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CONCLUSIONS 

Even though much information has been accumulated on the subject of 
acid precipitation, lack of knowledge in certain technical areas precludes 
an adequate understanding of 1) how serious the acid precipitation problem 
really is and 2) what effect controlling sources of acid precipitation 
precursors would have in reducing acidification. It is nevertheless 
possible to draw some broad conclusions regarding the problem and to 
ascertain the direction that the required further work should take. 

Occurrence of Acid Precipitation 

Although acid precipitation seems to be a worldwide phenomenon, such 
precipitation is most common and most acidic in highly industrialized 
countries. It appears to have become perceived as a problem in the 1 9 5 0 ' s ,  
but its origins are not well documented. It is believed to be worsening and 
spreading, but substantiating data are not conclusive. Evidence suggests, 
however, that acidic precipitation is associated with pollution from indus- 
trialization; thus, it is logical to assume that increased industrialization 
in the world has probably been responsible for an increase in acidic precip- 
ita tion. 

Effects of Acidic Precipitation 

Understanding of  the effects of acidic precipitation is poor. It 
appears to have produced adverse effects on aquatic life in northeastern 
United States and in Scandanavia, mostly in high-altitude lakes. It also 
has been implicated in materials damage, and it may play a role in general 
pollution-associated damage. There is, however, no evidence of adverse 
health effects from acidic precipitation per se, and studies of its effects 
on plants and soils are inconclusive. Estimates of the cost of the impacts 
of acid precipitation are not available; hence it is not possible to judge 
their economic importance at this time. 

Sources of Acid PreciDitation 

Natural sources may contribute to worldwide acidic precipitation; 
however, man's contribution to pollution (mainly SO2 and NOx from combustion 
of fossil fuels) are by far the most important sources of acid precipitation 
precursor pollutants in areas of the world where the environment is believed 
to be threatened. The amount of fuel burned is a function of the degree of 
industrialization and population density; hence acid precipitation generated 
by man's activities is linked to these factors. 
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Transport, Transformation, and Deposition 

A good understanding of the ways in which precursor pollutants are 
transformed into acidic pollutants and deposited so that they contribute to 
acidification is also lacking. Sulfur compounds are believed to play an 
important role, and they have received the most study. On the other hand, 
nitrogen compounds, which can also play an important role, have received 
little study. Photochemical reactions and hydrocarbons are known to be 
involved. Again, information on where the hydrocarbons come from and how 
they participate is unclear. Atmospheric catalysis is also believed to make 
important contributions to the formation of acidic components, but the 
extent of its role is controversial. Even the manner in which acidic 
components are removed from the atmosphere and deposited is not clearly 
understood. Given this state of our knowledge, it currently is n o t  
possible, even with our most sophisticated computer simulation models, to 
show definitive cause-and-effect relationships for specific sources of 
pollution and the occurrence of acid rain. 

Fuel Trends Analvsis 

An analysis of fuel-use trends provides another insight into the diffi- 
culty in defining the cause-and-effect relationships for acid precipitation. 
Two highly significant changes in worldwide fuel consumption patterns have 
taken place in the post-Wprld War I1 period when acid precipitation was 
first perceived to be a problem, and during which time we developed our 
present perception of the situation. First, the use of coal (whose produc- 
tion has, until recently, remained fairly constant for many decades) has 
changed dramatically. Its use in locomotives and home heating has been 
virtually discontinued, whereas its use by electric utilities has increased 
dramatically. Second, the use of petroleum-derived products (principally 
motor fuels and liquid fuels for boilers and furnaces) also has increased 
greatly. These trends are apparent in varying degrees in different areas of 
the industrialized world but are most pronounced in the United States. It 
appears that acid precipitation in such industrial areas is primarily 
attributable to a multiplicity of sources associated with heavily populated 
industrial areas -- mostly sources burning fossil-derived fuels. The 
logistics and timing of the changes indicate that both coal combustion and 
oil burning are contributing to the current levels of acid precipitation in 
the northeastern United States. 

Further Research 

Acid precipitation is a specific manifestation of the pollution result- 
ing from our continued industrial growth and our increasing use of fossil 
fuels, and all aspects of this problem need further research. 

The following are specific areas that need to be addressed: 

O Monitoring of acidic precipitation should be continued and 
expanded as necessary to reach an accurate definition of the 
limits and intensity of acidic precipitation. 
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Work on the definition of the mechanisms of transport, 
transformation, and deposition of pollutants should be 
expanded to consider all important precursor compounds, 
including NOx and HC as well as SOx. 

O Work should be undertaken to inventory the location and 
amount of precursor pollutants produced by all combustion 
sources that can be contributing to acid rain. 

Concurrent with the above activities a control strategy that considers 
all combustion sources, including motor vehicles and liquid fuels in boilers 
and furnaces as well as coal burning sources, should be developed. 
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INTRODUCTION 

COMMENT ON THE STUDY 

This study began as an investigation of the various issues associated 
with acid rain and an objective assessment of the quality of the information 
supporting the many strong (and often conflicting) statements on these 
issues. These statements, which have appeared in both the technical liter- 
ature and the popular media, concern the causes of acid rain, the serious- 
ness of its impacts, and the urgency of the need for action for its mitiga- 
tion. Midway into the study it became apparent that firm answers were not 
available to many of the basic questions. For example, some people are 
convinced that acid rain is worsening every year, whereas others believe 
that the data do not support this theory. 

At this point, the study took a different turn. The search for further 
information was deemphasized. Instead, an attempt was made to identify the 
key issues and to examine both sides of the controversial questions with the 
aim of defining the consensus. 

Also present in the early stages of the study was the suspicion that 
there might be a previously unappreciated connection between the highly 
acidic rain in the Northeastern United States and the high incidence of oil 
burning in that region. This usage of oil in combustors had been estab- 
lished in previous industrial and utility boiler studies that were unrelated 
to acid rain. Investigation of emission testing showed that oil burning 
does indeed produce primary sulfates that could participate directly in 
acidification of precipitation. Further investigation revealed that others 
had pointed to increases in o i l  burning as one of the changes in fuel burn- 
ing patterns in recent decades that could have contributed to increased acid 
rain. The discovery of these events that had never been seriously explored 
led to the redirection of this study toward further examination of this 
possibility. 

The major result of the adjustments made to accommodate changing per- 
ceptions of the meaning of the accumulated data is the evolvement of the 
final report into a document made up of two distinctly different parts. 
Part 1 attempts to interpret expert opinion and describe what is known about 
the occurrence of acid rain, the possible contributing sources of precursor 
compounds, and how these compounds become important constituents of acidic 
rain. No attempt is made to interpret basic data; this is left to the 
experts in their respective fields. Neither has any attempt been made to 
present a comprehensive compendium of the results of all the latest and most 
relevent studies. Instead, treatment is intended 1) to convey a perception 
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of the state of the art that presumably will be useful to a nonexpert, and 
2) to set the stage for Part 2 ,  which discusses possible contributions to 
acid rain. 

Part 2 presents the results of an analysis of the production of pre- 
cursor pollutants by local sources (particularly those burning oil products) 
in various industrialized areas where acid rain is a problem. No attempt 
has been made to prove a quantitative connection between oil burning and 
acid rain by defining the mechanisms of transport and transformation. The 
intent is simply to point to what is considered a remarkable coincidence 
between historical oil burning patterns and the occurrence and severity of 
acid rain. For comparison purposes, data are also presented on the produc- 
tion of precursor pollutants associated with coal burning. 

Further, no attempt has been made to balance the discussion of remote 
sources and the long-range transport of pollution from coal-burning in 
utility boilers with that of pollution from oil burning in local sources. 
To repeat all the previously raised arguments concerning coal burning seemed 
unnecessary in light of the intent of this study, which is merely to point 
up the need for local sources, particularly those that burn petroleum 
products, to be given more consideration than they have received in past 
assessments of acid precipitation. 

Neither has an attempt been made to vindicate coal burning plant? of 
contributing to acid rain. To the contrary, an attempt has been made to 
present the circumstantial evidence linking coal burning in the Midwest with 
acid rain in the Northeast. On the other hand, no attempt has been made to 
indict oil burning as the sole culprit. The evidence linking oil burning to 
acid rain in industrialized areas of the world is as circumstantial as that 
linking remote coal burning, and no claim has been made regarding the rela- 
tive contribution of either to the acidification of the ,envirom'ent in 
Northeastern United States. 

BACKGROUND 

Within the past decade much technical effort has been.directed toward 
identifying the origin, causes, and effects of air pollution. Although 
acknowledged more than a century ago, the term "acid rain" was coined rela- 
tively recently to describe how gaseous pollutants discharged into the air 
return with precipitation to man's terrestrial environment. 

Since the emergence of  acid rain as a problem in the 1950's, the 
questions of what is causing it and the extent of  the damage it may inflict 
on the environment have become controversial issues. The problem is now an 
international concern because it involves man's activities in all indus- 
trialized nations and the impacts of those activities can cross political 
borders. 

Some aspects of the acid rain issue are seemingly well established, 
whereas others remain controversial. The relatively few well-established 
issues are: 
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O Acid rain is occurring. 

O 

O 

It has gained significant attention since the 1950's. 

It is derived from sulfur oxides (SOx), nitrogen oxides (NOx), 
chlorides, and possibly other pollutants in the air. 

O It is caused primarily by manmade activities in industrialized 
areas. 

O Fuel burning is the most important manmade activity contributing 
to acid rain. 

Some controversy and legitimate uncertainty exist regarding other 
aspects of the acid rain issue, especially those pertaining to sources, 
formation, effects, and control. Following are some examples: 

Whether acid rain is increasing and/or spreading to new areas 

The relative importance of sources burning petroleum fuels com- 
pared with those burning coal 

The importance of large, coal-burning, electric power plants 

The role of natural sources and the natural acidity of rain 

Atmospheric transport, transformation, and deposition mechanisms 
leading to formation of acids from precursor pollutants 

Whether acid rain is a global phenomenon, in the sense that the 
release of precursor pollutants in industrialized areas of the 
world can contribute to acid rain in areas very remote from all 
sources of manmade pollution 

Accuracy of the methods for measurement of acid rain, and adequacy 
of data for documentation of acid precipitation 

The effects of acid rain on public health, the environment, and 
property 

Methods of controlling acid rain and mitigating its effects 

Resolving these uncertainties will require much more information than 
is now available regarding acid rain formation and transport phenomena, as 
well as substantial improvements in monitoring, data collection, and data 
analysis. In terms of technical progress, investigations of acid rain, 
which date back only a few years, are still in the developmental stage. 
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REPORT CONTENT 

The principal focus of this report is on possible contributing sources 
of acid rain. In view of the information deficiencies just cited, the 
report obviously cannot provide definitive answers to the question of who 
contributes what to the acid rain problem; however, it does attempt to 
define what we do and do not know on this subject. Also, it casts doubt on 
some of the prevalent thinking regarding the major contributors. 

The report is in three parts; the first provides general background on 
acid precipitation, the second discusses the relative contributions of 
natural and manmade sources, and the third summarizes important findings and 
their implications. In Part 1, the first section gives an overview of the 
occurrence of acid rain in various parts of the world and outlines the 
knowns and unknowns regarding its environmental effects. Section 2 dis- 
cusses the sources of precursor pollutants, both natural and manmade. 
Section 3 briefly outlines the formation, transport, and deposition mecha- 
nisms. Section 4 describes the measurement of rainfall acidity and current 
monitoring efforts. Each of these discussions focuses on the state of the 
investigative art. 

Part 2 of the report addresses the role of manmade sources. It dis- 
cusses the work that has been done in the development of simulation models 
to evaluate the contribution of various source types to acidification of 
precipitation (Section 5), worldwide fuel trends and the occurrence of acid 
rain (Section 6 ) ,  and a series of case studies of areas where acid rain is 
occurring (Section 7 ) .  

The contents of Part 2 represent a blend of evaluation and specific 
findings about source contributions because examination of the methods that 
are and can be used in tracing probable sources led the investigators to new 
information, particularly regarding the influences of local sources in areas 
subjected to acid rain. The importance of local fuel consumption patterns 
is indicated in Sections 6 and 7 .  

Part 3 summarizes the principal findings, discusses their implications, 
and offers recommendations for continued study of the acid rain phenomenon. 

Throughout this report two terms are used in reference to sources of 
acid rain. The term "remote" indicates sources distantly located with 
respect to an area receiving acid rain. The definition of the term "local" 
varies with the geographical area being examined. For example, in the 
context of the northeastern United States "local" indicates sources located 
less than about 200 miles from the Adirondack Mountains, the so-called 
center of the acid rain problem in that area. In Florida, the area of local 
influence also extends for about 200 miles around the northern part of the 
State. In California, there are two local areas of impact, one centering on 
San Francisco and the other around Los Angeles. Thus, local sources are 
defined here as those located within an area where acid rain is occurring 
that have potential for contributing precursor compounds to the acidifica- 
tion process. 
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PART 1 

BACKGROUND 

Part 1 of this report, which is intended as a brief overview of some 
basic aspects of acid rain issues, addresses such questions as: Where does 
it occur? What are its effects? From what sources does it arise and by 
what mechanisms? How is it measured? This is not an exhaustive presenta- 
tion, but rather provides background for the later discussions of contrib- 
uting manmade sources of acid precipitation precursors. 



1. OCCURRENCE AM) EFFECTS OF ACID RAIN 

OCCURRENCE" OF ACID RAIN 

Although the term "acid rain" was introduced to describe acidic precip- 
itation observed before the turn of the century, it was not until the 1950's 
that acidic precipitation came to be perceived as a potentially serious 
environmental threat. It was recognized at that time in Norway and Sweden 
where the initial reaction to reports of of acid rain, depletion of aquatic 
life, fish kills, and black snow in southern Scandanavia was that there was 
a direct causal relationship between the acid rain and emissions of sulfur 
dioxide (SO2) from tall stacks in some upwind industrialized European 
countries. This reaction was emotionally charged and widely publicized. 
Subsequent years of study have since shown that the situation is far more 
complex than was originally thought. One particularly significant point 
that has emerged is that "low level (elevation) emissions are acknowledged 
to be almost as important as tall stack sources'' (Barnes 1979). Thus, local 
sources with' shorter emission heights are also now considered important 
contributors to acid rain in industrialized areas. 

Today, acid rain has been reported worldwide. Figure 1-1 depicts a 
global map, showing pH values of rainfall a s  indicated by currently avail- 
able data. The three values in the Atlantic Ocean are from shipboard 
measurements representing single precipitation events. The values for Iran, 
Tasmania, Point Barrow, Hawaii, Samoa, Amsterdam Island, Poker Flat, 
Venezuela, and Bermuda are from NOAA stations. The Hawaii values represent 
hundreds of samples covering a 5-year period, whereas those for the other 
NOAA sites generally represent sampling over just a few months. 

Notwithstanding the diversity of sampling modes represented in the 
figure, the global prevalence of acid rain is indicated. In addition to the 
European nations shown on the map (Scandanavia, France, Germany, Italy), 
acid rain is known to occur in The Netherlands, Hungary, Czechoslovakia, and 
Great Britain. The average annual pH level of rain in these European 
countries often lies between 4 and 5, depending on location. 

-1- 

The occurrence of acid rain is determined most often by measuring the pH 
level of collected precipitation. The pH value is the negative logarithm 
of hydrogen ion concentration. Thus, pure water, with a hydrogen ion 
concentration of 1 x l o m 7  moles per liter, has a pH value of 7 .  This 
value lies at the midpoint of the pH scale, which ranges from 0 to 14 .  
Values below 7 are on the acidic side of the scale; those above 7 are 
considered basic or "alkaline. I' 
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F i g u r e  1-1. The A t l a n t i c  Ocean, P o i n t  Barrow, H a w a i i ,  
Samoa, Amsterdam Is land,  Poker F l a t ,  Venezuela, I r a n ,  Tasmania, and Bermuda values a r e  cou r tesy  of  John 
H. M i l l e r ,  NOAA, S i l v e r  Spr ings, MD., 1980. 
Greenland, and’ I ta ly  a re  from 1976-77 World Mon i to r i ng  Orqan iza t i on  data (Envi ronmenta l  Data and I n f o r -  
mat ion  Serv ice,  1977.) Values f o r  Japan were observed a t  va r ious  urban and r u r a l  s i t e s  between 1974 and 
1977. 

Global map showing range o f  r a i n f a l l  pH va lues.  

Values f o r  S o v i e t  Union, I n d i a ,  Canada, France, Germany, 

Values f o r  t h e  U.S. a r e  f rom Henderson e t  a l .  1981 and Cooper, Demo, and Lopez 1976. 



Figure 1-1 indicates also that some parts of the world apparently do 
not receive acid rain. The values for India, Greenland, the Soviet Union, 
and the central United States, for example, show pH levels typically between 
5 and 7. The reason for the higher pH values of rainfall in these areas is 
not known. It may reflect the absence of industrial activity or partial 
neutralization effects by entrained alkaline soil particles. 

In the United States, acid rain is occurring across the entire eastern 
half of the country, as shown in Figure 1-2. Rain is most acidic in the 
corridor extending from Indiana, Ohio, and Kentucky through Pennsylvania to 
New York, New Jersey, Rhode Island, Connecticut, and Massachusetts; the 
annual average pH of rainfall in this area is 4 . 1 - 4 . 2 .  The southern and 
western coastal states are also experiencing acid rain, although it is less 
acidic than in the Ohio Valley and northeastern states. Average pH values 
in Virginia and the Carolinas range from 4 . 2  to 4 . 6 ,  in Florida, from 4.7  to 
5.2, and in California and Washington, from 4 . 2  to 5 . 3 .  

Low-pH rain has often been reported to occur in cities or urban areas, 
and near large point sources of pollutants considered to be acid rain pre- 
cursors (sulfur oxides, nitrogen oxides, chlorides). Precipitation with pH 
less than 4 has occurred in New York, Chicago, Philadelphia, Louisville, 
Evansville, Birmingham, Providence, and Boston (Wolff et al. 1978; National 
Academy of Science 1975). The mean pH of rain during the winter rainy 
season in Los Angeles and Long Beach is 4.5  (Morgan and Liljestrand 1980). 
A similar situation exists in the San Francisco area, where at San Jose the 
seasonal mean pH is 4 . 4 ,  and at Berkeley, 4 .6  (McColl 1980). In Colorado 
the rain and snow in the mountains near Boulder and Denver are also slightly 
acid, with annual average pH values centering on 5.0 (Lewis and Grant 1980). 

The operations of a metal smelter or a power plant can influence the 
local acidity of precipitation. For example, the rain in the vicinity of a 
copper smelter at Tacoma, Washington, and a copper and nickel smelter at 
Sudbury, Ontario, has pH levels below 4 (Larson et al. 1975; Nisbet 1975; 
Freedman and Hutchinson 1980a). Near the Chalk Point power plant in 
Maryland, the rain pH levels range from 3.0 to 5.7  (Li and Landsberg 1975). 
Emissions from the Douglas copper smelter in southeast Arizona appear to be 
influencing the acidity of local precipitation (refer to Figure 1-2). 

Neutralization is another apparently localized phenomenon leading to 
higher rainfall pH values in areas near sources of alkalinity (Larson et al. 
1975; Semonin 1976). This localized neutralization phenomenon is slowly 
becoming recognized as a primary factor in the variability of pH level with 
location. Neutralization processes can skew the data on pH trends if moni- 
toring sites, sampling methods, and emissions are not held constant during 
the time frame of interest. Data may suggest a shift or spread in the 
occurrence of acid rain over time when, in fact, the measured values reflect 
changes or differences in localized rainfall neutralization patterns. For 
example, it has been suggested that the variability of precipitation acidity 
may result from variations in atmospheric levels of alkaline soil particles 
and/or ammonia from natural sources (Frohliger 1980). 
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Another approach to describing acid deposition is to present the data 
in terms of wet hydrogen ion deposition. The pH values are converted to 
simple hydrogen ion concentrations, which are multiplied by the volume of 
rainfall to give total wet hydrogen ion deposition. This approach was taken 
in developing hydrogen ion deposition isopleths for the United States for 
the combined years 1976-79, as shown in Figure 1-3. This arithmetic 
approach eliminates the confusion commonly associated with comparing loga- 
rithmic pH values. All unit values are of equal weight; that is, a change 
from 0.1 to 0.2 has exactly the same weight or value as a change from 0.2 to 
0.3. 

