTROID  'IX.!)  = 
!MISSION CENTRO/0 = 

. 638(17911) 	668(16,12 ) 	6691179121 

AREA 20 WV2 SOUTNWESTERN WEST VIRGIN/A _ 
AREA CENZZOID--1.X.97-1—=----3.5.4.24-14.-03. 
(MISSION  CENTROID = 	e.,•1  es."  

16. 37. 11.67 
Iffb .st 

8.10 , 	9.00 
4.11 	al*" 

5681 99 91 

AREA 2 1  Kg/ EASTERN KEHTU:KY 
	 AR:A  cpeRcno ( c.!) - 

ElISSIN4 CENTROID = 	10.14 	11.1r7  
GRIN CELLS /NCLUDED1 

	

-.7--5384141. 81 	53,“1 1-9.-111 	 31 

	

571(129 9) 	572(139 9 ) 	600(1).101 	601111.1.C1 	602(12.14) 

	

603(13910) 	604(14.10) 

—AREA-22-4M —WESTERN -K4E-NTUCKY 
ARE4 CENTRO/D  IX,!) = 
EMISSION CE4TROID 2  

---4R/0 CELLS INCLUNED* 
5661 79 91 	5671 89 9) 

AREA 23 TN/ WESTERN TENNESSEE 

EMISSION CENTROI0  z 	 7.t1 
GrUCI CELLS /NCLUDEDt 

-----471 1  5. 
504( 79 7) 	505( 89 7) 	535 1  79 8) 	53 61  49 8) 

ARE" 24 TN2 EASTERN TENNESSEE 

EMISS/ON CEITRO/D = 	11.12.. 1.11- 

GRID CELLS IN:LUDEDI 	- - 

	

6 1 	47144 19  6) 	50 s4-9, -el 	- 507(10. - 7$  - 

508(11. 7) 	• 503(12, 7) 	537( 9 9  8) . 	541(139 8 ) 	542(141 8) 

N 



1.5-211. 8.82 
(CMS 	1.91.  

541(16, 7 ) 	544416,-41 

EMISSION CENTRO/0 at  Ij •   

■.■ 

AREA 25 SA4 S3UTHERN APMALACNAIN SENS ARE* 
A=Za CuTROID V( 'S')  
EMISSION ZENTROID 

G2In CELLS temuclEDI 
-------447142, 	441 

511(141 71 

AREA 26  4C1 CENTRAL NORTH CAR3LINA 
%REA CENTROID (X.') - 
EMISSION CENTROID s 

GRID cuts INUUDEDI 
480(1.4,  61 	461015.. 61 5121/ie 71 

12+-11.1.9--6.,414 
t1.  

(13,-7 )  

AREA 27 NC2 EASTERN 'MTN CAR3LINA 
AREA CENTR3I0 (X.71 = 
t.:MTSSIOM CE1TROTO  

18.341 5,.94 

GRIO CELLS INCLUDE01 
423(19. 4) 	451(18, 51 	454(13, 5) 	455(20. 5) 	455(21. 5 ) 

.- 
 

482(16,-4) ------481(17e-4) 	446(/8..--6) 	4814/9.--61.------466423.-61 
41117121. 61 	- 	514(17. 7 ) 	515118. 7 1 - 	511(19. T ) 	517 1 23. 7) 
518121. 71 

- ARV' 28--SC- -SOUTN-CAi31 INA 
AREA CENTROIO (XeY) = 	16.37e 3.86 
EMISSION CENTROIO 	t•1 7 	3.1‘ 

- GRID CELLS Penun5o1 	  

	

359(17, 21 	383(15e 31 	389(16e 3) 	390(17, 31 

	

418(14 , 41 	411(15. 41 	422(16, 41 	421(17e 4) 
----- 449(14. 5)  - — — 145341.F..-51---4-5111.6,-41--- 452-41. 7-1 -51 

391118. 3/ 
422(18. 4) 

AREA 29 GA/. N3RTNNESTERN GEOR.IIA 
AREA CENTRO/0 (X.!) s 

	 Pusuou-unagna 	 1/.•1--*/, 

GRIP CELLS IN:LOOEDI 
384111 , 31 	305(12, 30  415(11e 4 )  41 5( 12. 4) 	446111 ,  51 

AREA 33 -GAZ. SOUTHEAST-ERN-GE-0R; A 

AREA CENTROIO (X.Y )  = 	13.21. 1.42 

• GR/II CFLLS.IN:LUOEDI 
291(11e 01 	2921 12. 4) 	293(13, 01 	294(14. 0) 
M22(11. 11 	323(12. 1 ) 	324(130 1) 	325(14, 11 

--- 	353(11e  2 )------354Xt29-41 	"t55413...-2-)------354414e-24 
358(16. 2) 	381(13 , 3) 	387(14. 3) , 	417(11. 4) 

295(159 0) 
3211/5e /1 
357(t 5,-2)---.- 



AREA et Fit SOUTHERN FLORIJA 
1 2 F-A-C.E.N.LROZO_(X.X) - 	15 /3. -54.39 
EMISSION CENTROID m 	11,1e  

GRID CELLS IN:LUDEet 
------1611R, -91 .______Jat15..at_______‘atts. 	Tfix.13.42.4.--____-71(16. -7) 

80(17...71. 	104(141-61 	109(15.-6) 	110(16.-6) 	111(17.-6) 
141115e...51 	141(16. -.51 	11.3(17,-5$ 	161(13. ■ 4) 

-- 173114.'41 	 17/(15..... 4 1 	-172(1R.- 4.1  

AREA CeNTROID (X.!) = 	15.17 1  «..2.33 
rxtzstmg lzmT .PnTzt  - 

GRIM ceus INCLUDEO1 
201(14.•3 ) 	2C2(15,•3) 	203(16, ■31 	233(15.2) 	234116.-2) 
264115 e ...1J 

AREA 33  585 FLORIDA SENSITIVE AREA 
AREA CENTROID 1X.T1 m 	13.50. ..1.50 
EMISSION 	 _ 

GRID CELLS IN.:LUOED1 
231(13...2) 	232(14...m21 	262(139-.11 	263(14.•1 ) 

ARE A 34  FL! WESTE4N FLDRIDA 	  
9.4:9 .•.90 
t.0 - . $ I 

- GRID CELLS _INCLUDEDI 	  

	

228(10.-2) 	223(11,...2 ) 	257( 8....1) 	2531 91.«.1) 	259113.11 

	

760(11,0•1) 	261(12,4.) 	2581 8, 01 	281( 9. 01 	290(10. 2) 

-AREA 35 AL 	ALA9AmA 

AREA e2 FL! PORTHERN , LocnnA 

AREA CENTROIC (X,Y) m 
EMISS/ON CE4TROID m .  