By depicting the arithmetic hydrogen ion deposition pattern in the 
United States, Figure 1-3 gives added perspective on U.S. acid deposition 
patterns that is not apparent in similar isopleths based on pH values. Most 
significantly, the figure indicates that the mean annual hydrogen ion 
deposition in precipitation is greatest in the eastern Pennsylvania, New 
Jersey, and New York City area, not in the Adirondacks. Annual hydrogen ion 
deposition in the Adirondacks is only half that of the eastern tri-state 
region, and is equal to that deposited in Ohio, Indiana, Illinois, and other 
mid-to-south central states. Another important observation is that although 
acid rain is known to be occurring in California, the magnitude of the total 
annual hydrogen ion deposition is only a fraction (10 to 20 percent) of that 
observed in the midwest and east. Farther up the Pacific coast, however, 
near Seattle and Puget Sound, much higher values of wet hydrogen ion deposi- 
tion are occurring than would be indicated by rainfall pH values (compare 
with Figure 1-2). 

Hydrogen deposition isopleth maps, as in Figure 1-3, are valuable and 
can be used in conjunction with pH measurements and isopleths to provide 
additional insights on acid rain patterns. Unfortunately, historical data 
are too fragmented t o  allow development of similar isopleths for purposes of 
identifying past trends. 

In summary, several general comments can be made relative to the occur- 
rence of  acidic precipitation. First, limited data suggest that to some 
degree the acidity of rainfall in remote areas can be acidic. Second, it 
appears that large pollution sources can contribute to the acidification of 
rain that falls in their vicinity. Third, it appears that the high levels 
of pollution associated with activities in large cities can contribute to 
acidification of rain in the surrounding area. Finally, as will be dis- 
cussed later, acid rain appears to be most prevalent and most severe within 
and downwind of regions of heavy industrialization. 

EFFECTS OF ACID RAIN 

The effects of acid rain, like the occurrence, vary in degree and 
extent. Assessment o f  the effects is substantially more difficult because 
only a small amount o f  information is available from which to relate esti- 
mates of the acidity of rain to some observed effect that is believed to 
result from that acidity. Not all areas experiencing acid rain are equally 
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Figure 1-3. Mean annual hydrogen ion deposition in precipitation, 
1976-1979 (kg ha-1 yr-I), estimated f rom weighted mean pH and 

mean annual precipitation (Henderson et .a!. 1981 ) . 
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affected. Some areas are more sensitive because the local ecosystems cannot 
counterbalance acid deposition with neutralizing alkaline materials. Moun- 
tainous and other areas of high elevation are especially susceptible because 
their soils are thin. 

This subsection briefly addresses the reported effects of acid rain in 
the continental United States. The acidification of lakewaters and effects 
on aquatic ‘life are discussed first since these are the items about which 
most information is available. The possible effects of acid rain on human 
health, drinking water supplies, soils and plant life, and structures and 
materials are also discussed briefly. 

AqQatic Effects 

Figure 1-4 shows the U.S. areas believed to be most vulnerable to acid 
rain. Vulnerable areas are often mountainous, with thin soils on granite 
rock bases. Lakewaters in these areas are typically of low alkalinity. 

Attention has focused on the impact of acid rain in the Northeast, 
especially in the Adirondack mountain region, because the area has many 
ponds and lakes, the environment is considered susceptible, and the rain is 
especially acid. Atmospheric acid deposition is believed to be causing the 
acidification of some Adirondack lakewaters, with accompanying losses of 
fish populations. Although these impacts are not yet completely defined, 
some citizens are concerned that results may be irreversible and are exert- 
ing considerable pressure for relief and remedy. Information is currently 
lacking on (1) the total extent (both temporal and spatial) of the acidifi- 
cation of northeastern lakewaters and stream headwaters; (2) the overall 
economic impact of current and continued acidification; and (3 )  what to do 
to remedy the situation. 

The Adirondack region of New York State contains some 2877 individual 
lakes and ponds;: (Figure 1-5) covering more than 282,000 surface acres 
(Pfeiffer and Festa 1980b). The average lake size is almost 100 acres, 
although sizes range from less than one to several thousand acres. 

Adirondack lakes that now exhibit low pH and loss of fish populations 
are primarily at high elevations (>ZOO0 ft), as shown in Figure 1-6. Today 
the average pH level is 5 or less in 90 percent of the lake acreage at 
elevations of 2500 ft or more and in 40 percent of the lake acreage at 2000 
to 2499 ft. These acid lakes are usually small, with surface areas under 
100 acres (Pfeiffer and Festa 1980b). Losses of fish populations have been 
linked to both the low pH values and to toxic effects from aluminum solu- 
bilized from feldspars in the rocky-bottomed lakes. 

Information on the current water quality of lakes and streams in the 
Adirondacks and throughout the Northeast is being developed, but there is 
little historical information with which to compare present values, and what 

.L 

Lake Placid is excluded because of its size. 
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Figure 1-4. Areas of North America considered sensitive to acid 
precipitation. Shaded areas have igneous or metamorphic bedrock 

geology and for this reason are expected to have low buffering 
capacities (i.e., alkalinities <0.5 meq HCO?/liter). Unshaded 

areas have calcerous or sedimentary bedrock geology and therefore 
have higher alkalinities (Galloway and Cowling 1978). 
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ELEVATION RANGE, ft 

pH 5. 0-6 . 0 
pH (5.0 

F i g u r e  1-6. Occurrence by e l e v a t i o n  o f  Adirondack waters i n  
va r ious  pH ca tegor ies  ( P f e i f f e r  and Festa 1980b). 
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is available is of questionable validity. For example, there is concern 
that the acidity of  the high Adirondack lakes has increased in recent years. 
Schofield reports that in the 1930's the waters of  40 high-elevation Adiron- 
dack lakes had pH values centering on pH 6.5 to 7.5, but by 1975 these 
values had shifted in the mean to less than pH 5 (Schofield 1976). The 
historical data indicate that in the 1930's only 4 percent of the high- 
elevation lakes had pH values of 5 or less and were fishless, whereas by 
1975, 51 percent of the high-elevation lakes had pH values below 5 ,  and 90 
percent of these had no fish (Schofield 1976). 

Schofield's comparison of early and recent pH values may somewhat 
overstate the apparent acidification that has occurred during the past 40 to 
50 years. This is because the comparison appears to be based on different 
methods of  pH measurement. In the 1930's, pH was measured colorimetrically, 
whereas today a more accurate electrometric method is used (i.e., measure- 
ment with glass electrode and voltage meter). A recent comparison of values 
obtained by the two methods on Adirondack lakewater samples taken in 1979 
shows that the values obtained electrometrically are very often 1 to 1-1/2 
pH units lower (10 to 30 times more acid) than values obtained from the same 
samples by the older colorimetric method (Pfeiffer and Festa 1980a, 1980b). 
The implication of this finding with respect to Schofield's work is that pH 
values of the 1930's samples may have been at least 1 to 1-1/2 units lower 
than was reported. Therefore, the earlier distribution of pH values might 
have centered more on pH 5 to 6 or 5.5 to 6.5 instead of 6.5 to 7.5. Had 
the measurement methods been the same, the pH differences observed over time 
might have been lower making the association between the increased incidence 
of fishless lakes, cited above, and changes in acidity of the lakes less 
apparent. 

The acid quality of  high-elevation lakes in the Adirondacks may not be 
due entirely to anthropogenic pollution. Naturally occurring acid lakes and 
bogs have been known in the United States for more than a century (since 
1860) (Patrick, Birnette, and Halterman 1981). They are typically small, 
weakly buffered, silacious lakes and ponds with natural organic accumula- 
tions, and they are often located at high elevations. One would therefore 
expect at least some of the high-altitude Adirondack lakes to be, at least 
to some degree, acidified naturally, regardless of man's activities. How- 
ever, no studies to determine the importance of this phenomenon have been 
made. 

Additional perspective may be gained by considering the total popula- 
tion of Adirondack lakes. Figure 1-7 shows the present acidity status of 
all Adirondack ponded waters. Of the total, population of 2877 lakes and 
ponds, the pH levels are below 5 in 212, which cover 4 percent of all 
Adirondack lake acreage (Pfeiffer and Festa 1980b). Another 256 lakes and 
ponds, covering 22 percent of the ponded acreage, are considered endangered 
because the pH values range from 5 to 6, a range considered borderline for 
successful reproduction of many desirable fish species. More than half of 
the lakewater acreage in the Adirondacks has a pH of 6 or higher and is not 
now considered endangered. The remaining 21 percent of the ponded acreage 
contains many small lakes that have not been sampled recently and may or may 
not be at risk. 
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pH LESS THAN 5.0 
10,460 ACRES 
212 LAKES AND PONDS 

)c NOT SAMPLED SINCE 1974 
59,430 ACRES 
2,028 LAKES AND PONDS \ OH 5.0 - 6.0 

PONDS 

\ ACREAGE 52.8% 

OH GREATER THAN 6.0 \ 
149,021 ACRES 
382 LAKES AND PONDS 

TOTAL 
TOTAL ACREAGE: 282,154 

NUMBER LAKES AND PONDS: 2,877 

F i g u r e  1-7. A c . J i t y  s t a t u s  o f  Adirondack ponGzd waters 
( P f e i f f e r  and Festa 1980b). 

-17- 



Pfeiffer and Festa have recently developed evidence of a slight trend 
toward increasing lakewater acidity at all elevations of the Adirondacks (as 
opposed to only the high-elevation lakes) (Pfeiffer and Festa 1980b). These 
investigators studied the historical pH of 138 lakes using a single pH 
measurement method--the older Helligel colorimetric comparator method. 
Results of their study indicate that a slight, though not dramatic, shift 
toward increasing acidity occurred between the 1930's and 1979. This trend 
is demonstrated by the shift in the frequency and distribution of pH values 
for the 138 lakes, as shown in Figure 1-8. The median (50  percentile) pH 
value decreased from 6.75  to 6 . 5 1  during the 40- to 50-year study period, 
and the frequency of values below pH 6 increased from 6 .5  percent to 19 .6  
percent. 

Lakes in close proximity to each other presumably receive equal expo- 
sure to acid rain yet often react differently. For example, variations of 2 
or more units in pH have been observed in three Adirondack lakes closely 
located to each other. The pH of Panther Lake is 7.0, the pH of Sagamore 
Lake from 5 . 5  to 7 . 0 ,  and the pH of Woods Lake ranges from 4 .5  to 5 . 5 .  
Researchers believe that these differences are due to variations in the 
depth of soil (and therefore in the neutralizing capability) immediately 
surrounding each lake [Electric Power Research Institute (EPRI) 19801. 

Vegetative cover can change the impact of rainfall passing through it 
on surface waters. For example, the pH level of the runoff streamwater 
below the forest canopy at Hubbard Brook, New Hampshire, (deciduous canopy) 
consistently averages about pH 5, while the pH of rainfall there averages 
4.1 .  In other words, rainfall below the forest canopy is about one pH unit 
higher, or 10 times less acid, than rainfall above the canopy (Hornbeck, 
Likens, and Eaton 1977). Thus, the forested ecosystem at Hubbard Brook 
appears to moderate the impact of acid precipitation. 

Economic Losses 

The extent of economic losses to the Adirondack region is not yet 
known. A number of lakes have lost their trout and small-mouth bass popula- 
tions in recent years (Whelpdale 1978; Pfeiffer and Festa 1980b). Reproduc- 
tive failures associated with increased acidity are suspected (Pfeiffer and 
Festa 1980b). Examples of the Adirondack lakes which have lost their bass 
population are Woodhull, Big Moose, and Canada Lakes. Cranberry and Tupper 
Lakes, which have waters of marginal pH for bass (pH 5 to 6 ) ,  are also 
suffering marked population declines. New York State estimates Adirondack 
fishing losses due to atmospheric acidification at 22,000 pounds per year 
(Pfeiffer and Festa 1980b). This is roughly $66,000 annually (based on 
$3/lb). The economic impact associated with this l o s s  or possible future 
losses and related losses of recreational opportunity and tourist trade is 
not known. New York State has spent $15 to $30 per acre per year since the 
1 9 5 0 ' s  in remedial efforts to lime 5 1  ponds in the Adirondacks (Davis 1980). 
The total cost presumably is in the neighborhood of $125,000 per year. The 
exact costs and effects of this project are not reported. 

Pennsylvania has relatively few lakes but many mountain streams that 
are aesthetically and economically treasured for their trout fishing. A 
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5.5 6 .0  6 . 5  7 .0  7 . 5  8 . 0  8 .5  

Figure 1-8. Distribution of historic and recent colorimetric pH 
readings for a set o f  138 Adirondack ponds 

(Pfeiffer and Festa 1980b). 
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trend toward lower pH in some of Pennsylvania's stream headwaters has been 
reported and accompanied by observations of decreases in streamwater alka- 
linity and species diversities (Arnold 1980). 

Acid precipitation is also believed to be causing minor ecological 
effects on poorly buffered lakes in the northern part of Florida. The pH of 
some lakes has dropped, and shifts in algal population have been observed 
(Crisman and Brezonik 1980). Losses of fish populations, however, are not 
yet a problem, presumably because toxicity from aluminum leaching is not 
occurring. 

Investigators do not believe that acid rain is causing detrimental 
environmental effects in most parts of California at this time. Areas such 
as San Francisco and Los Angeles have few lakes, and soils tend to be well- 
buffered. A few mountain lakes at 4000- to 5000-ft elevation have been 
monitored, and all have a pH of 6 or more; average pH of rainfall to these 
lakes is 4.9."' The continued pH stability of lakes at higher elevations is 
of some concern because they tend to have lower pH levels, to be granite- 
based, and to be poorly buffered (Tonnessen and Harte 1981). Recent fish 
deaths in Sequoia National Park lakes are speculated to be due in part to 
either acid rain or melting acid snow (Washington Post 1981). 

Other Possible Effects 

The remainder of this section discusses possible health and ecological 
effects of acid rain. Information in this area is both sketchy and specula- 
tive, and the reported effects often are not firmly linked to acid rain. 

Health Effects-- 
Acid fogs and drizzles have been reported to adversely affect public 

health and property in Ja.pan on several occasions since 1973 (Chemical 
Abstracts 1981). The episodes have caused eye and skin irritations among 
hundreds of exposed people,. and also have caused injuries to vegetation. 
Rainwater associated with these episodes was always very acid, with a pH of 
about 3. Nitric acid vapor formed photochemically and incorporated into the 
droplets is believed responsible for the very low pH. Chlorinated alkenes 
such as trichloroethylene and perchloroethylene found in samples of the 
drizzle water droplets also may have been partially responsible for the 
adverse effects. 

There are no similar reports of adverse health effects from acid fogs 
in the United States or Europe although heavily polluted London fogs of the 
past may have been a related phenomenon. Some reports indicate that cloud 
waters are often very acid (pH 3-4.5), and if this is s o ,  it would be 
reasonable to expect that fogs and mists are sometimes very acidic also. 
Additional research on potential health effects seems needed. 

* Personal communication from K. Tonnessen of Lawrence Berkeley Laboratory, 
University of California, on December 10, 1980. 
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Drinking Water-- 
There has been some speculation that acid rain could have indirect 

health effects by increasing the leaching of heavy metals from copper pipes 
and lead solder into catchment-type drinking water supplies. Actual data, 
however, are very limited. Some results that would appear to support the 
speculation include the following. In Amsterdam, New York, the reservoir 
from which the population's drinking water is pumped has become acidified; 
it is reported that lead from the solder and copper from the water pipes 
dissolve and accumulate in the lines overnight (Davis 1980). Similarly, 
observers in a few small towns in the Adirondacks and parts of New England 
state that acid rain water collected in cisterns and shallow well systems 
has leached copper from the pipes and lead from the solder (Sharpe, Young 
and Hershey 1980). In some areas, the lead levels in water that had laid 
overnight in the pipes were 5 timer; the recommended EPA maximum for drinking 
water, and the tap water in one household had copper concentrations of 7 
times the Federal secondary standard of 1.0 mg/liter (LaBastille 1979). In 
Clarion County, Pennsylvania, a survey of cistern-equipped homes showed that 
the water in 5 out of 35 (14 percent) had more than the maximum allowable 
lead level (50 Vg/liter), and resi.dents have been advised not to drink the 
water (Davis 1980; Science News 1980). Rainwater collected in these 
cisterns has a pH of about 4 . 0 ,  which means it is potentially quite corro- 
sive. 

While these results could be indicative of indirect effects of acid 
rain, they could also be the result of pollutants such as lead from auto 
exhaust being co-collected with the rainfall in the catchment system. 
Decomposition of organic material collected with the rainwater runoff also 
could account for increased acidity. Thus, the correct cause of the 
observed effects remains uncertain. More information should be collected 
both on pH and on the metals content of water in these types of collection 
systems. The extent to which acidification is due to natural decay versus 
precipitation should also be determined. 

Materials Damage-- 
Because of the generally corrosive nature of  acid rain, it might be 

expected to contribute to the material damage process by accelerating 
deterioration of painted surfaces, limestone, concrete, copper, and other 
metals. Data to support or refute the contribution of  acid rain to material 
damage is very limited. One example is a researcher's suggestion that acid 
rain is responsible for the corrosion that has turned Boston's bronze 
statues green (Adams 1980). In fact, the degree of damage to public and 
private property from acid rain cannot be established because of the lack of 
reliable data. 

Plants and Soils-- 
Research is underway to determine whether acid precipitation could 

ultimately lead to a permanent reduction in tree growth, food crop produc- 
tion, and soil quality. Some experts fear this could be happening if useful 
soil microorganisms are being eliminated and potentially toxic soil elements 
such as aluminum and maganese are being brought into solution to exercise 
deleterious effects on plant roots and nutrient absorption. Such a cause 
and effect relationship has not yet been demonstrated in the Northeast or in 
other areas experiencing acid rain. Controlled field studies have generally 
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shown that application of acid solutions having pH values of 3 to trees or 
crop plants reduces growth rate and/or damages foliage. At higher pH 
values, little or no effect is usually seen. The acid solutions tested are 
usually only sulfuric acid in water; dilute mixtures containing sulfuric and 
nitric acids, ammonia, and other trace materials normally found in rain 
water have not been studied. 

In summary, the limited assessments to date of adverse effects of acid 
rain on the environment suggest that some damage to health and property 
could be occurring. It is not clear, however, whether the damage is 
serious, or likely to become serious, from the standpoint of health or 
economic impacts. 
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2. NATURAL AND MANMADE SOURCES OF A C I D  R A I N  PRECURSORS 

A c i d i t y  of  r a i n  i s  a t t r i b u t e d  p r i m a r i l y  t o  t h e  a tmospher ic  convers ion  
of  t h e  oxides  of  s u l f u r  (SOx) and t h e  ox ides  of n i t r o g e n  (NO ) t o  s u l f u r i c  
(H2S04) and n i t r i c  ("03) a c i d s ;  d i r e c t  emis s ions  of pr imary  s u l f a t e s ,  
however, a r e  a l s o  an  impor t an t  source  of  a c i d  r a i n .  I n v e s t i g a t o r s  speak of  
SOx and NO compounds a s  a c i d  r a i n  "p recu r so r s "  because t h e i r  p re sence  i n  
t h e  atmospzere i s  b e l i e v e d  t o  precede  t h e  occurrence  of a c i d  r a i n .  The 
sources  of  SOx and NO a r e  both  n a t u r a l  and manmade, t h e  l a t t e r  be ing  
g e n e r a l l y  accepted  a s  h e  most impor tan t  c o n t r i b u t o r s  t o  a c i d  r a i n .  The 
manmade a c t i v i t y  of  dominant importance i n  p roduc t ion  of  SO and NOx i s  t h e  
bu rn ing  of  f o s s i l  f u e l s  ( c o a l ,  pe t ro leum p r o d u c t s ,  and n a t u r a l  g a s ) .  Other  
i n d u s t r i a l  sou rces  of  SO and NO emiss ions  can be impor t an t  i n  some s i t u a -  
t i o n s .  The f o l l o w i n g  d&cussionX b e g i n s  w i t h  a b r i e f  c o n s i d e r a t i o n  of t h e  
a c i d i t y  of n a t u r a l  r a i n ,  fol lowed by a review of  t h e  n a t u r a l  and manmade 
sources  of p r e c u r s o r  compounds. 

X 

X 

NATURAL UNPOLLUTED RAIN??ALL A C I D I T Y  

The pH of n a t u r a l ,  unpo l lu t ed  r a i n f a l l  i s  s t i l l  a m a t t e r  of some 
u n c e r t a i n t y .  One hypo thes i s  r ega rd ing  t h e  pH of n a t u r a l  r a i n f a l l  i s  f r e -  
q u e n t l y  c i t e d  i n  t h e  l i t e r a t u r e .  Th i s  h y p o t h e s i s ,  c a l l e d  t h e  CO2 t h e o r y ,  
s t a t e s  t h a t  t h e  pH of n a t u r a l  r a i n  i s  expec ted  t o  be 5.6 t o  5.7, which i s  
t h e  pH of d i s t i l l e d  water  i n  equi l - ibr ium wi th  a tmospher ic  carbon d iox ide  
(C02).  However, even i n  t h e  absence of  any man-made a c t i v i t y  n a t u r a l  r a i n  
would  n o t  c o n s i s t  of  pu re  w a t e r  and C02. N a t u r a l  p r e c i p i t a t i o n  would s t i l l  
c o n t a i n  a wide range of chemical  components d e r i v e d  from n a t u r a l  sou rces .  
Those which have been wide ly  d i scussed  i n c l u d e  s e a  s a l t s ,  e a r t h e n  and 
v o l c a n i c  d u s t s ,  ammonia and s u l f u r  compounds from decaying p l a n t s  and animal  
m a t t e r ,  e t c .  Hence i t  i s  g e n e r a l l y  accepted  t h a t  t h e  pH of n a t u r a l  r a i n -  
f a l l ,  devoid of manmade p o l l u t a n t s ,  could  be  h i g h e r  o r  lower t h a n  t h e  hypo- 
t h e t i c a l  v a l u e  o f  pH 5.6 t o  5.7. 

One i n v e s t i g a t i o n  has  sugges ted  t h a t  p r e c i p i t a t i o n  pH would probably  
depend upon l o c a l  c o n d i t i o n s .  I n  marine a r e a s  where t h e r e  i s  l i t t l e  a l k a -  
l i n e  e a r t h  d u s t ,  t h e  pH might n a t u r a l l y  be below 5.7. Over l a r g e ,  non- 
f o r e s t e d ,  c o n t i n e n t a l  l and  masses ,  t h e  pH might n a t u r a l l y  be  h i g h e r  t han  5.7 
because  of en t r a inmen t  of a l k a l i n e  s o i l  p a r t i c l e s  (GCA Corpora t ion  1981). 

There i s  p r e l i m i n a r y  ev idence  of  n a t u r a l l y  a c i d  p r e c i p i t a t i o n  (pH 3.8 
t o  5.4) i n  remote marine a r e a s  of t h e  world such a s  o f f  t h e  c o a s t  of  South 
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America or Africa, and on Amsterdam Island. (Refer to Figure 1-1.it) Other 
evidence to this effect is apparent in analyses of ice core samples from 
remote areas, as shown in Table 2-1. Some of these samples are as much as 
350 years old, well before the age of industrialization. Sulfate values are 
low, as expected, yet so are the pH values. This evidence is limited and 
preliminary, but it suggests that rain and snow can be naturally more acid 
than would be expected from the C02 theory. 

TABLE 2-1. ACIDITY OF REMOTE SNOW AND ICE CORE SAMPLES 

Source 
~ 

A n t a r c t i c a  

Himalaya Mts. 

Cascade Mts. ,  USA 

Number o f  
samples 

80 

250 

- 

Approximate 
age o f  i c e  

Up t o  350 
years 

Up t o  30 
years  

G 1 a c i  e r  i ce 

Mean pH 

4.8-5.0 

b 5.1 

5.6 

Su l fa te  
content 

1 owa 

Reference 

The low s u l f a t e  l e v e l s  were a i n t e r p r e t e d  as meaning n o t  much i n f l u e n c e  on 
pH from f o s s i l  f u e l  p o l l u t i o n .  

F resh ly  f a l l e n  snow had pH o f  5.1, which i s  more a c i d  than COP theo ry  p re-  
d i c t s .  Also,  t h e  pH readings i n  some 30-year-o ld  i c e  core  samples were 
cons tan t  f rom bottom t o  top ,  i n d i c a t i n g  t h a t  t h e  a c i d  conten t  had n o t  
changed i n  recen t  years.  

NATURAL SOURCES 

Numerous ef.forts have been made to estimate global emissions of sulfur 
and nitrogen compounds produced by natural sources. Such estimates are 
necessarily based on some very uncertain assumptions, and results are highly 
variable. The tonnages of estimated global emissions are substantial, 
however, and the evaluations are summarized briefly here. 

Figure 2-1  depicts the atmospheric sulfur cycle as it is currently 
understood. Natural sources of sulfur compounds in the atmosphere include 
biogenic emissions from the ocean, marshes, and land of reduced sulfur 

-1. 

Hawaii, American Samoa, and Point Barrow, Alaska, cannot be considered 
truly remote because they have permanent populations that rely on oil as 
their principal combustion fuel. 
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compounds such as hydrogen sulfide (H2S), dimethyl sulfate ([CH~IPS), 
carbonyl sulfide (COS), and carbon disulfide (CSp), Nonbiogenic sources 
include sea spray emissions of neutral sulfate (SO,-) salts and volcanic 
emissions of both reduced and oxidized sulfur such as hydrogen sulfide, SO,, 
and sulfate. 

REDUCED so ,s02- REDUCED u) s02-REDUCED 
~ H 2 s . 5 0 2 * s 0 ~ -  5 CPOS 2 4 S CPDS s02*s03- "2 2 '  4 CPDS 

Figure 2-1. The atmospheric sulfur cycle (Cul l i s  and Hirschler 1980). 

Table 2-2 summarizes data from several attempts to estimate the global 
magnitude of the various sources of s u l f u r  emissions. The estimates of 
natural emissions (first four columns) show that those from biogenic sulfur 
sources are most uncertain; they probably account for one-half to two-thirds 
of the total natural contribution. Estimates of sea spray and volcanic 
emissions are more certain. 

Information on the natural sources of nitrogen oxides (NOx) in the 
atmosphere is much less complete than that for sulfur oxides. Nitrogen is 
naturally emitted from the earth (land and sea) in reduced form as ammonia 
or "3, some of which is subsequently oxidized to NOx in the atmosphere. 
Nitrogen oxides are also formed in the atmosphere from molecular nitrogen 
and oxygen in the presence of lightning. Nitric acid (HN03) is formed by 
the conversion of NOx to HN03. 

Global emission estimates are variable and incomplete, as shown in 
Table 2-3. Estimates of the ratio of atmospheric nitrogen from natural 
sources to that from man's activities have ranged from 15:l to as low as 
1:l. Most of the nitrogen from natural sources appears to be emitted in the 
form of "3, although emissions of NO are also large. 

X 
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T A B L E  2-2. ESTIMATES OF GLOBAL ATMOSPHERIC SULFUR EMISSIONS FROM NATURAL AND MANMADE SOURCES, 
106 METRIC TONS SULFUR PER YEARa 

70 
110 

70 

71 
58 

3 

3 
5 

106 
60 
48 

48 

I 
h, m 
I 

48 

i i c  
;ea 
- 

I60 
I70 
30 

18 
48 
28 

34 
27 
46 
26 
50 

50 

50 

Natural 

Sea spray 

45 
45 
44 

44 
44 
44 

44 
44 
44 
44 
44 

44 

44 

Volcanoes 

1 
2 
3 

3 
3 
- 

10 
5 

5 

5 

Natural 
t o t a l  

275 
32 5 
144 

134 
152 
178 

84 
79 

196 
140 
147 

147 

147 

Ma nma de 

40b 
40b 
7 6' 

50' 
65' 
65' 

65' 
65' 
7 0' 
60' 
86d 

93e 

1 04f 

a Modified from Cullis and Hirschler (1980) .  
Based on 1956 emission da ta .  
Based on emission da ta  from the mid-1960's. 
Based on 1970 emission da ta .  

e Based on 1974 emission da ta .  
Based on 1976 emission d a t a .  

Total  
ma nrna d e 

plus 
na tura l  

31 5 
365 
220 

184 
21 7 
143 

149 
144 
266 
200 
233 

240 

251 

Re1 a t  i ve 
manmade c 

% of t o t a l  

13 
11 
35 

27 
30 
45 

44 
45 
26 
30 
37 

39 

41 

i t r i b u t i o n  
t of na tu ra l  

15  
12 
53 

37 
43 
37 

77 
82 
36 
43 
59 

63 

71 

Reference 

Junge ( 1 963la 
Eri ksson ( 1963) 
Robinson and Robbins 
(1968) 
Kellogg e t  a l .  (1972) 
Friend (1973) 
Bolin and Charlson 
( 1976) 
Hal 1 berg (1 976) 
Granat (1  976) 
Gar1 and (1 977) 
Davey (1978) 
Cullis and Hirschler 
(1  980) 
C u l l  i s  and H i  rschl er 
( 1980) 
C u l l  i s  and Hirschler 
( 1980) 



TABLE 2-3. ESTIMATES OF GLOBAL EMISSIONS OF OXIDES OF NITROGEN 
AND RELATED COMPOUNDS 

( lo6 m e t r i c  tons n i  t rogen /y r )  

NOx emissions from l a n d  

NO emissions from l a n d  

t o  atmosphere 

ahd sea (as NO) 

NOx formed by  combustion 

NO formed by i n d u s t r i a l  
pFoces ses 

Atmospheric NH, t r a n s f o r -  

NH, emissions t o  atmosphere 

ma t ion  t o  NOx 

Atmosphere p r o d u c t i o n  o f  
NOx by  l i g h t n i n g  

Em i s s i 10 n s 

40-108 

210 

15 
19 
15 

30 
30 
36 
40 

30 
3-8 

165 
( l a n d  and 

sea) 
113-244 
(1 and) 
870 

( l a n d  and 
sea) 

10 
30-40 

Source: GCA Corpo ra t i on  (1 981 ). a 

Reference 

Soder l  und and Svensson ( 1976) 

Robi nson and Robbi ns ( 1975) 

Burn and Hardy (1975) 
Soder l  und and Svensson ( 1  976) 
Robinson and Robbi ns ( 1  975) 

Delwiche (1970) 
Burn and Hardy (1975) 
Soder l  und and Svensson (1 976) 
L i u  e t  a l .  (1977) 

Burn and Hardy (1975) 
Burn and Hardy (1975) 

Burn and Hardy (1975) 

Soder l  und and Svensson (1  976) 

Robinson and Robbi ns (1 975) 

Burn and Hardy (1975) 
Chameides e t  a l .  (1977) 
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MANMADE SOURCES 

Most manmade emissions of SOx and NOx come from the burning of fossil 
fuels (coal, petroleum products, and natural gas) to satisfy man's energy 
needs. Other important sources include the industrial processes in which 
major raw materials such as metallic ores and phosphate rock are converted 
to primary metals or large-volume chemicals. The relative importance of the 
major U.S. sources of SOx and NOx in terms of national annual emissions is 
shown in Table 2 - 4 .  

The estimated emissions shown in Table 2 - 4  for mobile sources are pro- 
duced principally by motor vehicles burning gasoline or diesel fuels. The 
emissions from stationary fuel consumption comes largely from utility 
boilers producing electricity; the balance comes from combustion in boilers 
and furnaces used to produce steam for industrial processes or for space 
heat. The total emissions from industrial processes are small by comparison 
with other categories. The largest industrial process source, from the 
roasting of sulfide metal ores, was estimated to produce only 2 . 4  million 
metric tons of SO in 1977. Industrial processes are thus of secondary 
importance as large tonnage sources of acid rain precursors. Only about 15 
percent of the total annual emissions of SO and 3 percent of the NO come 
from industrial processes. Most of this is gssociated with smelting of  ores 
for metal production or with petroleum refining. Other industries with 
potential for contribution to acid rain are sulfuric and nitric acid plants, 
phosphate and nitrate fertilizer plants, and pulp mills. Emissions frdm 
these industrial processes are small in the United States and generally 
should be even smaller in other industrialized areas experiencing acid rain 
because emissions are often more closely controlled. For example, copper 
smelters, which produce most of  the SO from industrial processes in the 
United States, are controlled to high levels of efficiency in Japan and in 
some European countries. These processes are identified here because indus- 
tries are implicated in some occurrences of acid precipitation. Also, some 
of these noncombustion sources can be very large; for example, the Sudbury 
smelter in Canada is the world's largest source of SO2, emitting 2 to 3 
percent o f  all the manmade emissions in the world. 

X 

X 

RELATIVE CONTRIBUTIONS OF NATURAL AND MANMADE SOURCES 

Early estimates of the relative contribution of natural and manmade 
sources suggested large global emissions of sulfur in the 1960's (about 60% 
of  the total) compared with those from manmade sources. More recent com- 
parisons are based on more refined estimates of natural emissions and more 
current figures on manmade emissions. These data suggest that natural 
emissions now make up only 30 to 40 percent of the total, and it has been 
predicted that man will be emitting far more sulfur than nature by the year 
2000 if the present growth in manmade emissions ( 2 . 2 %  per year) continues 
(Cullis and Hirschler 1980) and natural emissions remain constant. 

Although it has been shown that natural sulfur and nitrogen emissions 
contribute significantly to the total sulfur and nitrogen budgets, they are 
not believed to be important contributors to acid rain in industrialized 
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TABLE 2-4. 1977 U.S. NATIONAL SOX AND NO, EMISSIONS ESTIMATES 
(106 metric tons)a 

Mobile source fuel combustion 

Highway vehicles 
Non-highway vehicles 

Stationary source fuel corribus ti on 

Electric utilities 
Industrial 
Residential, commercial, and 
institutional 

Industrial processes 

Chemicals 
Petroleum refining 
Oil/gas production and marketing 
Metals 
Mineral products 
Other industrial processes 