AREA CFNI/OID (X,T) m 
EMISSION CENTRO/0 z 

1.57, 2.67 
i.S1 	3.0# 

-- GRID CELLS IN:Luceni 	  
2871 7, 0) 	314 1 7, 11 - 	3/91 4. 11 	321(.3.  II 
349( 7 , 21 	35)( 81 2 ) 	3511 9. 21 	353110. 21 

- 	3P2t 9. 34 -----3A3(1à, -3) ------4124-81-44 ------4134-34 44 
443( 8 , 5) 	4441 9, 51 	445(1)1 54 

32/(10. 1) 
381( 8 , 31 
414110. 41 

.4- 



AREA 36 MS 	el/SS/SS/Pe/ 
441.“-ZE-4444143-44.44--•-- 

 E NI SS TO N CENTROID 2  
	2.-46 

2.s.i 
GRID CELLS IN:LUDED2 

	

-- 	2851-69-41 	------211 64 6. 01 	311,1 1, 11 	3t;1 I. 	 5e-4) 

	

317 ( 6. 11 	1.S1 49 2) 	3421 5. 21 	343( 6, 2) 	3724 4, 31 

	

3784 5, 31 	3714 6, 31 	3801 Tle 31 	4031 49 41 	4034 5 9  41 

	

— -4104 49  41 	—41i 41--2  41 	%40 (  5. 5) 	4444 6. il 	4424-7.-4) 

AREA 37  LA 	LOUISIANA 
ItEA CENTRO/0 4X.T) = 	2.20. 	.44 

b. 	-1 

G2/0 CFLLS INcLuoEnl 

	

2221 49•21 	2231 5.....21 	2241 6 9 •21 	243 1 09•11 	2511 19...11 

	

- --251.4-2. 11 	-----2524-3...44 	es44--4,--44---2 5 44-5.-- IA- 	250 11-14-43 

	

211 1 t 19 01 	282 1 2. 0/ 	2831 3, 01 	28%4 4, 01 	3111 1. /1 

	

3124 1. 1 1 	31'1 , 2, 1) 	3421 I. 21 	3431 1. 21 	34411 29 21 

	

-- -- 3454  3,- 24 	3734-4, 3) 	1744-4-. 3-1 	374 4-2-9-41-------ze ée—z, - 31 

AREA 3e1 AR 	ARKANSAS 
A E!i CENTRO/7 (X .T) = 	1.35. 5.35 
Z*1.34.1.0.11-ZEN rgatO -. 	.1.1---47.a* 	. 

GRID CELLS Petunni 

	

4041 C. 41 	1.051 i. 41 	1.051 2, 41 	4071 3. 41 	4354 0. 5) 

	

.-4364 19 6.1 	4.371-2,--53----433-4-3,  51 	4334-49-51-------4664-09-6)-- 

	

4674 1..61 	4631 39 64 	1.731 4. 61 	1.9T( 3 ,  71 	1.951  to - 71 

	

501 1 49 71 	50.111 5, 71 	5281 O. 81 	523( i. 8) 	5321 4, 8) 

2RF.1 39.:SAS-ARKANSAS-SENSII.1VE  ARE%  
AREA CE4TRUID (X.T)  z 	2.40. 7.20 
EN/SSION CENTRO/0 = 	• 	2.46  

- - GR/D CELLS IN:L:10E01 
1.681 2, 61 	493( 2, 7)- 5001 39 7) 5311 29 81 	531 1 3. 8) 



6271 6.111 
6881 5.131 

6231 7.11) 
6811 6./3) 

623(  5,111 

AREA-43 IL2- NORTHERN ILLINOIS 	  
• A2E4 CENTROIO vicol 

EMtSSION ZEMTROID = 
7.429 14. 162 
L.11 	t.43  

GR ID CeLLS INC*. 1./0 Ent 
6601  5e1.2/ 	6914 7.13) 
7221 8.141 	7511 6,15) 

6911 8,131 
7521 7,151 

721( 6.141 
753( 89151 

7211 7.14) 
7831 7.161 

EllA21E71=725!1=M11111 

Ale& *0 _MO 	MISSOUrn 
UZA-CZUZZOZOL--tYlv) - 
EmISSION CENTROID 2  

GRIn crta. IN:LunEol 
- -331 5. 111 --MU,  6. al 	59'  0,  9 1  

562 1 1. 91 	5611 (, 9) 	554( 5. 9) 
F91( 19/01 	-502( 2.1i) 	5931 3.10 ) 

---- 6211 0.111 
.6261 5.111 	652( 0.12) 	6531 1.121 
6561 49/2) 	657 1 5112) 	6831 01131 

- 68Ô1 3.131 _ 	68 7_1-.1.4.131 	71" Ilaki 	 71 

7 1Y( 3,14 )  

AREA 41 /A 	IOWA 
A-24-4-CEM4Z0/0-4X-.Y1-=-- 	2.-7-8-9-16.30 
EMISS/ON CENTROID = 	1 .51. (.4.t• 

S.19 two 

	

Q)  	5611 2. 91 

	

5651 6. 91 	591( 0.10 ) 

	

594( 4911) 	5951 5.101 

	

1-11 	-6251 4.111 

	

654( 2912) 	6551 3.12) 

	

68.1 1.13) 	685 1 2.131 
Z1_31 	 71512.441 

GRIP CELLS INCLMOEDI 

	

---- 718 ( 4.141 	-----71)4-51144------4454-i.1-54 	74'44-1.151 

	

74d( 3915) 	7431 4.151 	7501 59151 	775( 0./5 ) 

	

7' 3t 2.161 	771( 3116) 	7801 4.161 	7811 5.16/ 

	

----- 8171 1.171 	-sest-t.tet 	809 (-2.44 4------411 4--3-.- / 71 

	

812 1 5.171 	8354 19/d) 	8391 1.181 	8401 2.18) 

	

842( 4.181 	843 1 5.2.81 

7471 2915) 
777( 1.161 
7821 6 9 15) 
81/1 4.171 
81.11- 3,18) 

42 -IL/ -SlUTHE0N-ILLINOI 

--Gina CELLS IN:LUDEDd 	  
596 1 6910) 	5974 7.101 
6581  6,121 	6511 7,120  

a2F4 CENTRO/D (X9Y1 = 
EMISSION CEIT,ROIO = 

6.44. 11.44 

"1 	11.1r 



AREA 44 in NORTHERN riorAma 
Ju'ra CENTROID 01.11 * 	10.301 14.00 
EHISSION .UNTROIO 	 'al et fg 

rein CELLÇ INCLUPEDI 

	

6921 9.111 	691410./3E 	6944/1.131 

	

---2-251119-141 	751.1 9.15/ 	7«51111./51 

AREA 45 IN2 SOUTHERN INDIANA 
AREA CENTRO/D CX.T1 2 	9.53 ,  11.13 
EeIStIO" 'ENTROIO 	 1. 

GRID CELLS /NnUDEDI 

	

5981 8.101 	5931 9.101 	631( 9.111 	631110.111 	632111.111 

	

--66 3 1-4.121 	662244,1V 	663111.121  

AREA 46_ OM SOUTHERN 1410 

721(  9.143 	724( 10.141 
Z64.444.44) 

CiRE4 CENTR0 /0  IX,!)  z 
FwISeInm CENTRnID  

14.14. 11.86 
-61—ta■ie 

GRID CELLS munEos 
633112.111 	634113.11.1 	635(14.111 
698115.131-______6a34.16■1T) 

665(14,12) 	667(15,12 )  

AREA 1.7  014 2 NORTHEASTERN OHIO 
ARES  CENTROID 1X,Y) m 	15.58, 14.50 
ztissinm_zurattra_____1_15.$ 2,_rb Cf  

GRID CrLLS INCLWIEDt 
729(15,141 	T30116.141 	760(15.15 ) 	761.116.151 

-AREA- 140--0113--1104THWESTERN-04I0 	  
AREA cFmrfento (x,r) = 
EHISSION CEMIR0/0 

12.78. 13.33 
is.41. 	13.0 

----GRID-CELLS INCLU0E01 	 

	

664112.121 	665(139121 

	

726112.141 	727113.141 
695(12,13 ) 

 723(14,14)  
6951/3.131 
7571121151 -  

• 697114,131 

-AREA-49----MI1--SbUTHERM-1UCHICAN 	  
4 2E4 CENTROID tX.Y1 2  

• • 	 EMISSION CEVIROID z 
12.171 16.67 
is./p 	16.11. 

---GRIO CELLS INUU0E0 
758(13.151 	7551 /1116 )  
817i 1 0.171 	813(11117 )  
	451.(13,181 - 	85eii4-$484 

787(11.16 ) 
 819(12,171 

78111.2.169 
821113./71 

781(11.16 ) 
 0121(14./7) 



ts 60 - 11.4. SS 

10614-61251-----10621-/,251- 

AREA 50 112 MIR-THERM . ncmrsari I 
A2EA CENTROID 1X,r1  z 	10.50. 20.54 
eleIsszom-zzeteiting - 	"  

GU° CELLS INCLUOEnt 
848110.181 	841111.181 	.858(12.18 ) 

---13/4 1.(12.1.94-8-0-2 (11.114 
913113120) 	9401 9.211 - 	94/(10,211 
944113.211 	, 	_969« 7.221 	970 1 3.22) 

---973111.-221. 	974112.223 	18044-4434 

	

871110 1 191 	888111.191 

	

-414411.211- 	912(12.201 

	

942(11.211 	943112.211 

	

97 11 3.22) 	172(10.22) 
10011 8,231  

ARES 51 WI 	WISCONS/N 
112E4 CENTROIO 1X1!) = 	6.341 11.36 

	 E4essz0m-eveRen - 
GRIV cel.Ls IN:tunEns 

	

8 13( 6.171 	8141 7,17) 	8151 3 . 1r) 	8161 9.171 	8441 6.181 
----- 8451 7, 

	

8'61 7,191 	8771 8.191 	878 1 9.191 	935( 5.201 	9061 6.2G) 

	

9 1,7 ( 7,20) 	913( 8.20) 	9091 91201 	9351 4.21) 	9361 5.21) 

	

6,21) 	 93-94-4-.441 	96:4-5.-221 	9631-6922) 

ARER 52 IN 	MINNESOTA , 
A2EA CENTRMIO ()fir) = 	2.15, 22.51 

	 IN/SSZOW-ZeMIR0/0  -  
G2 I0 CELLS INCLUDEDI 	 . 

	

869 1 0.191 	8701 11191 	871(• 2,19) 	8721 3,1.91 	8731 4,191 

	

--- 0001 01241 	------901 1-1e24-1.----_-9021-2.211------8031 .......3,2e1 	501.1-4,20)-. 

	

93i ( 0,21) 	9321 1.211 	933( 2,211 	934« 3.211 	9621 0,221 

	

961 ( 1,22) 	96.1 2.221 	065( 3.221 	9631 4.221 	9931 0,23) 

	

--- - - -094( 1,231- 	933t_2,234.------A96( 3.211 	9971 -4.23) 	9931-5.231 - 

	

999( 6,231 	1024 1 0,241 	10251 1.241 	1021« 21241 	10271 3,241 

	

10281 4.24) 	10211 51241 	1e.5( 0125)- 
	

10531 1.251 	1057( 2.25) 
3.25*-----405U--44-5-1-:-----144-61-4-464-----108Z-1-4261------40831_2,261.“. 

	

10891 3.261 	 . 