Miscellaneous 
~~~ 

Total 

a 
U.S. EPA (1978b). 

sox 
0.8 

22.4 

4.2 

0 

0.4 
0.4 

17.6 
3.2 

1.6 

0.2 
0.8 
0.1 
2.4 
0.6 
0.1 

27.4 

9.2 

13.0 

0.7 

0.3 

6.7 
2.5 

7.1 
5.0 

0.9 

0.2 
0.4 
0 
0 
0.1 
0 

!3.1 
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areas of the world. In these areas the manmade emissions are highly con- 
centrated and probably exceed those from natural sources by a large margin. 
For example, one investigator estimates that 90 percent or more of the 
sulfur emissions in eastern North America are manmade (Galloway and 
Whelpdale 1980). In Canada, manmade sulfur emissions are at least 5 times 
greater than natural emissions (Environment Canada 1980). Studies of SOx 
emissions in Europe have reached similar conclusions. Furthermore, manmade 
emissions of sulfur and nitrogen occur mostly in oxidized form, whereas 
natural emissions of sulfur and nitrogen are most often in reduced forms, 
which must undergo oxidation before they can be considered acid rain pre- 
cursors. Although sea sulfates are in oxidized form, they are emitted as 
neutral salts and are not, therefore, considered as acid rain precursors. 
Collectively, these facts diminish the seemingly great potential of natural 
sources for production of acid rain, especially in industrialized areas. 

In industrial areas, fossil fuel burning is the most important source 
of precursor emissions. While emission patterns would vary among different 
parts of the industrialized world where acid rain is most prevalent, all 
areas have one thing in common. Combustion of coal, petroleum products, and 
natural gas is the dominant source of manmade NO and SOx discharged to the 
atmosphere. The major fuels consumed in industrizlized areas since the turn 
of the century have been coal, petroleum products (gasoline, distillate fuel 
oils, residual fuel o i l s ) ,  and natural gas. Sulfur-containing fuels are 
thought to have greater potential for participating in acid rain formation 
because of  the emission of  SOp and sulfate pollutants. Coal and residual 
oil are potentially the greatest contributors. Distillate oils and gasoline 
are quite low in sulfur content, but they may also contribute to formation 
of atmospheric sulfuric acid in regions where they are burned in large 
quantities. 
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3 .  FORMATION, TRANSPORT, AND DEPOSITION 

Over he past 5 to 10 years researchers have generated a considerable 
amount of information on the occurrence of sulfates and nitrates in the 
atmosphere. The primary purpose o f  some of these studies was to further our 
understanding of acid rain. Although other studies were more general or 
conducted for other reasons they uncovered clues that are useful in the 
study of the causes and mechanisms that lead to the occurrence of acidic 
precipitation. Unfortunately the complexity of the problem is such that 
information on chemistry of formation and mode of deposition is incomplete, 
as are other background data on the production, transport, and transforma- 
tion o f  precursor pollutants into acid precipitation. 

The discussion that follows attempts to provide a general review of  
some perceptions of the physical and chemical processes associated with acid 
precipitation. 

CHEMISTRY OF ATMOSPHERIC ACID FORMATION 

Rainfall contains both strong and weak acids. The weak acids are often 
organic compounds having low ionization (dissociation) constants. For this 
reason, they exhibit relatively little free hydrogen ion activity or free 
acidity. Examples are carbonic, acetic, and propanoic acids. Weak acids 
are not believed to be important in acid rain formation in the northeast 
United States but they may have greater importance in other parts of the 
world. 

Strong acids, in contrast, are usually inorganic compounds that com- 
pletely (or near completely) ionize in water and provide relatively high 
free hydrogen ion activity o r  free acidity. Examples are sulfuric (H*S04), 
nitric (HN03), and hydrochloric (HC1) acids. These strong inorganic acids 
are believed to have the major impact on the acidity of rainfall; thus, the 
sulfur oxides (SO ) ,  nitrogen oxides (NO ), and chlorides are considered the 
principal precursors to acid rain formation. X x 

The chemistry of strong acid formation in the atmosphere is not well 
understood. Complex chemical transformation and deposition processes are 
believed to be involved. While SO and NO precursor gases are being 
emitted and transported over distance and time, some are being converted to 
acid sulfates or nitrates. This conversion is thought to occur by several 
mechanisms, the most important of which are photochemical and catalytic 
oxidation. See Figure 3-1. 

X 
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The rate of atmospheric oxidation of precursor gases is apparently 
quite variable, depending upon whether the oxidation occurs in the gaseous, 
liquid, or solid state. 
sunlight and high temperatures. Metal catalysts, carbon, ozone, and ammonia 
are also thought to be important rate-controlling factors. 

High humidity favors the oxidation process, as do 

Figure  3-1. S i m p l i f i e d  diagram showing fo rmat ion  of a c i d  r a i n  f rom NO and 
SO2 precursor  gases (U.S. EPA 1979). 

More i s  known about o x i d a t i o n  o f  SO2 than  of NOx. A t  p resent  i t  i s  
g e n e r a l l y  accepted t h a t  homogeneous, gas-phase, photochemical convers ion o f  
SO2 t o  SO3 by r e a c t i o n  w i t h  OH, H02, ROY and R02 i s  an impor tan t  source of  
ambient s u l f a t e s  (E l iassen and Saltbones 1978). A l s o ,  many have come t o  
accept t h a t  t h e  l iqu id -phase convers ion o f  SO2 and SO3 i n  c louds and ambient 
aerosol  i s  an impor tan t  mechanism f o r  t h e  genera t ion  o f  s u l f a t e s .  
o the r  hand, exper ts  do n o t  appear t o  agree as t o  which r e a c t i o n  rou tes  are  
most impor tan t  o r  what t h e  c o n t r o l l i n g  f a c t o r s  are.  

On the  

Photochemical o x i d a t i o n  o f  SO2 requ i res  s u n l i g h t  and t h e r e f o r e  depends 
on l a t i t u d e ,  season, a l t i t u d e ,  and t i m e  o f  day. 
t i o n  07 SO2 t o  s u l f a t e  i n  pure a i r  i s  b e l i e v e d  t o  be n e g l i g i b l e .  
occurs a t  a l l ,  t h e  r a t e  i s  p robab ly  l e s s  than 0.03 percent  per  hour (GCA 
1981). I n  p o l l u t e d  atmospheres where photochemical o x i d a t i o n  i s  a l ready  
o c c u r r i n g  because o f  hydrocarbon (HC) and NO 
a much h ighe r  r a t e .  
o x i d i z i n g  r a d i c a l s  have been est imated t o  range from 1 t o  10 percent  per 
hour, depending on HC and NOx emission r a t e s ,  temperature,  dewpoint, s o l a r  
r a d i a t i o n ,  and abso lu te  concen t ra t i on  o f  r e a c t i v e  p o l l u t a n t s  (GCA 1981). 
Once formed, t h e  s u l f u r  t r i o x i d e  q u i c k l y  hydro lyzes t o  s u l f u r i c  a c i d  i n  the  
presence o f  h i g h  humid i t y  o r  r a i n f a l l .  

D i r e c t  photochemical oxida- 
I f  i t  

emissions, SO2 i s  o x i d i z e d  a t  
Rates o f  o x i d a t i o n  o f  S62 t o  s u l f a t e  i n  t h e  presence of 

SO3 + H20 + H2S04 

In contrast to the photolytic process, catalytic oxidation of SO2 
involves water and oxygen in the presence of a catalyst (Cheng, Corn, and 
Frohliger 1971). Laboratory measurements implicate particulate carbon 
(soot) and a number of metals and metal oxides such as vanadium, manganese, 
nickel, iron, vanadium pentoxide, and ferric oxide as active catalysts in 
the oxidation of sulfur (Penkett et a l .  1979; Cheng, Corn, and Frohliger 
1971; Chang 1980). These chemicals are suspected of promoting the oxidation 
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of SO2 to sulfate both during combustion and/or after emission within the 
plume. Concentrations of NO and NH3 also are important in catalytic oxida- 
tion of S O 2 .  X 

The role of catalysis in promoting oxidation of SOz and NOx is poorly 
understood and controversial. Nevertheless, one researcher, after reviewing 
the data, presented the following qualitative conclusions (Larson 1980): 

1. 

2 .  

3 .  

4 .  

5. 

As 

The important component in aqueous-phase reactions can be metal 
ion (manganese), carbon, ozone, or oxygen, depending on prevailing 
conditions. 

At low pH (less than 5) and high concentrations of liquid water 
(as in clouds over polluted areas), ozone is the controlling 
component. 

At low pH (less than 5 )  and low liquid concentration character- 
istics of acid aerosols, carbon-catalyzed reactions are most 
important. 

At higher pH (more than 5 )  in aerosols, metal ion catalysis is the 
important mechanism. 

At higher pH (more than 5)  and higher concentrations of liquid (as 
in clouds in a clean atmosphere), oxygen may be important. The 
rates for catalytic oxidaltion of SO2 in the atmosphere are not 
known. 

with sulfur, the chemical mechanisms by which NO_ is converted to 
KN03 are complicated and not well understood. One propgsed route is the 
hydrolysis of N2O5 (Drake and Barrager 1979). 

Another proposed mechanism is the combination of NO2 with the OH radical 
(Drake and Barrager 1979). 

NO2 + OH + HN03 

The rates of these reactions in the atmosphere are not known. 

Once formed, atmospheric acids may be neutralized by alkaline materials 
in the air such as smoke solids and fly ash, soil and cement dusts, or 
ammonia. Neutralization of sulfuric and nitric acids by calcium carbonate 
or ammonia results in the formation of calcium and ammonium sulfate or 
nitrate salts, which are either washed from the air during a rainfall, or 
become part of the total dry deposition that falls to the ground between 
rainstorms. 

TRANSPORT AND DEPOSITION OF ATMOSPHE,RIC ACIDS 

The amount of acid impacting a given area from the atmosphere is 
dependent upon transport and deposition factors, which provide the key to 
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identification of the sources of emissions contributing to acid rain in any 
given location. The following discussion highlights the complexity and 
variability these important factors--meteorological and climatological 
influences--on transport of acidic pollutants and the wet and dry deposition 
processes. 

Meteorological and Climatological Influences 

Both small- and large-scale meteorological factors contribute to the 
transport and dispersion of  acidic precursors and influence their trans- 
formation and final deposition through precipitation events. Meteorological 
factors that influence the pollutant pathway from the moment of release to 
eventual deposition include: 

0 wind: speed, direction, variation with height 
0 turbulence: thermal and mechanical 
0 convection: vertical transport 
O thermal layers: inversions of temperature 
O precipitation: frequency and type 
O orographic and water body influences 
O temperature and humidity 

The meteorological factors of a particular weather event govern the 
transport and diffusion of emissions on either a local, mid-range, or long- 
range scale. The initial transport winds carry the plume downwind from the 
source. As the plume moves from the area, the thermal structure of the 
atmosphere determines the effects of convective mixing and turbulence. In 
daytime, with strong solar surface heating, the plume may mix rapidly 
throughout the atmosphere (up to the mixing height). In a stable air mass, 
however, the effluents released within the inversion layer may be trapped 
and their dispersion and transport severely limited, whereas those released 
above the inversion may be transported by winds aloft. 

Thermal turbulence may be enhanced or modified by mechanical turbulence 
induced by complex terrain, water bodies, or urban effects. Figure 3-2 
demonstrates one such regime involving wind influences and turbulence struc- 
ture near a body of water. In this case, the general transport winds and 
atmospheric dispersion mechanisms are significantly influenced by the inter- 
action of the two air masses over the land and sea (Schroeder and Buck 
1970). 

In addition to these transport and dispersion influences, precipitation 
affects the fate of pollutants. Higher amounts of wet deposition of acidic 
precipitation generally correspond to a higher frequency of precipitation. 
Thus, areas of higher humidities and more frequent precipitation events may 
undergo more acid rain events. As clouds are formed, they lift great air 
masses from the surface, effecting a net vertical transport of pollutant 
emissions high into the troposphere and making these pollutants available 
for incorporation into the vapor and liquid states of the cloud. 

Larger-scale weather systems also can strongly affect transport and 
dispersion of pollutants. Cyclonic (low-pressure) systems are usually 
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AS LAND SURFACES BECOME WARMER T W  AD- 
JACENT WATER SURFACES DURING THE DAY- 
TIME, AND A I R  OVER THE LAND BECOMES, WARM 
AN0 BUOYANT, THE DENSER SEA BREEZE BE- 
GINS TO FLOW INLAND FROM OVER THE WATER 

AT NIGHT, LAND SURFACES COOL MORE QUICKLY 
THAN WATER SURFACES. A I R  I N  CONTACT WITH 
THE LAND BECOMES COOL AND FLOWS OUT OVER 
THE WATER AS A LAND BREEZE, DISPLACING THE 
WARMER A IR .  

AND FORCES THE LESS-DENSE A I R  UPWARD. 

t \ 

A GENERAL WIND BLOWING TOWARD THE SEA 

STRONG ENOUGH, MAY BLOCK THE SEA BREEZE 

I F  MARINE A I R  HAS BEEN P ILED UP OVER THE WA- 

L I K E  A SMALL-SCALE COLD FRONT WHEN THE LO- 
OPERATES AGAINST THE SEA BREEZE AND, I F  

ENTIRELY. 

TER BY AN OFFSHORE WIND, I T  K A Y  RUSH INLAND 

CAL PRESSURE DIFFERENCE BECWES GREAT 
ENOUGH. 

F igu re  3-2. Sea-land breeze c i r c u l a t i o n s  
(Schroeder and Buck 1970).  
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associated with strong winds, storms, precipitation, overcast skies, frontal 
mixing and turbulence, and an unstable to neutral atmosphere. In contrast, 
the anticyclonic (high-pressure) systems are characterized by light, dis- 
organized winds, abundant sunshine, low humidities, and stable air layers. 
The layers may be formed aloft by cold subsiding air or at the surface by 
radiational cooling of the air near the earth's surface at night. In any 
case, stagnating air is very often related to anticyclones, especially on 
the eastern side of high-pressure systems. Figures 3-3 and 3-4  display the 
average tracks of cyclone and anticyclonic systems across the contiguous 
United States (Klein 1957). 

Of special note in these figures is the tendency of both systems to 
folldw the prevailing westerly winds. A s  they approach eastern United 
States, cyclones follow the Appalachian Mountains and move northeast toward 
Canada. This pattern of movement of low- and high-pressure systems is 
particularly important in the areas of high pollutant emissions and frequent 
precipitation because of possible cumulative entrainment and deposition of 
emissions as the air is transported through each region. 

A study of anticyclones by Korshover shows the frequency of occurrence 
of atmospheric stagnation (i.e., stagnation for 4 days or more) (Korshover 
1971). The study focuses on the monthly distribution of stagnating anti- 
cyclones east of the Rocky Mountains from 1936 to 1970. Figure 3-5 shows 
the summer distribution of such episodes, the most frequent cases occurring 
in the southeastern United States. The importance of such studies is the 
probability that pollutants may remain in stagnating systems that are con- 
ducive to oxidation and slow dilution. The southeastern portions of the 
country are also subject to frequent precipitation events, and thus the 
combination of stagnation, and slow dilution followed by precipitation could 
lead to the occurrence of acid rain, especially in the presence of high 
pollutant emissions. 

The primary cause of precipitation is the forced ascent of air from the 
lower atmosphere, resulting in condensation and precipitation of water as 
rain or in a frozen form. Certainly the primary mechanisms of cloud forma- 
tion in the atmosphere can contribute to the transport and dispersion of 
pollutants from the surface into the air loft. These mechanisms include 
frontal, orographic, and convective formation. A frontal zone is the de- 
marcation between two major air masses of significantly different tempera- 
tures, humidity, and density. A s  one air mass displaces another, clouds are 
formed and precipitation occurs along the frontal boundary. Orographic 
precipitation occurs when an air mass is forced up and over a topographic 
feature and cooled to the condensation point of the water. Much of this 
precipitation falls in mountainous regions and, if the air mass is polluted, 
may lead to significant acid deposition. Convective cloud formation occurs 
in the presence of strong surface heating, leading to buoyant air. In the 
presence of sufficient moisture, clouds and precipitation may form, carrying 
pollutants into the upper air and making them available for longer-range 
transport and deposition (Schroeder and Buck 1970; Galloway and Likens 
1978). 
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Figure 3-3. Average tracks o f  cyclones 
(Klein 1957).  

Figure 3-4. Average tracks o f  anticyclones 
(Klein 1957) .  
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SUWER 

F igu re  3-5. Summer d i s t r i b u t i o n  o f  atmospheric s tagna t ion  occurrences 
( f o u r  days o r  more), 1936-1 970 (Korshover 1971 ) . 
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PATHWAY PROCESSES OF AIRBORNE POLLUTANTS 

t 
t A WERTICAL 

- $' DIFFUSION 

DISPERSION - - BY WIND - 
COAGULATION 

CHEMI CAL REACT IONS ABSORPTION IN 
CLOUD ELEMENTS 

-- -- 
SEDIMENTATION 
AS AEROSOL 

t t 

ABSORPTION IN 
NATURAL ANTHROPOGENIC . 1 <- PRECIPITATION 

f THE GROUND 

Figure 3-6. A schematic of  the pathway process  of a i rbo rne  p o l l u t a n t s  
(Drake and Barrager  1979) .  
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Deposition Processes 

Acidic materials are removed from the air through wet and dry deposi- 
tion, the former occurring during fogs and precipitation events. Figure 3-6  
shows schematically the combined effects of the potential pathways and 
processes affecting the precursors of acid deposition. 

The term "dry deposition" as applied to acid rain denotes acid mate- 
rials or precursors that are deposited from the atmosphere in the absence of 
water. It includes gravitational dry fall, impaction, absorption, and 
adsorption of gases, aerosols, and particulate matter from the atmosphere. 

The rate of dry deposition of a gas is determined by the affinity of 
the receiving surface (vegetation, soil, water) for the gas and the rate of 
transport to that surface. The presence of moisture, such as dew on vegeta- 
tion, greatly increases the deposition rate of SO,. Similar relationships 
are thought to be true for dry deposition of gaseous nitrogen dioxide and 
nitric acid. The rates of dry deposition of particles such as sulfates and 
nitrates, which are products of the chemical conversion of SO, and NOx, 
depend primarily on particle size. 

Mechanisms for deposition include impaction and gravitational force. 
Once deposited, particles may be returned to the atmosphere by wind or 
surface disturbance before they are wetted by precipitation. 

Wet deposition properly includes all forms of water that condense from 
the atmosphere. Wet deposition may occur through two processes: rainout 
and washout. The incorporation of gases or particles into cloud droplets 
prior to their descent as raindrops is called rainout. The removal of gases 
and particles by the raindrop as it falls through the atmosphere is known as 
washout. 

In rainout, particulate materials in a cloud act as condensation 
nuclei. In addition, particulate matter may be captured by cloud droplets 
through impaction and interception. The water solubility and atmospheric 
concentration of a gas are important factors in rainout efficiency. The pH 
of  the rain is also a factor, in that the more acidic rain limits the solu- 
bility of gases like SO,. 

In washout, the air mass through which the precipitation falls is 
cleansed as the precipitation captures pollutants in the atmosphere. The 
surface area of the raindrop and the ambient concentrations of pollutants 
are the main factors affecting washout of gases. The washout of particulate 
matter occurs primarily through impaction and interception by falling rain 
drops. 

The wet events most often associated with the wet deposition process 
are rain and snow. Other potentially important wet events have received 
only minimal attention in the literature by comparison. These include dew, 
frost, fog, hail, sleet, and mist. Because these events usually occur in 
very finely divided particle or droplet form, they have large surface areas 
upon which wet chemical reactions can take place. For this reason, they 
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have the potential to be especially acidic. Evidence to this effect has 
appeared in the literature. Several investigators have noted that the 
slower the rainfall rate (and therefore the smaller the droplet size), the 
more acid the pH. In Japan between 1973 and 1975, several episodes of acid 
fogs and mists were recorded (Chemical Abstracts 1981). High elevation 
studies of cloud water droplets in New York, Washington, D.C., Japan, and 
Hawaii have shown very acid values (Chemical Abstracts 1981; Miller 1980). 

The relative acid contributions of wet and dry deposition or of special 
wet events are not known. On the basis of model calculations of wet and dry 
sulfur deposition values, (GCA 198l), some believe that wet and dry acid 
deposition are of near equal importance. This hypothesis cannot yet be 
verified in the field because suitable techniques for dry deposition 
sampling are not available. Bulk sampling and wet/dry sampling are not the 
most highly recommended methods, and also capture only some fraction of 
gravitational dry fall. The best sampling method available today for 
studying precipitation chemistry, is use of wet only sample collectors, and 
this method does not account for any of the various dry deposition processes 
taking place in nature. 

-41- 



4. MEASUREMENT AND MONITORING 

Measurement of rain acidity and precursors in the ambient air is a 
critical step in the determination of relative source contributions to acid 
rain. Analysis and interpretation of these data are complicated by the 
variations that can occur in the measurement process and the method of 
interpretation. 

Data obtained from sampling of both precipitation and ambient air 
pollutants by a variety of techniques are used to study long-term trends, 
geographical distributions, and the cumulative impacts of pollution expo- 
sure. In terms of both rain acidity and precursor concentrations, there is 
a need for firm "baseline" data in areas where changes are believed to be 
occurring. 

Precipitation monitoring was first undertaken on a very limited basis 
in the 1950's, but was later virtually abandoned because of measurement 
difficulties and lack of support. A resurgence of interest in precipitation 