ARE8 53 SA7 O3UN0ARY W1TERS SENS AREA 
	 aRF4_evesinto-cx.01.  - 	6.20.-24.68 

ENISSION CENIROID = 
GRID CELLS im:Lemyi 

6,24)------103te-e,24>-----1-eue-s,254 

MMWNWM 031GMEXIBRIZZUO 



AREA 54 ON/ CENTRAL ONTARIO 
AREA CENTROID (X.T) = 	12.52. 23.57 

- _ 	 E4T-SSIG4 :ENZROI0-=------4‘.6*--441...1 1 .---- - 
GRID CELLS /NCLU3ED1 

	

883(14.19) 	884(15.19 ) 	885(16.191 	914114.20/ 	915115.20) 
- -•9/611h.201 	945(14...21) 	9" 4145.-241 

	

949(18.211 	975(13.221 	076(14 9 22) 	975115.221 	971(17.221 

	

1e02( 9.23 ) 	1003(10.23) 	1004(11.23) 	1005(12.231 	1005(13.21) 

	

1003-1-16,23 3 	14321-3-.241-----10331 9.21.) 
1035(11.24 ) 	1035(12.24) 	1037113.24/ 	1338114.241 
1043116.241 - 	13631 8.251 	1061 9.251 	1065(13.25 ) 

----1067412.-2e3-----1064443,251-----1116341 1...35.1------1373l15.25, 
1091 1 4.26/ 	10911 5.261 	1C921 6.261 	11931 7.261 
10951  9,261 	1C951!1.261 	1097111.261 	1098(12.26) 

	

--- /1C3(14r24-).-----44.3144-5,263 	110-2(16.24)- 	  

AREA 55 042 SUDBURY SOURCE AREA 
AREA CENTROID (X•T) = 	15.00. 21.00 
E  II SWUM-U.511 RO/ O - 	14%**-3.1.» - - 

GRID CeLLS INUU3ED1 
977(15.221 

•-AREA 56 3A8 ONTARIO SENSI/LVE-AReA 	  
AREA CENTROIO (X.Y) 	17.53. 19.50 
EqISSIO4 CE4TROID *  

GRID GeLLS INCLUDE!» 	  
856(17 .19) 	887118.191 	917(17.201 	911 (15.20) 

- 1C07114923)- 
1re4(10.24 ) 

• 1039(15,241 
- 1066111.251 - 
/071(169251 
10 04( 8.261 

--- 1099(13.26) 

AREA 57 ORS SOUTHERN 1NTARIO 
	 AREA-C£11tRAIO-/X./.1-e----47.12.-17.76 

E"ISSION CENTROIO = 
GRID CELLS IN.'MUCED1 

----- 759(14.151 .---793114.161------29.1 1-154.6)---_--792116.161 
823(16.171 	824(17./71 	853115.181 	854(15./8 ) 
P5611e,1.81 	g57(191/8/ 	- 858119.191 	883120.11 
920120.20t 	921121.204 	  

822(15.17 ) 
855(17.15) 
913119.201 

AREA 58 5A9 0•E3EC SE4SIT/VE 4 0 E4 
AREA CENTROIO (XII) = 	13.50, 22.53 
eliSSION 	 U.S0 	 

GR10 CELLS IN:LUDE01 
9e1uq,z21 	952(20.22 ) 	1012119.231 	1013120.231 



- 

_AREA 59. CIEIMUTMERIL_MIFNrt:  
A7EA CENTRO/0 (X9f) = 	22.699 21.00 
ENTSSION CENTROTO = 	 ts a4. ià 

CELLS INCLUDED: 	  

	

922(22 9 201 	923(23 9 281 	921024920e 	9514119211 	151(219211 

	

952421,211 	9q3(22921) 	954(21921) 	9534249218 	956425 9 211 

	

_A854239223 	9.85.12.4.2') 	1:M7125.223  

AREA 61 0E2 rENTRAL OJENEC 
AZEA CENTROTO IX,Y1 a 	23.669 24.33 
	 ENT5444144—'40447-ROI1 - .    

GRID ;ELLS IN:LUOUlt 
961(309211 	9 011(18122) 	983421,221 	98.122.22) 	991(29.22) 

	

-- - 992 (30122)-----1010117443) 	141144419438-----4014421.231-----1015(22 9 23) 
1016423123/ 	1017(24923) 	1C19(25 9 23) 	/0114269231 	1022(299231 
1023(30 9 23)* 	10 14(1792:4) 	104241892 4.1 	10431199241 	1044422924) 

---- 1045(21 9 24) -- 10444229244 -----40474 -23,244.-----t043424.21.I -----4049(25,24 )  
/ 13 53 ( 26924) 	1051(2792U) 	1052(21924) 	1053(299241 	1054430924) 
11) 72(1•79251 	1073(119251 	1074(19925) 	1075(21925 3 	1071(219251 

	

___ 1077 (22925)- -----107312X.25) 	1G744249254-----1083425,254-----1081426 9 251 
1082(27925) 	1083(23925) 	/C04429925) 	108543i925) 	1101(17926 ) 
1104(18926) 	1105(19926) 	1106(20926) 	1107(21926) 	1108122,261 

----- 110942 -4264— 11104249264-----4111,425.9-264---.-- 1112426 9-261 -----4113 (27 1 26) 
1114 1289261 	1115(29926) 	1115430,261 



1.3 Aggregrated Grid Areas in 11 Canadian Regions 

eleTU39 MUM 



+19 

+7 

-1 0 

-4 

0 

Difference* 

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

Canadian 	Canadian SO2 	SURE 	 SURE SO2 
Region 	Emissions 	Aggregate 	Area 	Emissions 
Number 	CkT/yr) 	 Areas 	Number 	(kt/yr)  

1 	 1946 	 4I1 	 49 	 2311 
MI2 	 50 	 316 

Subtotal 	 2627 
(2388) 

2 	 3874 	 IL]. 	 42 	 1066 
IL2 	 43 	 960 
IN1 	 44 	 751 
IN2 	 45 	 1793  

Subtotal 	 4570 
.(4154) 

3 	 4762 	 OH1 	 46 	. 3014 
0112 	 47 	 1109 
0113 	 48 	 636 

Subtotal 	 4759 
(4326) 

4 	 2056 	 PA1 	 12 	 569 
PA2 	 13 	 477 
PA3 	 14 	 1076 
SA3 	 15 	 55  

Subtotal 	 2177 
(1979) 

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 
SA]. 	 2 	 42 
ME 	 1 	 332 

Subtotal 	 2656 
(2415) 



+6 

- Total 
Eastern U.S. 27,812 32,398 

(29,453) 

(continued) 

Canadian 	Canadian SO2 	SURE 	 SURE SO2 
Region 	Emissions 	Aggregate 	Area 	Emissions 
Number 	(kT/yr) 	 Areas 	Number 	(kT/yr)  

6 	 2835 	 KY1 	 21 	 754 
KY2 	1 	22 	 1055 
TN1 	 23 	 726 
TN2 	 24 	 633 
SA4 	 25 	 73 

Subtotal 	 3241 
(2946) 