monitoring has arisen from the widespread concern with the acid rain prob- 
lem. The lack of historical precipitation monitoring data has hampered 
efforts to define the impacts of acid rain on ecological processes in the 
northeastern United States and to document trends in acidification. Four 
major monitoring networks consisting of over 150 monitoring stations are 
currently operational in the United States and Canada. In addition, moni- 
toring work is being or has been conducted by a number of universities and 
EPA regions. These efforts will add to the accumulation of available data. 

PRECIPITATION SAMPLING AND ANALYSIS 

Selection of rainfall parameters to be measured depends on the purpose 
of the measurement study. Some of the common parameters measured in rain- 
fall studies are summarized below: 

Acidity, pH 
Conductivity 
Precipitation Amount 
Sulfate 
Nitrate 
Ammonium 
Chloride 
Metal Ions (Ca, Mg, Na, K) 
Alkalinity 

These parameters allow the determination of commonly occurring major species 
and major free acid contributors; they also enable the analyst to conduct 
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some quality control checks. Other parameters (e.g., sulfite, nitrite, and 
organics heavy metals) are sometimes measured depending on the purpose of 
the study. 

Sample Collection 

Collection of precipitation samples for analysis is probably the most 
critical aspect of the measurement process. A number of investigators have 
considered the problems involved in sample collection. Some of the more 
important ones are discussed here. The five major factors to be considered 
in sample collection are (1) collector type (wet, dry, bulk), (2) the mate- 
rial of which the collector is fabricated, (3)  the reliability and effi- 
ciency of the collector, ( 4 )  the collection site, and ( 5 )  the collection 
period. 

The three basic types of collectors are bulk, wet, and wet/dry. A bulk 
collector is an open vessel that collects both precipitation and dry deposi- 
tion, mainly dry fallout. A wet collector is equipped with a moisture 
sensor, which opens the collection vessel only during periods of rain or 
snow. A wet/dry collector has one vessel to collect rain or snow and 
another to collect dry deposition. A moisture sensor exposes the appro- 
priate vessel (Galloway and Likens 1978). 

Of the three types, the wet collector gives the best-defined samples. 
A disadvantage, however, is that the sensor may not always open the 
collector immediately when precipitation begins, and this may affect the 
measured pH value, because early rainfall can be more or less acid than the 
later rainfall in any given precipitation event. 

A bulk or dry sample is less well-defined. Dry deposition occurs by 
fallout, impaction, adsorption, and absorption, but the dry collection 
vessel does not collect materials deposited by all of these modes. The 
material trapped in the dry collector consists mostly of gravitational 
fallout and possibly some material deposited by impaction or adsorption. 
The representativeness of the dry sample in relationship to actual dry 
deposition in the environment is believed to be very poor (Galloway and 
Likens 1978). 

In a bulk collector the measurement of dry deposition suffers the same 
limitations, with additional problems of evaporation and possible absorption 
in the wet sample. Data presented by Galloway and Likens (1976) show that 
differences in collector design can lead to significant differences in the 
measured chemical composition of dry deposition or of bulk samples. For the 
above reasons, wet sample collectors are currently recommended for the study 
of precipitation chemistry (Galloway and Likens 1978). The current estimate 
is that wet and dry deposition contribute about equally. If this is true, 
there is a real need for methods of measuring the contributions made by dry 
fallout, impaction, adsorption, and absorption. 

The materials used in the collection vessel can significantly influence 
the measured composition of precipitation. The use of acid-washed plastic 
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containers for inorganic species and glass for organic species is recom- 
mended for both collection and storage of samples (Galloway and Likens 1978; 
Topal et al. 1981). 

Reliability and efficiency are obviously important considerations, both 
in obtaining the required samples and in ensuring cost-effectiveness. The 
efficiency of a collector is determined by comparing the volume collected 
with that collected by a standard rain gauge. Published data indicate 
varying degrees of reliability and efficiency among different brands of 
collectors (Galloway and Likens 1976). 

A precipitation collector must be located so as to provide representa- 
tive samples. The recommended location is a wind-sheltered site on flat or 
gently sloping terrain, free from the influence of local sources of contam- 
ination such as roads, smoke stacks, and cultivated fields. 

Duration of the sampling period also influences the precipitation 
measurement. Galloway and Likens (1978) have studied the effect of sampling 
time on the chemistry of bulk collectors. Their data compare measurements 
of samples collected on a per-event basis with values of a composite sample 
collected over a series of three to eight storms. The variability of these 
data is much greater than that expected among adjacent collectors. There- 
fore the recommended procedure calls for collection of samples on an event 
basis or over weekly intervals at most. 

Two additional considerations are important in sample collection. 
First, the volume of sample must be sufficient for the required analyses. 
For example, a collector with 100 percent efficiency relative to a standard 
rain gauge must have a 12-inch opening in order to collect 175 ml of precip- 
itation from a 0.1-inch rainfall. Second, some means must be provided to 
protect the integrity of the collected sample. The samples are easily 
contaminated; they must be sealed against dry deposition when closed and 
protected against splash from the cover or sampler housing when open. 
Galloway and Likens (1976) have evaluated different automatic samplers in 
regard to this design feature. 

Factors relating to sampling can also significantly affect the pH 
values in measurements of stream and lakewater acidity. For example, 
samples collected at the surface are generally more alkaline than those at 
lower depths, except after a rainfall (Pfeiffer and Festa 1980b). Seasonal 
variations such as snow melt can also dramatically alter the measured pH of 
lakewater. These influences should be factored into every stream and lake- 
water monitoring program. 

Sample Analysis 

The dilute nature of precipitation samples requires that analytical 
techniques be selected with care to ensure the necessary sensitivity. 
Sensitivities of the techniques in current use range from about 0.005 to 0.1 
milligram per liter. 

Before the advent of the modern glass electrode in the 1960's, color- 
imetric methods were used to determine the pH of aqueous solutions. Com- 
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parison of pH measurements by electrode with those obtained by colorimetric 
titration reveals substantial differences, as shown in Figure 4-1. This 
comparison of the two types of methods indicates that the Helligel color- 
imetric method used in the 1930's to measure the pH of Adirondack lakewaters 
may have been in error on the alkaline side by as much as 1 pH unit, or a 
factor of 10 in hydrogen ion concentration (Pfeiffer and Festa 1980a, 
1980b). The error may have been even greater (as much as 1.5 pH units), in 
the range of pH 4 to 5.5. Because of this substantial error factor, only pH 
data derived by identical methods should be acceptable for comparison and 
for use in acidification trend studies. 

Major Acid Precipitation Monitoring Systems 

Table 4-1 lists the major acid rain monitoring programs that are 
collecting wet precipitation throughout the world. The sites in North 
America are located primarily in the United States and Canada. Monitoring 
sites are located throughout Europe, concentrated most heavily in Scan- 
danavia. One monitoring program collects data on a global basis. All of 
the networks listed in Table 4-1 collect separate wet precipitation samples, 
although other types of collection are also performed at some sites. The 
major programs are described briefly in the following paragraphs. 

National Atmospheric Deposition Program-- 
The main object of the National Atmospheric Deposition Program (NADP) 

is to provide data on pollutant deposition and its effects on the environ- 
ment (Galloway et al. 1978). Approximately 80 sites are located throughout 
the United States. Precipitation samples have been taken weekly at some 
sites since July 1978. Additional sites have been established since that 
time. 

World Meteorological Organization (WM0)-- 
The WMO network was established in 1974 to analyze precipitation 

samples throughout the world. The WMO network in the United States is 
coordinated by the U.S. Environmental Protection Agency (EPA) and NOAA. 
Samples are taken on a monthly basis. The network consists of approximately 
130 sites throughout the world, 12 of which are in the U.S. The U.S. sites 
are now operated under the NADP system. 

University of California-- 
The University of California's monitoring program was undertaken to 

determine the chemical composition of rain by collecting precipitation at 
eight sites in northern California. Data were collected from November 1978 
to May 1979 on an event basis (McColl 1980). 

California Institute of Technology-- 
In the monitoring program of the California Institute of Technology, 

nine stations collected data during the fall-spring season of 1978-79. 
Precipitation samples were taken on an event basis. The result of this 
monitoring program was determination of the chemical composition of precipi- 
tation in the Los Angeles basin (Morgan and Liljestrand 1980). 
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TABLE 4- 1. PRECIPITATION MONITORING PROGRAMS COLLECTING SEPARATE WET SAMPLES~ 

Network 

Na t iona l  Atmospheric Deposi- 
t i o n  Program (NADP) 

World Meteoro log ica l  Organi- 
za t i onb  ( EPAINOAAIWMO) 

U n i v e r s i t y  o f  C a l i f o r n i a  

C a l i f o r n i a  I n s t i t u t e  o f  
Technology 

M u l t i - S t a t e  Atmospheric Power 
Produc t ion  P o l l u t i o n  Study 
(MAP3S) 

I 
Canadian Network f o r  Sampling 

P r e c i p i t a t i o n  (CANSAP) 

U n i v e r s i t y  o f  F l o r i d a  

S u l f a t e  Regional Experiment 
  SURE)^ 

Organ iza t ion  f o r  Economic 
Cooperation and Develop- 
ment (OECD) 

u N E P / W M O ~  

Number o f  
s t a t i o n s  

”80 

“1 30 
(12 U . S . )  

8 

9 

9 

56 

. 4  

9 

70 

79 

Per iod  o f  data 

1978- 

1976- 

1978- 1979 

1978- 1979 

1976- 

1977- 

1978- 1979 

1978- 1980 

1974-1 977 

1978- 1980 

Per iod o f  sample 
c o l l e c t i o n  

Weekly 

Monthly 

Event 

Event 

Event 

Month 1 y 

Event (1)/ 
b iweekly (3) 

Event 

24h 

Reference 

Henderson e t  a1 . (1981 ) 

Henderson e t  a1 . (1981 ) 

McColl (1980) 

Morgan & L i  1 j e s t r a n d  
(1980) 

MacCracken (1 979) 

Henderson e t  a1 . (1981) 

Henderson e t  a1 . (1981) 

Perhac (1 978) 

O t t a r  (1977) 

U.N. (1980) 

Based on data f rom Bekowies and Murphy (1981 ) and Henderson e t  a1 . (1981 ) .  
NOW p a r t  o f  NADP system. 

‘No longer  operates. a 

Superceded OECD system. 



C 
Multi-State Atmospheric Power Production Pollution Study (MAP3S)-- 

The main objective of the MAP3S program is to develop models to predict 
the fate of energy-related emissions. The program operates nine sites in 
the eastern United States, with sampling on an event basis. The program 
began in the fall of 1976. 

Canadian Network for Sampling Precipitation (CANSAP)-- 

Samples have been taken on a monthly basis since May 1977. 
The CANSAP program has 56 monitoring stations throughout Canada. 

University of Florida-- 
. The University of Florida established a statewide precipitation sam- 

pling network to study sulfate deposition. Wet precipitation was collected 
at four sites from May 1978 to April 1979. Samples from one site were 
collected on an event basis; samples from the others were collected biweekly 
(Brezonik, Edgerton, and Hendry 1980). Bulk samples were collected at 
additional sites throughout the State. 

Sulfate Regional Experiment (SURE)-- 
The main objective of the SURE program is to establish a relationship 

between SO, emissions and ambient atmospheric concentrations. SURE, spon- 
sored by the Electric Power Research Institute (EPRI) has collected ambient 
air quality data continuously at nine sites in the northeastern United 
States since 1977. In addition, 45 more stations were operated for 30 days 
at six different times. From the summer of 1978, until 1980 precipitation 
samples were taken on an event basis; this system no longer operates (Perhac 
1978; EPRI 1978). 

Organization for Economic Cooperation and Development (0ECD)-- 
The OECD monitoring program was begun in 1972 as a cooperative effort 

to examine long-range transport. It involved a survey of SO;! emissions in 
Europe, followed by modeling of dispersion patterns to provide estimates of 
SO2 and sulfate concentrations. Results were compared with observations 
from about 70 ground stations and from aircraft. The program included 
ambient air and precipitation sampling. This program was superseded in 1977 
by the United Nations Environment Program (UNEP) in cooperation with the 
World Meteorological Organization (WMO). 

Planned new precipitation monitoring systems include the following: 

O U.S. EPA Region X (Alaska, Idaho, Oregon, and Washington) - Con- 
tract with University of Washington for 7 to 9 sites. 

O State of Wisconsin - Seven to nine sites. 
O U.S. EPA Region IV (Alabama, Florida, Georgia, Kentucky, Miss- 

issippi, North Carolina, South Carolina, and Tennessee) - Two 
sites in each state in the region; a few sites are already opera- 
tional. 

In summary, the number of monitoring systems now in place, new planned 
sites, greater awareness of the importance of using proper samplers, and 
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quality assurance techniques for sampling and analysis should ensure that 
future precipitation and ambient monitoring studies will have a sound basis 
from which to draw conclusions. 

PRECIPITATION AND AMBIENT MONITORING DATA 

Precipitation data indicate the degree of acidity at specific sites, 
whereas ambient air data indicate concentrations of precursor pollutants. 
Analysis of these data can yield information on the occurrence of acid rain 
and its composition. Through statistical analyses, isopleth plotting, 
extrapolation, and other procedures, investigators can develop information 
concerning the formation and transport of precursors, which will indicate 
their sources. Analysis over a substantial time period can also indicate 
trends. 

Unfortunately, more quality data are needed for full understanding of 
the problem. Many different approaches to the study of acidic precipitation 
have been used in the past. Direct measurements of acidity of precipita- 
tion, studies of atmospheric sulfates, plume monitoring, trajectory 
analyses, etc. have been used to develop clues to help in the investigation 
of acid rain. The primary purpose of some of these studies was to develop a 
better understanding of general atmospheric phenomena whereas others 
specifically addressed acid rain. Although large amounts of information 
have been generated, many conclusions are poorly supported and controver- 
sial. Mohnen (1981) discusses the difficulty in drawing firm conclusions 
from this growing mass of data and points to the past use of methods now 
considered obsolete as part of the problem. He further suggests that the 
more sophisticated methods now used are demonstrating that the problem is 
more complicated than some of the work in the late 1970's indicated. That 
interpretation of past work is difficult is further illustrated by the 
following quote by another researcher: 

"We, along with an increasing army of researchers, have been 
measuring aerosols and other pollutants in plumes, on roadways, in 
cities, in the country, and, in fact, almost everywhere that 
airplanes can fly and surface vehicles can travel. As the data 
have accumulated, we, along with everyone else, have become in- 
creasingly concerned with what it all means, not just in a quali- 
tative sense, but in a quantitative sense that will permit our 
patient sponsors to develop better air pollution control measures" 
(Whitby 1980). 

No attempt is made here to discuss the many implications of past work 
when the researchers directly involved take the position that quantitative 
conclusion on important issues, such as the relative importance of contrib- 
uting sources, cannot be drawn from past work: Instead, the efforts have 
been directed toward presenting background that will give the reader an 
understanding of the state of the art and a perspective on the character of 
past activities. 
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Pre c ip i ion Studies 

The uncertainties inherent in the present data base for acid rain can 
be illustrated by considering the limits of our knowledge about when acid 
rain first began to occur in the United States and whether it is worsening 
or spreading. Those who believe that there was less acidity in past years 
rely on indirect evidence from precipitation chemistry, e.g., data from 
studies made in the 1930's that indicate relatively large amounts of carbon- 
ate, which would not occur in the presence of strong acids, were present in 
rain samples (Likens and Bormann 1974). Other indirect evidence and a few 
direct pH measurements have led many to conclude that acid rain became a 
problem in the Northeastern United States in the early 1950's. Whether it 
is worsening is not known. Data from the longest continuous monitoring 
program (begun in 1963) indicate no increase in acidity at an experiment 
site in New Hampshire (Likens, Bormann, and Eaton 1980). Unfortunately, 
comparable data are not available for other sites. This lack of data was 
noted in a recent study (Pack 1980) in which data from two new networks were 
analyzed. This study concluded that the United States for the first time in 
two decades "has the capability to examine the chemistry of precipitation 
from individual storms as they pass across the country." It further con- 
cluded, however, that the data are preliminary and tell nothing about 
trends. 

Others suggest, however, that, based on shorter-term studies and small 
amounts of historical data, acidity of precipitation is increasing in 
certain parts of the country. Lewis and Grant (1980) reported a significant 
downward trend in pH at a rural site in Colorado over a 3-year period. 
Other investigators reported increasing acidity in northern Florida on the 
basis of monitoring data from the 1977 to 1979 period and data collected by 
others in 1955 and 1956 (Brezonik, Edgerton, and Hendry 1980). Still 
another researcher (McColl 1980) had monitored sites in northern California 
during 1978 and 1979. He reports pH values lower than those indicated by 
historical data from the 1950's and 1960's; however, these data sets cannot 
directly be compared because the historical data is scattered and incom- 
plete. 

In northeastern United States, where acidic precipitation is considered 
to be the most serious environmental threat, little evidence suggests any 
change in acidity. Only one .trend appears to have emerged, i.e., the con- 
tribution of nitrates relative to that of sulfates appears to be increasing 
(Likens, Bormann, and Eaton 1980). 

Whether acid rain is spreading is less controversial. Data presented 
recently (Pack 1980) suggest that the eastern U.S. area of low pH is greater 
in size than earlier work had indicated. Other studies of precipitation pH 
and chemical content have produced a variety of results; e.g., one study 
concludes from the high nitrate concentrations in precipitation in Calif- 
ornia that the automobile is an important source of precursor compounds in 
that area (McColl 1980). Another study of 16 summer showers (Dawson 1978) 
showed that in the arid Southwest the pH typically decreases during the 
course of showers, apparently as a result of preferential washout of alka- 
line materials. Still others (Davies 1979; Kennedy, Zellweger, and Avanzino 
1979) cite data to explain differences in the rainfall pH in city and rural 
sites. Data from another study of the acidity of precipitation events in 

-50- 



Ithaca, New York, were analyzed by means of a trajectory analysis method 
(Miller, Galloway, and Likens 1978); one conclusion drawn from the study was 
that "acidic precipitation (pH (5.6) came predominantly from the southwest 
sector where the largest antropogenic sources of acid-forming gases exist." 

Other studies have shown that sources in the immediate vicinity of the 
precipitation event can influence its acidity. Henderson et al. (1980) 
concluded that the highest amounts of hydrogen ion deposition in the Adiron- 
dack Mountains on a per-event basis were associated with summer wind trajec- 
tories from the New York and New Jersey area, rather than from the Ohio 
Valley. Larger amounts of ammonia in summer in wind trajectories from the 
Ohio Valley were thought to be neutralizing the pH of the rain. 

Ambient Air Studies 

Studies have been conducted to define the relative contribution of 
different types of combustion sources to the occurrence of sulfates and 
nitrates in the ambient air, particularly in the Northeast. One approach 
that has been used involves tracking of air masses while measuring the pH of 
associated precipitation and/or the concentrations of SO2 and sulfate. 
Other studies have examined trends in the observed ambient concentrations of 
SO2 and sulfate over the years and attempted to relate them qualitatively to 
fuel use patterns and the relative role of different sources of precursor 
compounds. Most have focused on the role of large coal-burning power plants 
in the Midwest versus the role of sources located within the impacted area. 

In the period from 1976 to 1980 the researchers of several studies drew 
conclusions believed by many to implicate the emissions from large coal- 
burning plants in the Midwest in the occurrence of acid rain in the North- 
east. One investigator (Lioy et al. 1980) observed that "periods of high 
sulfate (>15 pg/m3) in New York City were associated with air parcels that 
had passed over major source areas in the Midwest while the periods of low 
sulfate (<5 pg/m3) lacked significant temporal and/or spatial interaction 
with those areas." The study further concluded that "the results reaffirm 
the necessity for regional control of the chemical precursors to sulfate . ' I  

Another investigation (Galvin et al. 1978) led to the conclusion that 
"trajectory analysis provides evidence that high sulfate concentrations in 
New York State are products of sulfur dioxide emissions to the south and 
southwest of New York State. The highest concentrations occur in air that 
first stagnates in the area surrounding the Ohio River Valley ..." A study 
of historical data for ambient concentrations of SO2 and sulfates 
(Altshuller 1976) was reported to show that more than 75 percent of the 
sulfate measured at nonurban eastern sites can be accounted for by transport 
of pollutants into the region. The author did go on to suggest, however, 
the relative contribution of all source types need further study, and he did 
not specifically implicate a particular source type. 

Some believe these and similar studies demonstrate the need for more 
effective control of large coal-burning plants in the Midwest. This belief 
led the States of New York and Pennsylvania to file petitions with the U.S. 
Environmental Protection Agency to determine whether emissions from specific 
coal-burning plants prevented New York and Pennsylvania from meeting and 
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main aining air quality requirements. Testimony at the resulting hearing 
included a critical review of studies of the type discussed above (Mohnen 
1981). One conclusion was "the evidence at present does not provide a 
reliable basis for quantitative conclusions about the cause of sulfate 
levels in the Northeast or for the establishment of source-receptor rela- 
tionships. In fact, to the extent that any conclusions can be drawn from 
the available data, the more recent and more sophisticated analyses indicate 
that the magnitude of SO2 emissions from sources in the Midwest is not an 
important determinant of ambient sulfate levels in the Northeast." 

Examples of the studies that support Mohnen's position include analyses 
of data from a station on Allegheny Mountain in Pennsylvania (Pierson et al. 
1980), from which it was concluded, after emissions moving in from the Ohio 
River Valley were tracked, that there was no constant relationship between 
SO2 and sulfate levels and no definable relationship between either 
pollutant and upwind power plant emissions. It was shown, however, that 
high sulfate levels occurred when stagnated air masses moved in from the 
Midwest. A later report by Lioy et a l .  (1981) reached the same conclusion 
regarding the lack of correlation between SO2 and sulfate concentrations and 
upwind emissions of S02, and further concluded "sulfate concentrations will 
be influenced by both local and upwind processes." 

In summary, many studies of precipitation and ambient air, their 
composition, and its movement have been conducted to further our under- 
standing of the acid rain phenomenon. Nevertheless, although valuable 
information has been and is being collected, we are still far from under- 
standing many of the fundamentals of this problem. 

6 
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PART 2 

RELATIVE CONTRIBUTIONS OF MANMADE SOURCES 

Quantifying the contribution of specific pollution sources to acid rain 
in a given region would require understanding of 

(1) The type and amount of pollutant that comes from each contributing 
source. 

(2) All factors involved in transport and transformation of pollu- 
tants. 

(3 )  All factors influencing the mechanisms whereby pollutants do o r  do 
not become incorporated in precipitation. 

Fortunately, some of these factors are being clarified by studies 
focused on the industrial parts of the world where the most acidic rains 
occur regularly. It is known that in these areas manmade sources produce 
the greatest quantities of SO and NO precursor compounds. Also, it is 
known that combustion of fu&s is tlhe most important source of these 
pollutants. Considerable information is available on the character of 
emissions from the major fuel-burning sources. 

Unfortunately, there are (as discussed earlier) many gaps in the infor- 
mation on the transport, transformation, and fate of these pollutants. 
Despite the gaps in information, a number of meaningful’attempts have been 
made to characterize the role of different kinds of fuel-burning sources in 
acidification of rains. Computer simulation modeling using ambient and 
precipitation sampling data is being used to analyze the possible role of 
major sources. The adequacy of the long-range transport (LRT) models that 
have been developed to assess the impact of the very large combustion 
sources in the production of acid rain is a key issue in making judgments 
regarding. the relative importance of the various manmade sources of pre- 
cursor pollutants. Also apparent is the need for an understanding of the 
amount of each type of fuel that is burned in ways that can contribute to 
acidification of precipitation where such acidification is occurring. The 
three sections of Part 2 discuss the state of the art of LRT modeling, an 
analysis of fuel-use patterns in selected industrialized areas of the world, 
and a series of six case studies in which an attempt has been made to accum- 
ulate whatever circumstantial evidence is available to link pollution from 
combustion with the occurrence of acidic precipitation. 
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SECTION 5 

MATHEMATICAL MODELING 

Computer simulation modeling is considered the most feasible means for 
development of proof of cause and effect relationships between specific 
combustion sources in the occurrence of acid rain. Further, many investi- 
gators of acid rain phenomena believe that computer modeling will provide 
the basis for decisions regarding the control of acid rain. The economic 
ramifications of these decisions may be great. In this context, the follow- 
ing discussion attempts to briefly review the current state of the art of 
modeling and the status of long-range transport modeling in analysis of acid 
rain. 

ATMOSPHERIC TRANSPORT MODELS 

As a basis for decisions pertaining to the impacts of stationary, 
mobile, and natural sources on the environment, policymakers are in need of 
tools that relate the quantity of pollutants emitted from these sources to 
the ambient pollutant concentrations. As indicated earlier, a broad range 
of spatial and temporal factors can affect the dispersion and transport of 
atmospheric pollutants. Because the relationships between transport and 
dispersion processes are complex, computer simulation models have been 
developed to deal with these factors, their interrelationships, and their 
effects on ambient pollutant concentrations. The tool initially developed 
was the short-range or local source mathematical dispersion model. 

Short-Range Mathematical Dispersion Models 

Mathematical dispersion models expressing the relationship between 
pollutant emissions and ground-level concentrations of the pollutant have 
been under development since the early 1940's. The basic dispersion model- 
ing theory was developed for isolated emission sources located in flat or 
very gently rolling terrain. These early models were generally developed to 
express the source/receptor relationship of non-reacting gases over 
distances of a few kilometers. As modeling theory has progressed over the 
years, the fundamental theory has undergone various adaptations to provide 
for modeling multiple sources, as well as sources located in complex 
terrain. The distance of applicability has been extended to 10 to 20 
kilometers. 

Most dispersion models used to study source/receptor relationships over 
distances up to 20 kilometers assume steady-state conditions. Such models 
generally do not provide for chemical and physical transformations and 
assume nonreactive pollutants. The model assumes that the pollutants are 
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dispersed from a point or area source and that pollutants are distributed 
along the center-line of the plume in all directions. The amount of dis- 
persion is dependent on the distance from the source and the atmospheric 
stability. Under ideal conditions, the accuracy of short-range dispersion 
models is generally within a factor of 2 of measured values. 

Long-Range Transport Models 

Long-range transport (LRT) models are based upon far more complex 
assumptions than that for local source models. The assumption of steady- 
state conditions is no longer applicable. An LRT model must account for the 
dynamic nature of the atmosphere and must be capable of accepting new 
meteorological data as the plume from a source is transported over hundreds 
and even thousands of kilometers. At the same time, an LRT model must be 
capable of simulating the chemical and physical changes in pollutants that 
occur in the atmosphere over a given time period (e.g., days) of residence 
time. To this end, the model must consider not only the rates of chemical 
transformation, but also the rates at which pollutants are returned to the 
earth's surface by wet and dry deposition. 

The quantity of input data and complexity of computations associated 
with the application of an LRT model to a single source tax the ability of 
even very large computers. When the modeling is expanded to include the 
impacts of hundreds of sources, the magnitude of computations increases 
dramatically. In order to simplify computations, atmospheric scientists 
have made many assumptions to limit the variability in the input parameters. 
The assumptions simplify the handling of pollutant dispersion, contributions 
to and subtractions from the dispersed plume, wind direction, reaction 
rates, and many other items. The overall effect of these assumptions is 
largely unknown. Resource limitations have precluded considering all 
factors and collecting refined spatial and temporal inputs of meteorological 
parameters. Thus, rather than using the most rigorous of models, i.e., 
numerical integration grid models, many investigators consider s impler  
approaches to long-range transport, including modified Gaussian techniques, 
trajectory methods, statistical approximations, puff or particle models, or 
empirical assumptions. 

It is worth noting that LRT regional modeling is not, as might be 
supposed, an extension of short-range modeling to progressively greater 
distances. In fact, there is a definite lack of dispersion models to deal 
with mid-range applications (Henderson et al. 1981). Because regulatory use 
of short-range models stops at 50 km, it is fairly safe to assume that a 
short-range model can be used to this distance, although the results would 
certainly be questionable for distances greater than 20 km. Long-range 
models include no provisions for deposition at any distances but those 
extremely remote from the emission point. It is obvious, however, that the 
fate of air pollutants is determined not only at nearby and distant points, 
but also at intermediate distances of 50 to 100 km. Better understanding of 
intermediate-range phenomena would certainly enhance the capability for 
dealing with long-range problems. 

-55- 



COMPARISON OF TYPICAL LRT MODELS 

The "Ideal" LRT Model 

Development of LRT models is still in the developmental stages. A 
number of the current LRT models do not include inputs for such important 
variables as primary sulfate and catalyst emissions, and do not have the 
flexibility to vary the rates of conversion/deposition for SO2 and NOx 
depending on the geographic area. The incorporation of characteristics 
discussed in the preceding section would yield an "ideal" LRT model; 
anything short of this reduces the ability of the model to determine rela- 
tive contributions of local and remote sources and seriously impairs its 
accuracy as a reliable basis for developing control strategies. 

Following are some additional factors that should be included in an 
"ideal" LRT model. 

- - 
Input of S 0 2 ,  SO4 , and NOx emissions from mobile and stationary 
sources 

O Input of all source parameters governing effluent release, includ- 
ing temporal variations 

O Consideration of variable plume heights 

Description of appropriate wind fields at several levels, with an 
adequate data base to assume representative local and distant 
phenomena 

O Consideration of turbulence and diffusion at spatial and temporal 
scales of the plumes 

Consideration of the transformation of SO, and NOx and other 
related pollutants including higher-order processes and exchange 
mechanisms, e.g., concentration, temperature, sunlight, humidity, 
and the presence of other chemical species over variable spatial 
and temporal scales 

Inclusion of dry deposition processes and related factors, e.g., 
surface type; particle size, shape, and density; and agglomeration 
processes 

O Consideration of wet deposition processes including event-specific 
processes for short-term modeling and areawide variations and 
averages for long-term estimates. Inclusion of in-cloud and 
extra-cloud physical mechanisms 

O Estimation of pH on a local basis that considers differences in 
location, altitude, rainfall, etc. 

The trajectory of all pollutants may be plotted by use of dispersion 
formulas, but calculations for wet and dry deposition and chemical changes 
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should be done separately. The trajectory of pollutants should account for 
both vertical and horizontal movements. Both upper-air and ground-level 
measurements should be used. The wind data should be gathered from a large 
number of sites distributed uniformly over the geographic area of interest. 

If models are to be calibrated with actual pH measurements, the model 
must ultimately convert the values for deposited pollutants into a value of 
pH in the rainwater. This conversion requires knowledge of local factors at 
the measurement site. For example, if the rainfall is heavier or more 
frequent on one side of a mountain than the other and the ambient concentra- 
tion of pollutants is the same, the measured pH values will be different. 
Localized air movements caused by large terrain features may also affect dry 
deposition of pollutants. The ideal model would account for these localized 
effects at the monitoring sites and would be capable of predicting the pH of 
rain as it is collected at a meteorological station. These localized 
effects can be minimized by a judicious choice of receptors. Proper loca- 
tion of receptor sites has been a problem in recent acid rain monitoring 
studies and has limited the usefulness of the resulting data. Finally, to 
properly predict pH values, the ideal model must also account for all ma.jor 
pollutants, whether acidic or basic. 

Although none of the LRT models meet the requirements of the ideal 
model, current models do attempt to include a manageable and understandable 
number of important processes within the constraints of current data bases. 
Following is an overview of several current LRT models; three are considered 
in detail. 

Summary of Differences in Current Regional Transport Models 

Several nationally funded programs, as well as proprietary research 
activities, are underway to develop and refine models to assess acid deposi- 
tion. One prominent program among these studies is the Multistate Power 
Production Pollution Study/Regional Acidity of Industrial Emissions (MAP3S/ 
RAINE) (MacCracken 1979) ,  cofunded by the Department of Energy (DOE) and the 
Environmental Protection Agency (EPA). 

Currently, the models available for study of long-range transport 
emphasize the fate of sulfur oxide pollutants in acid deposition. NOx, 
chlorides, and other possible contributing pollutants are neglected. Some 
of these regional models are listed in Table 5-1. Several of these models, 
including the Argonne Advanced Statistical Trajectory Regional Air Pollution 
model (ASTRAP), the Source-Transport-Receptor Analysis Model (STRAM), the 
National Oceanic and Atmospheric Administration-Air Resources Laboratory 
(NOM-ARL) model, and the Pacific Northwest Laboratories' (PNL) model, are 
being considered by the MAP3S/RAINE program. 

The primary differences in regional models are the methods used to 
estimate transport, dispersion, transformation, and deposition. ASTRAP, for 
example, separates long-term horizontal and vertical effects and allows 
diurnal and seasonal variations of  deposition velocities, transformation 
rates, emission rates, and stability profiles. STRAM is a variable- 
trajectory, reactive plume-segment model. It generates gridded wind data 
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TABLE 5-1. CHARACTERISTICS OF SOME TYPICAL LONG-RANGE TRANSPORT MODELS 

Model 

ASTRAP 

BNL 

csu 
SRI-ENAMAP 

PNL 

OECD 

STRAM 

SA I 

SURE 

ME S 0 P U F F 

MESOGRID 

NOAA-ARL 

CAPITP 

TY Pea 

Statist ical  
trajectory 

Trajectory 
( K- t heory 
in vertical)  

Trajectory 

Trajectory 

Trajectory 

Trajectory 

Trajectory 

Grid 

Grid 

Trajectory 

Grid 

Trajectory 

Statist ical  
trajectory 

b Chemistry 

Linear 

Linear o r  
pseudo- 
1 inear 

Linear 

Linear 

Linear 

Linear 

Nonl i near 
and modular 

Linear and 
nonl inear 

Linear and  
nonlinear 

Linear 

Linear 

L i  near 

Linear 

Dry 
deposition 

~~ 

Linear 

Linear 

Linear 

Linear 

Linear 

Linear 

Linear o r  
pseudo- 
1 i near 

Linear 

Linear 

Linear 

Linear 

Linear 

Linear 

Wet 
deposit ion 

Linear 

Linear 

Linear 

Linear 

Linear or 

Linear 

Linear 

pseudolinear 

Linear 

Linear 

Linear 

Linear 

Linear 

Linear 

a Stat is t ical  trajectory = trajectory randomized around averaged wind  d a t a .  
Trajectory = wind defines pollutant p a t h .  
Grid = pollutant p a t h  defined by preselected boxes. 
Linear = function of time only. 
Nonlinear = function of time as well as other independent variables such as 
temperature or pressure. 
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from typical National Weather Service (NWS) stations and isolates each 
transformation and deposition calculation to allow modifications as needed. 
The NOAA-ARL Model calculates individual puff trajectories using transport 
winds averaged every 6 hours in a vertical layer (Heffter 1980). A meteor- 
ological data base is included with the program. Diffusion and deposition 
calculations are included in each 6-hour trajectory. Finally, the PNL Model 
simulates plume transport by trajectories on a grid and includes derived 
gridded wind and precipitation fields as well as variations in stability, 
mixing heights, emissions, transformations, and depositions. 

The balance of this discussion focuses on three LRT models that include 
important physical and chemical processes and that have been utilized in 
most long-range transport evaluations. These are (1) the SRI-ENAMAP model 
(Bhumralker et al. 1979), (2) the Argonne ASTRAP model (Shannon 19791, and 
( 3 )  the CAPITA Monte Carlo model (Husar, Patterson, and Husar 1980). Each 
of these models was designed to emphasize the importance of different 
aspects of long-range transport. The model parameters are summarized in 
Table 5-2. 

Both the ASTRAP and Monte Carlo models treat vertical and horizontal 
transport. The ASTRAP model assumes release of emissions in one of eleven 
vertical layers. The ENAMAP model assumes universal vertical mixing. 

Meteorological data input to the models also varies. The ENAMAP model 
uses both surface and upper air data as well as hourly precipitation data. 
Neither the ASTRAP nor Monte Carlo models uses precipitation data. The 
ASTRAP model uses mean wind speed below 1800 meters in the summer and below 
1000 meters in the winter. Data are collected from balloon measurements. 
The Monte Carlo model uses modified midday surface wind data. 

Dry deposition of SO2 is estimated to be approximately the same in the 
ENAMAP and Monte Carlo models, whereas the ASTRAP model estimates lower 
deposition rates and varies the rates as a function of season and time of 
day. Dry deposition of sulfate is estimated at 0.3 percent per hour by the 
Monte Carlo model, and at more than twice this rate by the ENAMAP model. 
The ASTFUP model also varies the deposition rate between 0.3 and 2.2 percent 
per hour, depending on the time of day and season. 

- - 
The ENAMAP and ASTRAP models estimate wet deposition of SO2 and SO4 as 

a function of rainfall; the Monte Carlo model estimates wet deposition of 
SO2 at 0.175 percent per hour.and SO4 at 1.2 percent per houz. - The ENAMAP 
model predicts wet deposition of SO2 to be 4 times that o_f SO4 , whereas the 
Monte Carlo model estimates it at about 1/7 of the SO4 rate. The ASTFUP 
model assumes equal deposition. 

- 

- 

- - 
Estimates of the conversion from SO2 to SO4 are approximately the same 

in all three models; however, the ASTRAP model varies the rates by time of 
day and seaso_n. All models consider SO2 emissions; the ENAMAP model also 
considers SO4 emissions, and the Monte Carlo Model can accept NOx emis- 
sions. 

- 
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~ ~~ ~ 

P o l l u t a n t  d isper-  
s ion  

Meteoro log ica l  data 

Dry depos i t i on  SO, 

Dry depos i t i on  SO: 

Wet depos i t i on  SO2 

Wet depos i t i on  SO: 

Conversion SO2+ SO, 

NOx c o n t r i b u t i o n  

Sources considered 

P o l l u t a n t  emissions 

Conversion SO:+ p~ 

considered 

T e r r a i n  

TABLE 5-2. COMPARISON OF LRT MODELS~ 

ENAMAP 

Treats bo th  v e r t i c a l  
and h o r i z o n t a l  d i s -  
pers i on 

Surface, upper a i r  
and p r e c i p i t a t i o n  
data 

3.7%/h 

0.7%/h 

( 2 8 ) ( p r e c i p i t a t i o n  
r a t e ,  mm/h) 

( 7 ) ( p r e c i p i t a t i o n  
r a t e ,  mm/h) 

l%/h 

Not considered 

Emissions from NEDS 
and SURE are i n p u t  
i n t o  80x80 km g r i d s  

Includes SO, and SO, 

Does no t  p r e d i c t  pH 

Ter ra in  n o t  consid- 
ered 

ASTRAP 

Treats  bo th  v e r t i c a l  
and h o r i z o n t a l  d i s -  
pe rs ion  

Mean wind speed below 
1,800 m summer 
1,000 m win te r ,  no 

Funct ion o f  t ime o f  
day and season, 
va r ies  f r o m  0.1 t o  
0.8 cm/s ( ~ 0 . 3  t o  
2.2%/h) 

Funct ion o f  t ime o f  
day and season, 
approximately the  
same as f o r  SO2 

square r o o t  o f  pre-  
c i p i t a t i o n  amount 

square r o o t  o f  t he  
p r e c i p i t a t i o n  amount 

Function o f  t ime o f  
day and season varies 
from O.l%/h t o  3.0%/f 

Funct ion o f  t he  

Funct ion o f  t he  

Not considered 

Emissions can inc lude 
p o i n t  and area 
sources, released a t  
appropr ia te he ight ;  
emissions are va r ied  
by t ime o f  day and 
season 

Only SO, 

Does n o t  p r e d i c t  pH 

Ter ra in  no t  considerec 

Monte Car lo  

Assumes un ive rsa l  
v e r t i c a l  mix ing 

Modi f ied mid-day 
surface wind data, 
no p r e c i p i t a t i o n  
data 

3.325%/h 

Q.3%/h 

0.175%/h 

1.2%/h 

1.3%/h 

Treated s i m i l a r  
t o  SO b u t  w i t h  
d i f f ePen t  t rans -  
p o r t a t i o n  r a t e s  

Emissions are com- 
b ined i n t o  equal 
quanta and released 
as puf fs  

Includes SO, and 

Is adaptable t o  
p r e d i c t  H b u t  
no t  pH 

Ter ra in  n o t  con- 
s idered 

NOX 

a Based on data from Husar, Patterson, and Husar (1980); Bhunralker e t  a l .  
(1 979) ; and Shannon ( 1979). 
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The ENAMAP model places all emissions in 80 km x 80 km grids, the 
ASTRAP model treats both area and point sources, and the Monte Carlo model 
combines emissions into equal quantities released as puffs. None of the 
models directly predicts pH values, but the Monte Carlo model may be adapted 