7 	 2446 	 DE 	 17 	 131 
MD 	 16 	 428 
NC1 	 26 	 512 
NC2 	 27 	 473 
VA 	 18 	 644 
WV1 	 19 	 1089 
WV2 	 20 	 268 

Subtotal 	 3542 
(3220) 

8 	 7485 	 SC 	 28 	 423 
GA1 	 29 	 621 
GA2 	 30 	 321 
SA5 	 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 

Difference*  

+4 

+24 

+7 



+3 

11 	 469 	 NS 	 62 	 -- 
NF 	 63 	 -- 

Subtotal 0 , 

TOTAL 	 31,288 	 35,507 
(32,279) 

-23 

Total 
Eastern 
Canada 3,476 3,109 

. 	(2826) 

(continued) 

Canadian 	Canadian SO2 	SURE 	 SURE SO2 
Region 	Emissions 	Aggregate 	Area 	Emissions 	 % 
Number 	(kT/yr) 	 Areas 	Number 	(kT/yr) 	Difference*  

9 	 1970 	 ON]. 	 54 	 434 

	

0N2 	 55 	 1061 

	

ON3 	 57 	 585 

	

SA8 	 56 	 8 
Subtotal 	 2088 

(1898) 	 -4 

10 	 1037 	 QE1 	 59 	 287 
QE2 	 60 	 734 
SA9 	 58 	 0 

Subtotal 	 1021 
(928) 	-12 

* US - CAN x 100 
US 

Number in parenthesis are in units of kT/yr where 1 kT = 1.1 kt 



1 
1 
1 

1 2. Comparison of U. S. SURE, Canadian SURE, 
and NEDS 1976 on a State Basis 

1 1 

1 

1 
1 

imam 



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

States SURE Major 	SURE Major 	SURE 	 NEDS 
Point (kt)( 1 ) 	Point  (kt)() 	Total(kt) 	1976(kt) 

Alabama 	 939 	 944 	 1290 	 1028 
Arkansas 	 13 	 13 	 79 	 111 
Connecticut 	39 	 45 	 66 	 92 

. Dist. Columbia 	0 	 0 	 0 	 40 
Delaware 	 65 	 65 	 129 	 166 
Florida 	 605 	 630 	 1788 	 969 
Georgia 	 587 	 643 	 916* 	 710 
Illinois 	1635 	 1650 	 2344 	 2771 
Indiana 	 1601 	 1610 	 2189 	 1977 
Iowa 	 228 	 234 	 535 	 344 
Kentucky 	1613 	 1621 	 1824 	 1644 
Louisiana 	377 	 391 	 636 	 303 
Maine 	 50 	 49 	 337, 	 152 
Maryland 	 248 	 252 	 352 	 363 
Massachusetts 	306 	 307 	 666 	 332 
Michigan 	1294 	 1686 	 2292 	 1221 
Minnesota 	339 	 343 	 521 	 349 
Mississippi 	209 	 281 	 447 	 227 
Missouri 	 975 	 995 	 1288 	 1395 
New Hampshire 	52 	 51 	 169 	 121 

. New Jersey 	194 	 214 	 555 	 317 
New York 	 383 	 398 	 974 	 1129 

	

North Carolina 645 	 651 	• 	984* 	 620 
Ohio 	 3310 	 3423 	 4533 	 3342 
Pennsylvania 	1795 	 1812 	 2480 	 2443 
Rhode Island 	0 	 0 	 43 	 28 

	

South Carolina 242 	 246 	 459 	 265 
Tennessee 	1046 	 1075 	 1332 	 1281 
Vermont 	 0 	 0 	 7 	 8 
Virginia 	 261 	 263 	 695 	 403 
West Virginia 	1086 	 1099 	 1349. 	1211 
Wisconsin 	512 	 521 	 937 	' 	674  

TOTAL 	20,644 	 21,512 	 32,216 	26,036 

(1) Canadian Aggregation 
(2) U.S. Aggregation 

Emissions in S. Appaladhian sensitive area excluded 



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



59.6 
911.9 
1200.4 
500.1 
614.1 
67.6 
10.6 

1291.4 
525.3 

1065.5 
960.3 
752.2 
1794.0 
3014.3 
1109.5 
636.6 
2311.7 
316.5 
936.0 
487.8 
20.2 

433.8 
1060.8 

6.2 
587.5 
0.0 

287.7 
734.2 

14.4 
43.3 

897.9 
325.9 
391.2 
13.4 
0.0 

994.8 
212.5 
917.4 
463.1 
418.4 

1487.7 
2663.8 
643.7 
264.7 
1789.4 
173.5 
526.1 
322.7 
19.9 

425.7 
1050.4 

0.0 
372.6 

0.0 
89.3 

686.4 

25.4 
57.5 

822.3 
94.3 
243.0 
28.0 
2.4 

827.1 
334.6 
858.8 
463.4 
311.0 
1547.5 
2626.6 
435.3 
278.0 
437.8 

6.7 
552.2 
356.1 

2.9 
0.0 
0.0 
0.0 

348.3 
0.0 
0.0 
0.0 

9.1 
184.0 
508.3 
230.5 
27.1 
27.1 
0.3 

1357.9 
176.2 
961.1 
331.3 
281.0 

1530.7 
2391.0 
325.5 
169.8 
810.1 
31.2 

494.4 
178.9 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

43.3 
1038.4 
894.4 
636.3 
398.2 
66.7 
8.5 

1822.2 
366.9 

1167.8 
828.2 
722.2 

1777.2 
2778.7 
999.7 
528.4 
2684.0 
341.0 
878.2 
310.6 
17.3 

433.8 
1060.8 

8.2 
239.2 

0.0 
287.7 
34.2 

60 	 in La `U 	» 	II 

Table 	• 	New U. S. Total and Utility SOx Emissions for the Aggregated Areas in the United 
States (kt/yr) • 

New 	 New • 
Area 	Total 	Point UTL AIRTEST 80 Total Area 	Total 	Point 	UTL A1RTEST 80 Total 

	

1 	332.0 	49.3 	96.5 	25.6 	261.3 	33 

	

2 	41.7 	0.0 	20.7 	0.0 	21.0 	34 

	

3 	5.8 	0.0 	0.2 	0.0 	5.7 	35 

	

4 	138.6 	51.5 	86.9 	50.0 	101.7 	36 

	

5 	670.7 	307.4 410.7 	189.1 	449.1 	37 

	

6 	33.2 	13.1 	15.2 	2.0 	20.0 	38 

	