to predict hydrogen ion concentrations. None of the models considers ter- 
rain effects. The characteristics and major assumptions incorporated into 
each of these three models are presented in more detail in Appendix F. 

THE ACCURACY OF LRT MODELS 

The accuracy of any LRT model for this application is dependent upon 
two factors: (1) the degree to which the model can simulate the chemistry 
and physics of the atmosphere and ( 2 )  the accuracy of the input data for 
pollutant emissions and meteorological factors. Unfortunately there is no 
reliable method for testing the accuracy of models. As a result, they are 
generally evaluated by use of historical data on emissions, meteorology, and 
air quality to obtain what has been termed "inferred accuracy". This 
approach is of questionable value in that models can give the right answer 
for the wrong reason. A l s o ,  they can be "tuned" to give the desired 
results, especially where there is little hard data as input for important 
parameters, as is the situation with LRT models. Given this state of 
affairs, estimates of LRT model accuracy often must be based on subjective 
assessment of the quality of available data. 

No attempt is made here to duplicate the recent comprehensive reviews 
of modeling or to second-guess the judgments of experts who have considered 
the capabilities of presently available LRT models. It is worth noting, 
however, that most of such in-depth reviews discuss the available models 
without taking a clear position on their accuracy or usefulness. One 
reviewing group suggested that present models were considered adequate for 
use in planning a strategy for reduction of acidity of rain in the north- 
eastern United States (U.S. Department of Commerce 1981). Others who have 
recently reviewed the state of the art have taken a contrary position. Some 
have directly challenged this proposition. Mohnen (1981) has stated that 
"such models might be useful for the purpose of research and regional plan- 
ning. For regulatory purposes, however, no LRT model currently available is 
sufficiently reliable, because none can establish with the requisite degree 
of confidence a source-receptor relationship between SO2 emissions in one 
area and sulfate concentrations or deposition in a distant location" (Mohnen 
1981). All reviewers agree that there is great need for better data as 
input for LRT models in acid rain assessment.* 

Thus, while LRT models apparently are believed to be useful research 
tools, whether their accuracy is adequate for their use as a basis for 
decision-making is highly controversial. Some of the limitations were 
mentioned earlier and are further delineated in the following pages. 
Obtaining reliable results from LRT modeling depends on (1) enough under- 
standing of atmospheric chemistry and physics to allow good mathematical 

$c (Sigma Research, Inc. 1979; Hosker 1980; Turner 1979; Henderson et al. 
1981; U.S.  Department of Commerce 1981). 

-61- 



simulations, (2) availability of good meteorological data to describe trans- 
port mechanisms, and (3)  a good definition of pollutant emissions that 
contribute to acid rain. Some comment on the status of the data base 
follows. 

Atmospheric Chemistry and Physics 

acid rain 

0 

0 

0 

0 

0 

Models for acid rain must estimate a number of physical and chemical 
transformations that occur between the emission of reactive pollutants and 
the measurement of precipitation acidity. The only dispersion models that 
have attempted to model reactive pollutants are those for ozone. Some of 
the major transformations that affect the reliability of an LRT model for 

are: 
- - 

Conversion rate of SO, to SO, 

Conversion rate of NO and NO, to NO, 

Dry deposition rate of SO,, SO4 , and NO3 

- 
- - - 

Estimation of buffer compounds in the ambient air. 

Estimates of catalytic material in ambient air that would increase 
normal transformation rates . 

Conv-rsion rates for the oxidation of SO,, NO, and NO, have been shown 
to be dependent on concentration, temperature, sunlight, and the presence of 
various catalysts. Dry deposition of the precursors is dependent on surface 
type (vegetation, water, soil), rate of transport to the surface, presence 
of moisture, and terrain. Wet deposition of the precursors is dependent on 
volume of rainfall, size of the droplets, pollutant concentrations, and 
presence of catalysts. Most models now vary the deposition on the basis of 
precipitation rate but not the other variables. It should be noted that 
estimates of dry deposition may be very misleading because there is no 
accepted measurement method. 

Another commonly cited limitation of LRT models is that they deal only 
with sulfur compounds and do not address nitrogen compounds o r  chlorides. 

The Emissions Inventory 

The major pqllutants - thus far indentjfied as contributing to acid rain 
include S O 2 ,  SO, , NO, NO,, NO3 , and C1 . Therefore, the starting point 
for acid rain modeling should be accurate emission inventories for these 
pollutants. Acid rain modeling to date has often been based on outdated 
NEDS SO2 invegtory - data (1972 for example), which include no emission esti- 
mates for SO, , NO, NO2, NO3 , or C1-. Sometimes the SO2 emissions of only 
the largest electric utilities are considered. These emission estimates 
generally are not verified o r  updated. Furthermore, some of the earlier 
inventories were taken before any SO, control measures were implemented 
under State Implementation Plans, at a time when the NEDS had only recently 
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begun. Such an inventory can give only poor predictions for 1981: More- 
over, the use of a single class of emitters, such as the largest electric 
utilities, with subsequent model adjustment for a good fit, will almost 
invariably identify these sources as the principal cause of the problem. 

Very few of the LRT models consider emission height (stack, plume) 
except as specified by uniform release heights. The release height of the 
pollutant affects its impact hundreds of kilometers downwind and thus should 
be carefully considered. 

The emission inventory requirements contained in Section 127(b)(4) of 
the Clean Air Act for nonattainment plans state that emission inventories 
must be "comprehensive, accurate, current inventory of acutal emissions from 
all sources...". If acid rain modeling is to be used to establish require- 
ments for control of major contributing sources, then the emission inventory 
used in the model should satisfy these criteria also. 

In addition to limits imposed by the incomplete and undefined accuracy 
of the annual emission estimates, the data bases available for LRT models do 
not account for daily and seasonal variations in emissions. 

Meteorology 

Current LRT models use various methods of representing the transport of 
pollutants over long distances. The most detailed approach involves numeri- 
cal solution of theoretical equations governing atmospheric processes over 
time and space. Even with advanced computers, however, the practical appli- 
cation of such models is constrained by limitations on resources and time. 

Alternative techniques are suggested to simplify the numerical simula- 
tion. One simplification suggests that over long averaging periods (a month 
o r  greater) the wind field may be approximated as uniform. Another simpli- 
ficatiop in some current models involves ignoring the variations in trans- 
port at different levels in the lower atmosphere, i.e., pollutants are 
assumed to be transported in mixed layers of constant height. 

Some concern has been expressed that the effects of terrain are not 
adequately addressed in LRT modeling. Potential effects generally not 
considered are the variation of atmospheric stability over such features as 
mountains and bodies of water, the channeling of wind flow, and increased 
frequency of rain due to orographic lifting. 

Improvements in characterization of the transport of pollutants will 
require detailed knowledge.of wind fields over large regions throughout the 
vertical layers of interest for time scales commensurate with the atmos- 
pheric processes. Refining the data base to appropriate space and time 
scales to determine atmospheric influences will require similar precision 
with regard to emission and removal effects. Most models use the currently 
available meteorological observations, which yield unreliable data on 
transport winds. Sufficiently detailed observations, however, are highly 
resource-intensive and are beyond the scope of most funding programs except 
over very limited spatial and temporal scales. 
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Considerable work is now underway to collect the data needed to remove 
many of the limitations. Most workers believe that LRT model capability 
will greatly improve in the years ahead. It would appear, however, that use 
of the present LRT models in decision-making should be approached with great 
care until better data are available. 
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SECTION 6 

FUEL TREND ANALYSIS 

Because the occurrence of acid rain is closely linked with pollutants 
from fuel combustion, the analysis of fuel-use data appears to be a logical 
approach to assessing the possible causes. The premise is that focusing on 
all major fuel uses and precursor emissions that could contribute to acid 
rain in a given location might show a potentially significant relationship 
between fuel use and the occurrence of acid rain. The location and emis- 
sions from the very large plants, which have been given the most attention, 
are generally well documented; hence, the emphasis here is placed on devel- 
opment of data for combustion sources within or near areas where acid rain 
is occurring. Further, prior to the undertaking of this project experience 
had indicated high concentrations of oil burning in the Northeastern United 
States where acid rain is considered to be most pervasive. Consequently, 
emphasis is also placed on full documentation of the burning of oil 
products. 

Given the state of the art for modeling the limited combustion source 
emission data expected to be available, no attempt is made to demonstrate a 
cause and effect relationship between acid rain and a given type of combus- 
tion. Instead, effort was focused on examination of patterns of fuel con- 
sumption and historical fuel consumption trends for all types of fuel in 
selected areas of the world, to determine whether some association exists 
between fuel use changes and concurrent changes in acidity of precipitation 
in heavily industrialized areas of the world. 

GENERAL PATTERNS OF FUEL-USE TRENDS 

Fuel burning trends in the United States are in many ways similar to 
those of other industrialized areas and thus may broadly typify the world- 
wide trends in such areas. Past and prevailing trends are shown in Figure 
6-1, which gives historical data on U.S. fuel consumption from 1850, when we 
were mostly using wood to satisfy our energy needs. Between 1880 and 1890, 
coal became our most important fuel, and by 1910 U.S. coal production 
reached a level typical of that prevailing over the past 70 years. By that 
time small amounts of oil and natural gas were being used, and the use of 
wood as a major fuel was beginning a decline to insignificance. Coal 
remained the dominant fuel through the years of World War 11, but consump- 
tion of oil and natural gas was growing at a rapid rate. By 1950, con- 
sumption of oil was about equal to that of coal. Since 1950 U.S. coal 
consumption has been variable, declining somewhat when oil and natural gas 
were cheap and plentiful and increasing somewhat in recent years with 
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efforts to reduce dependence on foreign oil. Despite the efforts to reduce 
its use, petroleum consumption in the United States and other parts of the 
world has continued to grow. In 1979, U.S. consumption of petroleum 
products was 37.0 x loi5 Btu, while coal consumption was only 15.1 x loi5 
Btu (U.S. DOE 1979), an amount about equal to previous highs in the mid- 
1920's and mid-1940's. 

The usage patterns in Western Europe and Japan have been similar to 
those of the United States. Figure 6-2 shows the usage of solid, liquid, 
and gaseous fuels (primarily coal, petroleum products, and natural gas) in 
all three areas during the period 1929 to 1978. These data show pronounced 
shifts from solid fuels to liquid and gaseous fuels. 

It is of interest to note that while the use of coal and other solid 
fuels in these highly industrialized areas has been steady or declining over 
the past 50 years, consumption worldwide has almost doubled. Increases in 
the past 30 years are especially large. Between 1950 and 1975, worldwide 
coal consumption increased from 1500 to 2500 x lo6 metric tons per year. 
Most of the increase has occurred in the Communist countries. For example, 
the USSR and Communist countries in Europe increased their use of coal by 
400 x lo6 metric tons per year during the period. The USSR alone increased 
usage by 300 x lo6 metric tons per year. The greatest increase in usage by 
any country was in China, where the annual coal consumption rate rose from 
40 to 450 x lo6 metric tons (United Nations 1976, 1979). 

Figure 6-3 presents a further breakdown of types of liquid fuels used 
in the United States, Western Europe, and Japan in the years 1929 to 1978. 
The data show that much of the growth in the use of petroleum-derived fuels 
in the last 50 years is attributable to the increased use of fuel oils and 
is closely tied to industrial expansion. Japan currently uses about half as 
much fuel oil as the United States. This level of fuel oil use in Japan is 
especially striking when it is considered that Japan has less than 5 percent 
of the land area of the contiguous 48 United States. 

Collectively the data on fuel consumption indicate that in the heavily 
industralized areas of the world, rebuilding and expansion after World War 
I1 were fueled mostly with liquid petroleum products and natural gas. The 
major increases in liquid fuel usage were in (1) gasoline motor fuels; ( 2 )  
residual fuels burned in commercial, industrial, and utility boilers; (3 )  
distillate fuels for residential and commercial space heat; and ( 4 )  diesel 
motor fuels. These uses account, in varying proportions, for 90 percent or 
more of all the liquid fuel consumption in the three industrial areas inves- 
tigated. It is important to this analysis that significant amounts of acid 
rain precursor emissions are associated with all of these fuels. 

Coincidentally, with the rapid post-war growth in the use of 
petroleum-derived fuels, acid rain was perceived as being a problem. It was 
noticed first in Scandinavia and later in other parts of Western Europe, the 
northeastern United States, and Japan. Although acid rain is now being 
reported in other parts of the world, the occurrences have been best 
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documented in these industrial regions. The next step, therefore, is a more 
detailed analysis of fuel usage and acid rain precursor emissions in these 
areas. 

PATTERNS OF FUEL USE AND PRECURSOR EMISSIONS IN INDUSTRIALIZED AREAS 

An analysis of fuel use and emission factors shows that a large portion 
of the total U.S. emissions of acid rain precursors comes from sources 
burning petroleum fuels. Table 6-1 presents data on usage of each major 
fuel type in the United States for all major end uses, together with emis- 
sion factors for SO and NO generated in those applications. These data 
show that although emission factors f o r  coal-burning are the largest, other 
applications, especially those involving residual oil, are potentially 
important where large amounts of fuel are burned in relatively small areas. 
Residual oil produces 4 to 5 times as much total SO, and NO as distillate 
oil and 2 to 3 times as much as gasoline. 

X 

X 

Application of the emission factors in Table 6-1 to the fuel consump- 
tion data yields estimates of SO and NO emissions from the important 
source categories. These data are Ehown in fable 6 - 2 .  

Although these emission data again show the relative importance of coal 
on a national basis, they also show that oil burning contributes signifi- 
cantly, generating about one-third of the total national manmade emissions 
of SOx and NO This substantial fraction emanates from a large number of 
sources concenqrated in a few areas. 

The concentration of precursor emissions in localized areas may figure 
importantly in the occurrence of acid rain in those areas. Power plant oil, 
for example, is burned in small areas of the United States where the use of 
other types of fossil fuels such as gasoline and natural gas is also high 
and can contribute to acidity of rain through precursor emissions. Further, 
the mobile sources burning fuel oil, gasoline, and diesel fuel discharge 
precursors at relatively low levels, where they are likely to impact nearby. 
Finally, boilers using fuel oil discharge acid rain precursors along with 
primary acid sulfates and fine particulate matter believed to be capable of 
catalytic action. Such materials may contribute strongly to the formation 
of additional acidic materials from SO2 and NO precursors in the plume or 
exhaust and in the ambient air. X 

Unlike the overall fuel-use patterns, the breakdown of liquid fuel 
consumption in other selected industrial areas worldwide is variable. 
Historical data on U.S. petroleum consumption are presented in Table 6 - 3 ,  
which shows the distributioi by type ( 4 6  percent gasoline, 32 percent 
distillate oil, 22 percent residual oil in 1979); the data also show the 
increases in all types of petroleum product consumption that have occurred 
in the past 30 years. These usage patterns are not typical of those for 
Western Europe, where all fuel oil consumption exceeds gasoline consumption 
by a factor of 4 to 1, o r  for Japan, where fuel oil consumption exceeds that 
of gasoline by a factor of 7 to 1. (These data and the growth in liquid- 
fuel use in the three areas are shown in Figure 6 - 3 ) .  Most of the fuel oil 
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TABLE 6-1. RANKED CONSUMPTION OF FOSSIL FUELS IN THEaUNITED STATES IN 1978 
AND EMISSION FACTORS BY SECTOR 

1. Gasoline in motor vehicles 
2. Coal in utility boilers 
3. Natural gas in industrial furnaces 

I 

~~ ~~~ 

13.2 
10.2 
8.5 

Fuel consumption, I 1015 Btu 

5. Coal in nonutility boilers 
6 .  Natural gas in utility furnaces 
7. Distillate oil in commercial and residential 

furnaces andlboilers for space heating 
-J I 8. Residual oil in electric utility boilers 
I 9. Diesel fuel in motor vehicles 
c-l 

10. Residual oil in industrial boilers 
11. Distillate oil in industrial boilers 
12. Residual oil in commercial boilers 
13. Distillate oil in utility boilers 

a h ( U . S .  DOE 1980b;U.S. EPA 1981). 

7.2 
3.3 
3.2 

3.1 
2.5 
1.5 
1.2 
1.0 
0.4 

Emission factors, lb/106 Btu 

0.04 
3. 2Zb 

2.92' 

0. 26d 

1. lze 
0.23 
1. 60g 
0. 26d 
1. 60g 
0. 2gh 

NoX 

0.72 
0.85 
0.17 
0.10 
0.58 
0.70 
0.14 

0.52 
2. 38f 
0.40 
0.16 
0.40 
0.74 

SOx + NOx 

0.72 
4. 07b 
0.17 
0.10 
3.50' 
0.70 
0. 40d 

1. 64e 
2.61 

0. 4Zd 

1. 03h 

2.009 

2.009 

1.81% S value determined for utility coal. 
2% S value assumed for industrial/commercial coal (Devitt, Spaite, and Gibbs 1979). 
0.25% S value assumed f o r  industrial/commercial distillate fuel. 
1.06% S average value assumed for utility residual fuel. 
Based on diesel NO emission factor of 28.9 g/min. 
1.51% S value assufied for industrial/commercial residual oil (Devitt, Spaite, and Gibbs 1979). 
0.28% S average value assumed for utility distillate fuel. 

See Appendix E .  U 

See Appendix E. 
See Appendix E. e 

See Appendix E. 

See Appendix E. 



Source 

Coal combustion 
Utility boilers 
Nonutility 
Total coal 

Petroleum combustion 
Gasoline 
Diesel fuel 
Residual oil 

Utility 
Commerc i a 1 / i ndu s tr i a 1 
Transportation (ships) 

Distillate oil 
Residential/commercial 
Industrial 

Total petroleum 

Estimated uncontrolled emissions 
SOx and NOx 

24.9 
6.2 

31.1 

Natural gas combustion 
Uti 1 i ty 
Industrial 
Residential/commercial 
Total natural gas 

Total, all major sources 

5.0 
3.3 

48.7 

2.7 
2.5 
1 .o 
0.6 
0.3 

15.4 

1.1 
0.7 
0.4 

2.2 



T 

Year 

BLE 6-3. U.S. CONSUMPT 

1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 

Na 
(101 

D i  s t i  11 a t e  
fuel s 

2.49 
2.96 
3.32 
3.54 
3.67 
3.98 
4.34 
4.62 
4.60 
4.96 
5.04 
5.27 
5.44 
5.81 
5.96 
6.00 
6.30 
6.57 
6.97 
7.57 
7.80 
7.89 
8.21 
8.78 
9.16 
8.64 
8.40 
9.00 
9.59 
9.80 
9.55 

F EFINED 
B t u )  

ET L UM PR 

Residual 
fuel o i l  

3.12 
3.49 
3.56 
3.49 
3.53 
3.28 
3.51 
3.53 
3.44 
3.33 
3.53 
3.51 
3.44 
3.44 
3.40 
3.49 
3.69 
3.95 
4.11 
4.20 
4.54 
5.05 
5.28 
5.81 
6.47 
6.06 
5.65 
6.43 
7.04 
6.93 
6.40 

DUCTS 

Motor 
gasoline 

4.77 
5.19 
5.70 
5.90 
6.24 
6.38 
6.92 
7.09 
7.23 
7.43 
7.70 
7.81 
7.95 
8.21 
8.46 
8.44 
8.80 
9.22 
9.51 

10.09 
10.60 
11.08 
11.52 
12.23 
12.79 
12.54 
12.79 
13.38 
13.77 
14.21 
13.48 

a Computed from a d a i l y  t o  an annual bas i s  a t  consumption r a t e  of 365 
dayslyr .  Converted from 106 ba r re l s  t o  1015 B t u  by the following f a c t o r s :  

J e t  fuel (1 952-1 964) - 5.335 
(1  965-1 979) - 5.513 

Kerosene - 5.670 
D i s t i l l a t e  o i l  - 5.825 
Residual o i l  - 6.287 

(1952-1963) - 5.183 
(1964-1979) - 5.253 

Motor gasol ine (1 949-1 951 ) - 5.226 

U.S. DOE (1979).  

x 106 Btu/bbl 
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consumption in Japan is residual oil. Data on consumption of residual oil 
versus distillate oil in Western Europe are not presently available, but 
residual oil is believed to be the most important. Therefore, since 
residual oil is the heaviest producer of SO and NO , the overall production 
of these precursors per unit of liquid fuelXconsumpfion is likely to be even 
higher in Japan and Western Europe than it is in the United States. The 
final portion of this analysis further evaluates the potential relationships 
of fuel use and acid rain occurrence in all three areas. 

ANALYSIS BY LOCALE 

The analysis thus far has considered broad patterns of fuel use in 
three major industrial areas and the precursor emissions associated with 
these usage patterns. The following subsections deal in more detail with 
each of these areas. Additional analysis by locale, incorporating numerous 
other factors as well as fuel use patterns, is presented in Appendixes A 
through C. In addition, an analysis of acid rain occurrence in the Hawaiian 
Islands and Japan is presented in Appendix D. 

Fuel Use and Acid Rain in the United States 

In the United States, coal-burning power plants are often linked with 
the occurrence of acid rain. They produce over 60 percent of the SOx emis- 
sions and are the second largest source'of NO emissions. The tons of coal 
burned by utilities has increased by about 2-172 times in the past 20 years. 
Further, as shown in Figure 6-4, many large plants are located in the Ohio 
River Valley, where prevailing winds would tend to carry pollutants dis- 