7 	45.1 	31.4 	27.4 	12.3 	30.0 	39 

	

0 	12.1 	0.0 	0.0 	2.6 	14.7 	40 

	

9 	307.1 	153.7 	70.9 	166.3 	402.5 	41 

	

10 	379.0 	166.7 167.9 	195.4 	406.5 	42 

	

11 	693.4 	231.6 222.3 	267.1 	738.2 	43 

	

12 	569.8 	291.6 245.7 	143.6 	467.7 	44 

	

13 	477.2 	333.5 332.2 	373.7 	518.7 	45 

	

14 	1075.8 	874.1 817.6 	692.4 	950.6 	46 

	

15 	55.3 	30.4 	13.4 	2.0 	43.9 	47 

	

16 	428.5 	254.5 184.6 	243.6 	387.5 	48 

	

17 	130.6 	65.3 	40.9 	95.0 	184.7 	49 

	

18 	644.2 	231.1 172.7 	211.3 	682.8 	50 

	

19 	1086.9 	1019.5 1025.5 1039.0 	1100.4 	51 

	

20 	268.5 	153.8 137.2 	108.9 	240.2 	52 

	

21 	754.5 	583.3 544.5 	619.9 	829.9 	53 

	

22 	1054.3 	1026.4 1026.9 	838.2 	865.6 	54 

	

23 	727.0 	629.5 600.1 	724.9 	851.8 	55 

	

24 	633.3 	461.5 419.0 	342.5 	556.8 	• 56 

	

25 	72.7 	16.1 	0.8 	0.0 	71.9 	57 

	

26 	512.7 	380.4 385.2 	283.1 	410.6 	58 

	

27 	473.3 	261.2 216.1 	45.5 	302.7 	59 

	

28 	423.2 	246.3 215.9 	225.6 	432.9 	60 

	

29 	620.7 	537.8 554.4 	500.5 	566.8 	61 

	

30 	321.4 	115.9 139.4 	65.5 	247.5 	62 

	

31 	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 



1E1 E 

0111171,119117-.711f1a11 

SENSIIIV1 AR1A LMISSION RAIES fùF 5021114 1(1101ONS1 
ARIA IMURCES 	 MAJOI PQINI tOURC1> 

	

AKLA 	INDOSIUAL 	UIILITY 	COMNn 

	

IIAL 	TRANSPORIAIION 	FESILINIIAL 	INOUSlkiAL 	UTILI'Y 	101AI 

	

0 	 0.0 	0.0 	 0.0 	 0.0 	 6.0 	 0. 0 	0.0 	0.4 

	

1 79.2 	25.7 	 6.8 	 12.0 	17.3 	332.2 

	

2 	
129.8 

	

10.4 	20.7 	 1.7 	 1:1 	 0.6 	 0.0 	0.0 	/41.7 

	

3 	 .11. 	0.Z 	 2.) 	 0.1 	
3.2 

	

1.4 	 0.0 	0.0 	5.9 

	

4 	 35./ 	16.9 	 1.5 	 0.3 	51.2 	1,8.6 

	

5 	 . 1e0 .3 	103.7 	116.1 	 10.4 	 121 	 0.4 	3u7.0 	610 • 1  

	

6 	 12.0 	3.4 	 2.5 	 0.5 	 1.3 

	

9 	03 

	

9 	 124.1 	
1/1  

	

7 	 2. . 	 0.6 	 2.6 	 1:4 	4.3 

10 143.3 

	

1M 	9.9 
J./ 

	

141 	 • 
I.5 

VI 
0.3 

In: (6 

	

I) 	 153.2 	26.8 	
) 

0.0 

3(14 .J, 
12.1 

	

8 	 8.7 	0.0 	 1.1 	 0.8 

	

1 .1 	
36.1 

	

214.G 	
‘3.¢ 

62.4 

	

n.5 	4 4 

	

.2 	LI: fs 

	

13 	
158.4 	16.5 
70.3 

	

17.8 	21.8 

	

. 	 23.'
12.6 	 I1.2 	 19.1 	314.4 	417.2 

71.5 

	

A.4 	
0.0 
9.1 

	

2.3 	
5.6 	 6q 
4.0 

	

9.6 	
g.. 

	

41.4 	

.11 	10n.t: 

213.1  

	

P 	

15.5 	 1 

	

6 	

164.1 

	

5!..3 	
M) . 

	

37 	 36.4 	11.3
d:1 	 î:Z 	

lio.p 

	

18 	 310.6 	24.4 	..0.4 	
35.7 
82.8 	ei  

	

1 	i8
5
1 24.6

. 	lut6.:• 
8 

	

/(9) 	 9 1 .9 
J 

	

33.9 	26.8 	.3 	

/:  

	

0 	 9987 

	

2 1  134.9 	lî:g 	 i:1 	
.21 
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The Phase I report of work Group III B contains  sections 
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 degradation of the 
environment with time. 



To examine emission trends on a regional basis in the 
United States, a data file has been constructd leihich also uses 
historical fuel usage figures to calculate emissions of SO2 and 
NOx  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 thè 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 SO2 and NO x  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 SO2 and NO x  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 partial 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 being prepared by a 
contractor for EPA/OAQPS. 



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

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 SOx  and NOx  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 accuracy 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. 

SO2 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 SO2 and 76% of the NO x  emissions for the entire United States. 

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



SOy  Emissions in 1000's of Tons  

State of Kentucky 
1950 	1.955 	1960 	1965 	1970 . 1975 	1978 

Non PP 	 34.5 	153.6 262.3 310.7 198.4 117.7 	108.8 
Power Plant 	28.6 	251.2 368.8 603.3 1082.5 1349.1 1221.2 
Total 	 3171.  WirTi 631.1 914.0 1721079  1766T8f 1330.0 

County of Jefferson, KY  

Power Plant 	1950 1955 	1960 	1965 	1970 	1975 	1978 

Canal 	 1.9 	1.5 
Cane Run 	 3.0 	11.4 	17.0 	27.1 	22.4 	19.1 
Mill Creek 	 17.8 	21.0 
Paddy's Run 	7.4 	10.4 	9.4 	4.1 	3.5 	.7 	2.3 
Waterside 	.9 	.8 

Total PP 	 10.2 15.7 2e8  21.1 371.6 e.9 4274 

Non Power Plant  - Jefferson County, KY 

Work not complete on this portion of file as yet. 

•MI 	 am. 



HISTORICAL TRENDS IN SO2 
EMISSIONS 

in 1000's tons 
EPA - REGION I 

State 1950 	1955 	1960 	1965 	1970 	1975 	1978 

Conn. 
Maine 
Mass. 
New Hamp. 
Rhode Island 

TOTAL 

	

130.3 	139.1 	241.6 	457.6 	317.3 	191.0 	112 

	

37.8 	45.6 	70.2 	97.0 	82.0 	67.8 	66 

	

906.4 	956.7 	374.6 	443.2 	584.4 	362.2 	402.2 

	

73.3 	89.7 	29.1 	41.2 	95.9 	75.4 	67.8 

	

67.7 	80.2 	87.3 	41.2 	60.1 	24.3 	19.7 

1215.5 -137:1 	80 .8 	1080.2 1139.1. -72077 -7077 

EPA - REGION II  

New York 	847.0 	1126.0 	1427.4 	1645.4 1455.0 1079.0 	1041.1 
New Jersey 	*1308.8 *1486.2 	482.6 	623.4 590.2 341.0 	323.7 

TOTAL 	 -721337,1 *2612./0 1910.00 	2268.8 2045.2 1420.0  136478  

EPA - REGION LII 

Delaware 	105.4 	136.0 	196.1 	217.8 	223.4 	193.6 	188.2 
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 	277.4 	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 

urnm. 	*1907.6 	3716.1 	3816.1 	4365.5 4469.7 4274.8 3872.i 

EPA - RDSION 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 
Georsia 	 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 
North  Carolina 	306.1 	347.4 	232.4 	294.4 	533.2 	500.5 	562.3 
South Caro lina 	44.5 	84.3 	115.9 	121.7 	185.4 	202.3 	288.6 
Tenn. 	 97.3 	369.2 	731.2 	771.5 '988.1 1141.9 	1162.8 

Tared. 	1092.8 	2285.8 770775 	-3737 5318.8 5890.3 5763.0 



1 

ORICAL TRENDS IN SO2  MISSIONS (Cont.) 

In 1000'.-1 tons 

State 1955 	1960 	1965 	1970 	1975 	1978 

EPA - REGION V 

Illinois 	 * )1 72.1 	2452.9 	2791.4 2506.5 1950.6 	1747.2 
Indiana 	 174.2 	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 	3131.2 3125.2 3271.2 	3115.3 
Wisc. 	 304.2 	604.0 	703.8 	322.3 	166.6 	663.6 

TOTAL 	77E73 73-08."2" -77-9-872 9707 725177 8g7.17 

OTHER STATES  

Arkansas 	 36.7 	26.1 	29.9 	37.0 	68.6 	121.6 
Iowa 	 258.0 	364.5 	440.8 	370.2 	314.0 	385.0 
Louisiana 	261.2 	219.4 	268.7 	318.0 	295.1 	359.0 
Missouri 	 1155.1 	582.6 	674.9 1107.3 1174.3 	1307.7 
Texas 	 .073.8 	900.0 	1074.3 1136.8 1123.8 	1244.8 

*Questionable Data 



HISTORICAL TRENDS IN NOx MISSIONS  

in 1000's tons 
EPA - REGION I 

State 1950 	1955 	1960 	1965 	1970 	1975 	1978 

Conn. 	 85.7 	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 	364.3 
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 

urreu 	--34 e:2 	397.2 	532.9 	603.7 -75e7 707.3 -7773 

EPA - REGION II 

New York 	493.6 	606.5 	767.0 	919.1 1000.3 	869.3 	908.9 
New Jersey 	281.5 	319.1 	362.7 	439.1 	533.3 	462.0 	494.t 

TOTAL 	-77371 	925.6  1 I-277 -113172 133-871 TY3r7 17577 

EPA - REGION 

Delaware 	 19.8 	30.1 	51.2 	61.1 	71.9 	65.2 	70.6 
D.C. 	 30.8 	34.3 	35.0 	38.1 	58.3* 36.5 	33.5 
Maryland 	108.9 	138.5 	222.9 	292.5 	298.8 	294.9 	313.9 
Penn. 	 479.1 	693.2 	1020.2 	1143.1 1089.2 1093.1 	1120.7 
Va. 	 183.8 	228.0 	259.9 	361.8 	433.5 	420.8 	435.2 
West  Va. 	 118.9 	217.4 	225.0 	322.3 346.9 	470.8 	462.4 

TOTAL 	--ver:J -rrir:e 1814.2 	--72 177 22377-6 2381.3 2436.3 

EPA- '  REGION IV  

Alabama 	 172.6 	367.0 	308.6 	448.3 	416.1 	580.8 	473.0 
Florida 	 206.8 	263.4 	321.5 	420.8 	552.1 	733.2 	777.4 
Georgia 	 170.8 	198.9 '226.9 	296.7 	398.1 	520.5 	548.8 
Kentucky 	145.4 	208.0 	279.L 	377.6 497.2 	567.3 	563.0 
Mississippi 	97.1 	80.8 	151.2 	196.4 	304.5 	243.5 	272.8 
N.C. 	 192.0 	210.7 	290.0 	376.2 	546.4 	568.0 	591.0 
S.C. 	 87.4 	125.4 	150.2 	178.2 	237.3 	253.7 	300.2 
Tenn. 	 164.9 	232.7 	335.9 	380.3 	467.1 	615.5 	592.9 , 
Tcrnu 	1237.0 -1e8e79 2063.5 	--17775 3418.8 4082.5 4119.1 



1950 	1955 	1960 	1965 	1970 	1975 	1978 State 

HISTORICAL TRENDS IN NOx MISSIONS (Cont.) 

in 1000's tons 

EPA -MGM V  

Illinois 	 600.1 	890,4 	895.9 	1063.7 1119.8 1129.1 	1129.9 
Indiana 	 296.6 	447.2 	584.9 	555.2 	576.4 	631.7 	600.6 
Mich. 	 318.3 	382.9 	587.3 	746.4 	846.6 	840.7 	843.1 
Minn. 	 164.7 	187.6 	240.1 	275.5 	331.3 	370.0 	399.6 
Ohio 	 498.2 	771.5 	960.5 	1082.3 1165.1 1221.0 	1277.1 
Wisc. 	 196.5 	215.4 	296.6 	367.4 	455.0 	445.7 	473.2 

TOTAL 	2074.4 	2895.0 3565.3 	4090. 5  444.2 4638.2 723.5  

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 	308.8 	321.0 
Umlisiana 	283.5 	330.2 	535.8 	760.1 1016.9 1072.0 	1593.7 
Missouri 	198.1 	251.0 	294.6 	339.1 	424.6 	593.6 	563.0 
Texas 	 876.5 	933.1 	1658.0 	2044.6 2551.3 2833.9 3309.5 

*Questionable Data 



Table. 1978 SO2 and NOx  Emissions by State. 
(kt/yr) 

Columbia 

State 

Alabama 
Arkansas 
Connecticut 
Delaware 
District 
Florida 
Georgia 
Illinois 
Indiana 
Iowa 
Kentucky 
Louisiana 
Maine 
Maryland 
Massachusetts 
Michigan 
Minnesota 
Mississippi 
Missouri 
New Hainsphire 
New Jersey 
New York 
North Carolina 
Ohio 
Pennsylvania 
Rhode Island 
South Carolina 
Tennessee 
Texas 
Vermont 
Virginia 
West Virginia 
Wisconsin 

TOTAL 

SO2 

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 

1162.8 
1244.8 

359.9 
1049.5 
663.6 

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 

of 

23957.2 	 19420..6 



SOx 
23,406 

407 
259 
131 I 
53 

179 
1,126 
445 

1,186 
877 

634 v 
398 
292 - 
182 
257 

420 
2,503 

426 
339 
429 

123 
2,074 
1,453 
865 

13,046 

1,291 
48 

390 
507 
784 

Dist. of .Columbia 	612 
Florida 	 65,291 
Georgia 	 7,298 
Illinois 	 16,606 
Indiana 	 12,438 

Iowa 	 8,324 
Kentucky 	 5,927 
Louisiana 	 5,739 
Maine 	 2,719 
Maryland 	 3,806 

Massachusetts 	7,794 
Michigan 	 19,415 
Minnesota 	11,634 
Mississippi 	6,360 
Missouri 	 10,158 

New Hampshire 	1,836 
New Jersey 	10,063 
New York 	 16,216 
North Carolina 	11,159 
Ohio 	 21,098 

Pennsylvania 	4,473 
Rhode Island 	1,187 
South Carolina 	7,676 
Tennessee 	 9,366 
Texas 	 12,820  

Vermont 	 1,479 
Virginia 	 6,786 
West Virginia 	3,947 
Wisconsin 	11,907 

TSP 

353,760 
8,504 
4,249 
3,202 

640 

National 
Alabama 
Arkansas 
Connecticut 
Delaware 

1978 Emissions  

Commercial/Residential  

NOx 	
HC 	 CO 

	

100,672 	742,054 	2,152,169 

	

2,314 	18,285 	18,285 

	

1,375 	8,417 	23,968 

	

686 	7,103 	20,738 

	

229 	1,064 	29,089 

	

214 	477 	7,482 

	

1,870 	9,906 	28,251 

	

2,646 	13,833 	39,126 

	

2,981 	39,490 	116,353 

	

3,718 	25,938 	75,007 

	

2,134 	17,083 	49,374 

	

2,192 	11,170 	32,107 

	

1,723 	11,753 	33,316 

	

776 	5,579 	16,072 

	

1,351 	7,199 	20,439 

	

1,501 	17,869 	52,370 

	

15,557 	41,699 	115,990 

	

2,211 	18,010 	52,287 

	

1,831 	13,403 	38,451 

	

2,100 	23,533 	68,831 

	

505 	3,799 

	

3,348 	12,415 

	

4,718 	27,866 

	

4,106 	20,296 

	

4,789 	45,654 

	

1,531 	1,832 

	

208 	2,856 

	

2,230 	16,185 

	

2,601 	20,165 

	

3,539 	26,742 

	

95 	444 	2,995 

	

590 	2,547 	12,661 

	

237 	1,434 	7,505 

	

995 	3,208 	23,524 

10,965 
33,673 
79,280 
57,248 
132,886 

15,499 
8,403 

• 46,695 
59,487 
76,609 

8,590 
35,788 
21,236 
67,860 

SOURCE: National Emissions Data System (NEDS). 



1978 Emissions  

Transportation  

HC 	CO 
al•••••• 

SOx NOx 

6,286,087 955,767 

	

110,642 	25,892 

	

63,752 	9,921 

	

81,687 	6,622 

	

16,283 	2,823 

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 
87,749 

1,197 
30,889 
20,212 
30,472 
18,838 

9,805 
14,480 
43,953 
3,727 
14,795 

10,765 
46,761 
14,320 
12,257 
17,041 

1,627 
27,381 
34,575 
19,485 
36,836 

38,406 
1,679 
9,897 
19,506 

111,334 

1,383 
19,047 
5,663 
13,941 

TSP 

National 
Alabama 
Arkansas 
Connecticut 
Delaware 

Dist. of Columbia 
Florida 
Georgia 
Illinois 
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 

9,355,943 
205,541 
128,555 
100,103 
28,039 

17,111 
362,730 
270,023 
398,479 
255,218 

135,773 
189,160 
202,170 
50,419 
152,485 

161,017 
350,936 
198,444 
123,978 
235,436 

29,361 
248,805 
419,157 
284,714 
433,805 

435,991 
29,380 
136,873 
250,647 
704,565 

21,363 
237,600 
69,521 
198,364 

12,549,131 97,801,165 
241,841 1,754,292 
144,749 1,049,778 
152,975 1,235,652 
35,773 275,377 

	

24,235 	202,223 
557,336 4,269,119 
323,335 2,430,711 
518,854 4,112,325 
320,855 2,519,201 

157,697 1,218,841 
204,932 1,508,128 
240,994 1,754,474 
59,136 428,545 
207,733 1,609,040 

278,951 2,314,969 
482,683 3,869,142 
254,163 -1,947,578 
129,197 943,985 
306,040 2,367,375 

	

41,446 	330,946 
375,900 3,069,379 
634,875 5,114,336 
334,094 2,477,393 
507,312 4,582,071 

531,822 4,196,933 
53,827 444,384 
173,858 1,258,446 
274,032 2,038,819 
897,667 6,744,339 

	

22,453 	162,963 
286,300 2,147,509 
51,699 326,512 
231,295 1,657,454 

SOURCE: National Emissions Data System (NEDS). 
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