charged from tall stacks into the Northeast, where acid rain is most 
prevalent. 

There is evidence, however, to suggest that coal-burning utilities may 
not play the dominant role that has been assumed by many. For example, 
sulfate levels in the Northeast have risen only 5 to 10 percent over the 
past 20 years, even with increased amounts of coal burning in the Midwest 
(Altshuller 1980). 

The point has been made that acid rain is occurring in the three States 
that are highest, by a considerable margin, in consumption of residual oil: 
California, Florida, and New York (Spaite et al. 1980). The concentrations 
of large residual oil burning by utilities in these three areas (about 
one-half of the total U . S .  residual consumption) are illustrated in Figure 
6-5. Although the acidity of rain in New York and surrounding states may be 
partly associated with remote coal burning, conditions in' California and 
Florida are such that any significant impact from coal burning seems 
unlikely. 

Northeastern United States-- 
Further analyses of fuel consumption patterns in the northeastern 

United States provides additional evidence implicating petroleum consumption 
in the acidification of rain. Data on consumption by end-use sectors 
(Tables 6-4 to 6-6) show that the eight northeastern statesf: that 

~~ * 
New York, New Jersey, New Hampshire, Pennsylvania, Massachusetts, Connec- 
ticut, Rhode Island, and Vermont. 
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Figure 6-5. The top fifty oil-fired utility 
power plants in the United States based on oil deliveries 

(U.S. DnE 198na). 



bd 

b Res i d e n t i  a1 
Commerc i a 1 
I n d u s t r i a l  
U t i  1 i ty  

To ta l  i 

TABLE 6-4. 1978 CONSUMPTION OF RESIDUAL OIL I N  STATIONARY SOURCES BY SECTORa 
[ lo12  B tu  

Un i t e d  E i g h t  
S ta tes  s ta tes  C a l i f o r n i a  F l o r i d a  

2238 1119 6 22 
1117 445 15 0 
1154 146 75 32 
423 51 9 24 

4932 (100) 1761 (36) 105 ( 2 )  78 ( 4 )  

E i g h t  nor theas tern  s ta tes  
Connect icut  
Massachusetts 
New Hampshire 
New Jersey 
New York 
Pennsylvania 
Rhode I s l a n d  
Vermont 

Subto ta l ,  e i g h t  s ta tes  

C a l i f o r n i a  
F1 o r i d a  

U.S. To ta l  

a 
U.S. DOE 1980b. 

l e rcen t  o f  I .S. t o t a l 1 1  

Commercial 
34 

109 
7 

75 
337 
60 
11 
4 

637 

17 
14 

1034 

I n d u s t r i a l  
64 
34 
8 

91 
62 

7 29 
6 
3 

397 

63 
75 

1454 

U t i l i t v  
127 
305 
20 

167 
520 
162 

8 
0 

1309 

486 
458 

3352 

Tota l  
225 
448 

35 
333 
919 (16) 
351 
25 

7 

2343 (40) 

566 (10) 
547 ( 9 )  

5840 (100) 

TABLE 6-6. 1978 CONSUMPTION OF GASOLINE AND NATURAL GAS a 
[ l o 1 2  B tu  (percent  of U.S.  t o t a l ) ]  

Gasoline I Natura l  gas 

E i g h t  nor theas tern  s ta tes  
C a l i f o r n i a  
F1 o r i  da 
Un i ted  States,  t o t a l  

2402 (17) 
1462 (10) 

14211 (100) 
595 ( 4 )  

1,760 ( 9 )  
1,594 ( 8 )  

19,999 (100) 
327 (4) 

1 1 

U.S. DOE 1980b. 
a 
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approximate the area of maximum severity for acid precipitation (shown in 
Figure 6-4) consume 17 percent of all motor gasoline and 36 to 40 percent of 
all fuel oil burned in the United States. In addition to the utility 
boilers many industrial boilers in the area are fueled by residual oil. In 
addition, thousands of residential and commercial boilers are fired by 
distillate oil or kerosene. Although emissions of SO2 from these latter two 
categories are less than those from residual oil-fired boilers, these oil- 
fired commercial and residential boilers are important sources of SO y NOx, 
and especially primary sulfates because of their sheer numbers (Homofya and 
Lambert 1981). This concentration of fuel usage may be a key factor in 
occurrences of acid rain. These eight states account for a disproportion- 
ately large share of the total U.S. petroleum consumption (-21 percent), and 
an even larger share of fuel oil consumption, yet they constitute only 4-112 
percent of the land area of the contiguous 48 states. Further because many 
oil-burning facilities are older plants and typically have shorter stacks, 
their emissions do not travel as far as those from tall stacks and can be 
deposited within a relatively short range of their point of emission (i.e., 
within "50-100 km). Boldt et al. (1980), provided one example of this 
phenomenon. 

Historical utility fuel trends in the eight states further indicate the 
recent rapid growth of oil burning in that relatively small area. The data 
for major fuel consumption by utilities in this region are shown in Table 
6-7 for the years 1960 through 1978. These data show significant growth in 
utility burning of residual oil, while coal burning essentially remained 
steady (17%). Figure 6-6 shows the approximate location of coal- and oil- 
fired power plants in the eight-state area. About 60 percent (700 x 10l2  
Btu) of the coal burning by utilities took place in 17 plants in western 
Pennsylvania and New York (see Figure 6-6). This would appear to indicate 
that in the central part of the acid-rain-impacted Northeast coal burning 
has decreased substantially in the past 20 years, whereas oil burning has 
increased by more than 400 percent. The result of this change is that 
utility consumption of oil is now over 3 times that of coal. 

Another important local source of precursor pollutants in the Northeast 
may be the large mobile source sector, with its associated emissions of NO 
and sulfuric acid (formed in catalytic converters). Surface wind patterns 
suggest that high levels of transportation-related NO are directed toward 
the Adirondacks from the congested traffic corridors ]between Philadelphia, 
New York City, and Albany during the summer months (Henderson et al. 1980). 
Some portion of these NO emissions is absorbed directly by the local envi- 
ronment and some additional amount is probably converted to acid form (HNO3) 
either during transport or during precipitation events. Since both mobile 
and stationary sources emit NO , and since nitric acid represents an 
increasing share of the rainfalr acidity in the Northeast (currently 30 
percent), the role of all sources of NO emissions reaching the Northeast 
need thorough evaluation. 

X 

X 

X 

California-- 
California is a large consumer of petroleum fuels and is second only to 

New York in residual oil consumption, mostly by utilities. It leads the 
Nation in gasoline consumption. Coal supplies only about 1 percent of the 
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Year 

1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 

TABLE 6-7. CONSUMPTION OF ENERGY BY THE 
ELECTRIC UTILITIES IN  EIGHT NORTHEASTERN  STATES^ 

(1 01 2Btu) 

b 
Total coal 

1021 
1053 
1081 
1030 
1265 
1350 
1356 
1300 
1306 
1210 
1152 
1114 
1052 
1164 
1106 
1112 
1125 
1117 
1095 

Natural gas 
(dry)  

106 
99 

112 
131 
128 
115 
110 
124 
149 
175 
175 
166 
117 
106 
74 
27 
20 
16 
4 

a 
U.S.  DOE (1980b). 
Bituminous and  a n t h r a c i t e  coa l s ,  and  l i gn i t e .  
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Petroleum 
Distillate 

and j e t  fuel 

4 
5 
5 
4 
4 
4 
3 
3 

15 
23 
66 

105 
180 
147 
148 
76 
74 
78 
65 

Resi dual 
fuel 

254 
2 54 

268 
291 
304 
371 
483 
61 2 
708 
955 

1173 
1261 
1385 
1375 
1248 
1166 
1202 
1283 
1309 



total energy used (U.S. DOE 1980b . This usage of both residual oil and 
gasoline is concentrated aroung the metropolitan/industrial areas of Los 
Angeles, San Francisco, and San Diego, where acid rain is most notable. 
Significant amounts of natural gas are also burned in furnaces throughout 
the State. Figure 6-7 shows data from precipitation studies conducted in 
California during the winter rainy period from November 1978 to March 1979. 
The data show that acid rain is occurring throughout the state, with the 
mean pH of precipitation ranging from 4.4 at San Jose to 5.4 at Big Bear 
Lake . 

Nitrates are the predominant anion in rainfall in the northern part of 
the state and in the remote and less-industrialized mountain areas in the 
south (Morgan and Liljestrand 1980; McColl 1980). Sulfates, on the other 
hand, are predominant in the Long Beach-Los Angeles-Westwood area, where 
utilities and refineries are concentrated (Morgan and Liljestrand 1980). 
The variable ratio of sulfuric acid and nitric acid derivatives in Calif- 
ornia precipitation may be indicative of the predominant type of source 
contributing to acid rain in a given area. A relatively high proportion of 
sulfate to nitrate is thought to indicate the contributions of stationary 
sources such as power plants, smelters, and heavy industry, whereas a rela- 
tively high proportion of nitrate is more suggestive of mobile sources. 

Florida-- 
Florida, the Nation's third largest consumer of residual oil, burns 

3 times as much residual oil as coal and uses large amounts of motor gaso- 
line. Florida experiences acid rain, especially in the northern two-thirds 
of the State, where most of the oil-consuming sources (utilities) are 
located (Spaite et al. 1980). 

Figure 6-8 shows that the annual pH level of rainfall in the northern 
two-thirds of the State now averages 4.7 or less, and there is some evidence 
of a trend toward increasing acidity (Brezonik, Edgerton, and Hendry 1980). 
Although the sulfate contribution to the acidity is, on average, 2.5 times 
that of nitrate, its relative proportion of the total is declining with an 
increase in the contribution of nitrates. This trend and other aspects of 
acid rain in Florida are discussed further in Appendix C. Data presented in 
Appendix C suggests that oil and gasoline consumption are largely respon- 
sible for the occurrence of acid rain in Florida. Edgerton and Brezonik 
(1981) confirms what fuel use patterns suggest indirectly, in that they 
indicate that atmospheric deposition patterns are primarily influenced by 
in-state emissions of SO and NO . 

X X 

Fuel Use and Acid Rain in The Netherlands 

The results of studies in The Netherlands offer interesting perspective 
on that already presented for all of Western Europe. Fuel consumption 
patterns of The Netherlands (shown in Figure 6-7) generally followed those 
in the rest of Western Europe from the end of World War I1 until about 1968. 
Coal, the primary fuel in 1946, declined over the years, and growing needs 
for energy were being met by importing cheap high-sulfur oil. Sulfur oxide 
emissions rose from 200,000 tons/yr from coal burning in 1946 to 900,000 to 
1,000,000 tons/yr from all sources in 1967; during that period the use of  
coal continued to shrink so that by 1970 it comprised only 10 percent of the 
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CHALLENGE. 

PACIFIC OCEAN i 

LOCAT I ON 

NORTHERN CALIFORNIA 

BERKlLEV 
MENLO PARK 

WVlS 
SAN JOSE 
HOPLAIKI 
NAPA 

CHALLENGE 
TAHOE C I T Y  
KEARNEY 

A v e r r a e  
SOUTHERN CALIFORNIA 

YESTUOOD 

LOMG BEACH 

LOS ANGELES 
PASADENA 
AZUSA 
!.IT. UILSDN 

YRIGHTYOOD 

RIVERSIDE 

B I G  BEAR LAKE 

KEARNEY 

ME AN 
pn 

~ 

4.66 
5.30 
5.20 
4.42 
5.10 
4.04 
4 .ee  

5.17 
4.96 
4.99 

4.53 
4.54 
4.49 
4.41 

4.66 
4.99 
4.90 
4.91 
5.42 
4.76 

Figure 6-7. Mean pH of r a i n f a l l  a t  various loca t ions  i n  Ca l i fo rn ia ,  1978-79 
(Morgan and Lil j e s t r and  1980; McColl 1980). 
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4.7 

5.3 y I 
\ 

Figure 6-8. pH isopleths o f  F lor ida  r a i n f a l l  from May 1978 - Apr i l  1979 
(Brezoni k, Edgerton, and Hendry 1980). 

t o t a l  f u e l  use (Vermeulen 1980).  During t h i s  same per iod  r a i n f a l l  i n  The 
Netherlands became p r o g r e s s i v e l y  more a c i d i c  and t h a t  i n  o t h e r  p a r t s  of 
Europe i s  shown i n  Figure 6-9. I n  t h e  1967-1968 per iod  t h e  average annual 
pH va lues  were less  than  4.0. A t  t h a t  time r a i n  i n  The Netherlands was s a i d  
t o  be more a c i d i c  (on an annual b a s i s )  than  t h a t  i n  any 
world. 

o t h e r  p a r t  of t h e  

Figure 6-9. Ac id i f ica t ion  pat te rn  i n  Europe i n  1966, w i th  the 
center over The Netherlands (Wermeulen 1980). 
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3 limit SO:! emi At that point the Government took actions ions, 
enacting in 1968 the Dutch Clean Air Act. This act created pressure that, 
combined with discovery of extensive natural gas supplies, led to an 
increasing use of gas for industrial expansion. In 1967 gas accounted for 
18 percent of The Netherlands total fuel consumption. This increased to 50 
percent in 1972, and 60 percent in 1976. By 1975, power stations were 
burning 85 percent gas. Not only was the growth in oil consumption checked, 
but some decline in usage took place. The fuel oils that were burned were 
much lower in sulfur content, especially those burned in power plants. 
These fuel switches were accompanied by sharp reductions in total SOx emis- 
sions in The Netherlands and sharp reductions in the acidity of rainfall. 

It was concluded that the high acidity of rainfall was attributable to 
SO emissions from burning of fossil fuels (Vermeulen 1980). The data for 
national emissions of SOx and the acid content of rain for corresponding 
years are shown in Figure 6-10. These data show acidity measurements at the 
monitoring station at DeBilt, which is part of the network of the Inter- 
national Meteorological Organization (IMO) established in the early 1950's. 
Although there are other IMO monitoring stations in The Netherlands, DeBilt, 
being centrally located, is most representative of the total yearly interior 
SO2 emissions (Vermuelen 1980). The data in Figure 6-10 appear to sub- 
stantiate the importance of the rate of SO emissions with respect to the 
occurrence of acid precipitation in The $etherlands. In addition, they 
suggest, taken along with other data, that the growth of the problem was 
associated with increases in consumption of high-sulfur fuel oil. The 
reduction in acidity after the 1968 period was accompanied by several 
potentially important changes: (1) the sulfur levels in fuel oils burned 
were lower, (2) oil consumption was reduced somewhat overall, and was 
greatly reduced in electric utilities, and (3) the decline in coal con- 
sumption continued. It is not clear as to which of these changes con- 
tributed most to the apparent decrease in rainfall acidity after 1968. 

Fuel Use and Acid Rain in Japan 

The heavy dependence of Japan on fuel oil is shown in Table 6-8. In 
1978 over 50 percent of the total energy from fossil fuels was supplied by 
fuel oils. About 40 percent is attributable to the burning of residual oil 
alone. Coal comprised only about 20 percent of the total, and most of this 
was used for steelmaking, which, because of the nature of the processing 
would not contribute greatly to atmospheric sulfate concentrations or to 
acid rain. Similarly, sulfur emissions from smelting of sulfide-containing 
metal ores (the only other major source) are mostly recovered as sulfuric 
acid. Thus, in Japan the sulfur in fuel oil is the major source of sulfur 
compounds in the atmosphere. 

Data on precipitation in Japan suggest that serious acid rain has 
occurred (Chemical Abstracts 1981). Studies of the pH of rainfall in Japan 
have shown that values of 3 to 4 occurred in the 1973 to 1977 period. It 
has also been reported that on three occasions between June 1973 and July 
1975, acid mists caused widespread skin and eye irritation. Thus, it 
appears that Japan has experienced acid rains as severe as any that have 
been reported worldwide. 
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Year 

1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
a 

TABLE 6-8. ENERGY CONSUMPTION IN JAPANa 
(1015 B t u )  

Sol i d  
fuel s 

1.1 
1.3 
1.3 
1.4 
1 .3  
1 .3  
1.4 
1 .5  
1.4 
1.5 
1 .8  
1 .8  
2.0 
1 .8  
1 .8  
1.8 
1 .9  
2 .1  
2 .2  
2 . 2  
2.5 
2 .2  
2.1 
2.3 
2.4 
2.3 
2.2 
2 . 2  
2.2 

L i q u i d  
fuels b 

0.06 
0.12 
0.18 
0.30 
0.33 
0.37 
0.45 
0.59 
0.61 
0.74 
1 .oo 
1.40 
1.60 
2.00 
2.40 
2.80 
3.20 
4.00 
4.70 
5.60 
6.70 
7.50 
8.00 
9.20 
8.80 
8.40 
8.90 
9.10 
9.20 

Natural 
gas 

0.003 
0.003 
0.003 
0.004 
0.005 
0.007 
0.009 
0.01 2 
0.018 
0.023 
0.031 
0.039 
0.051 
0.070 
0.077 
0.073 
0.076 
0.080 
0.086 
0.095 
0.150 
0.150 
0.150 
0.220 
0.300 
0.330 
0.390 
0.490 
0.640 

Gasoline 

0.02 
0.03 
0.05 
0.06 
0.07 
0.08 
0.10 
0.13 
0.14 
0.15 
0.19 
0.23 
0.26 
0.30 
0.33 
0.36 
0.40 
0.47 
0.53 
0.61 
0.69 
0.76 
0.82 
0.92 
0.91 
0.96 
1 .oo 
1 .oo 
1.10 

United Nations (1976, 1979). 
Includes small amount of  feedstock. 
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Fuel 
o i l  

0.04 
0.09 
0.13 
0.23 
0.24 
0.27 
0.31 
0.41 
0.42 
0.52 
0.76 
1 .oo 
1.20 
1.50 
1.80 
2.10 
2.40 
3.00 
3.50 
4.20 
5.10 
5.70 
5.90 
6.80 
6.40 
5.90 
6.20 
6.40 
6.20 



The degree to which residual oil predominates in overall oil burning is 
shown in Table 6-9, which shows consumption of all fuel oil and consumption 
of residual oil for the years 1968 to 1976. These data suggest that the 
acid rain that was occurring in Japan is most likely attributable to 
residual oil burning, with some possible contributions from consumption of 
motor fuels. 

TABLE 6-9. OIL CONSUMPTION IN  JAPAN^ 
Btu) 

Year 

1968 
969 
970 
97 1 
972 
973 
974 
1975 
1976 

A1 1 
fuel oil 

3.5 
4.2 
5.1 
5.7 
5.9 
6.8 
6.4 
5.9 
6.2 

Res! dual 

3.15 
3.28 
4.20 
4.34 
4.69 
4.48 
4.81 
4.56 
4.79 

Utility Grade C 
residual oil 

0.76 
0.95 
1.16 
1.22 
1.31 
1.39 
1.31 
1.25 
1.35 

a Ando (1978). 

With the growth of fuel oil usage and associated sulfur pollution, 
Japan began to require desulfurization of oil, application of flue gas 
desulfurization systems, and other measures for environmental protection. 
While oil consumption continued to increase, the average sulfur content of 
fuel oil decreased from 2.3 percent in 1968 to 1.4 percent in 1976. As a 
result, the amount of sulfur available for emission from oil burning has 
remained about constant. Reductions of 50 percent in atmospheric concentra- 
tions of SO have been reported for this period. Corresponding reductions 
were also reported for atmospheric concentrations of both sulfates and 
vanadium. These data, which are believed to indicate a connection between 
residual oil burning and concentrations of atmospheric sulfates, are dis- 
cussed further in the section that follows and in Appendix D. 

X 

RESULTS OF !l%E ANALYSIS 

In the industrial areas investigated in this report, where acid rain is 
occurring, petroleum-derived fuels are more widely used than coal. The 
majority of the precursor SO and NO produced within some of these areas 

X X 
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comes from burning of petroleum fuels. Further, the growth of oil use in 
these areas generally coincides with the perception of acid rain as a 
problem, i.e., early 1950's. 

Residual oil burning is suspect for several reasons. It appears to be 
the primary cause of severe acid rain in Japan, where residual oil burning 
is the most significant source of the precursor compounds. Further, the 
pollution control measures for residual-oil-fired boilers in Japan have been 
linked to reductions of ambient sulfate concentrations. Similarly, in The 
Netherlands, where acidity of rain has been reduced by changing fuel con- 
sumption patterns, one of the most important changes has been reduction of 
emissions from residual-oil-fired boilers. If residual oil burning does, as 
it appears, contribute strongly to the formation of acid rain, it could be 
an important factor in the acidification of rain in the northeastern United 
States. 

Residual oil burning has increased sharply in the Northeast and other 
parts of the United States in the past 20 years, especially the amounts 
being burned in power plants. These power plants are, for the most part, 
poorly controlled with respect to particulate collection. Although the 
sulfur content of the oil burned has been reduced, fine particulates with 
potential for functioning as catalysts for formation of sulfate are being 
discharged. Also, these boilers appear to be especially productive of 
primary sulfates, which can participate directly in acidification of rain 
(see Appendix A). Further investigation should be focused on the role of 
residual oil burning in formation of acid rain. 

Although the combustion of residual oil may be more important in pro- 
duction of acid rain than other forms of oil burning (per unit of fuel 
burned), the distillate fuels burned for home and commercial space heat may 
also contribute to acid rain in the Northeast, where very large amounts of 
distillate oil are burned in a relatively small land area. The combustors 
of these distillate fuels are generally small and are often poorly con- 
trolled so that they are likely to be especially productive of primary 
sulfates. A l s o ,  they discharge the sulfate at relatively low levels, where 
their impact will be felt locally. 

Motor vehicles burning diesel fuel and gasoline also emit NO in 
amounts that are significant for each unit of fuel burned. At some foca- 
tions in or near the areas most severely impacted by acid rain, motor 
vehicles produce precursor compounds in larger quantities than any other 
local source. Better definition of the role of motor vehicles in acid rain 
is needed. 

In summary, it has been shown that there is heavy consumption of 
petroleum fuels with demonstrable potential for large-scale production of 
SOz, NO , and primary sulfates in a number of industrialized areas in the 
world wfiere--acid rain is occurring. This suggests the need for further 
evaluation of the contribution of petroleum fuel burning to acid rain. 
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SECTION 7 

THE IMPACT OF LOCAL SOURCES 

The previous section described a number of industrialized areas in the 
world where changes in acidity of precipitation are concurrent with changes 
in patterns of fuel burning. However, this is only suggestive of an asso- 
ciation between the two and at present, data are not available to prove a 
cause and effect relationship. There is, however, additional evidence to 
suggest that local sources (fuel burning and other) do affect the acidity of 
precipitation in their vicinity. 

Some of the evidence to suggest an important role for local sources in 
acidification have already been discussed. Reductions of emissions from 
local oil burning in The Netherlands for example, led to an apparent reduc- 
tion in acidification of local precipitation. 

In Japan, when control of oil-bhrning plants was being implemented, 
reductions were made in atmospheric concentrations o f  both SO2 and sulfates. 
It was further observed in the 1970 to 1974 period when this activity was 
taking place that comparable reductions in ambient concentrations of 
vanadium were observed in 10 major Japanese cities. These data, which are 
capable of many interpretations, are shown in Table 7-1. These results are 
inconsistent with experience in the W.S. where reductions of SO2 emissions 
have produced only modest reductions in ambient sulfate levels downwind and 
no apparent relationship between sulfate levels and vanadium concentrations 
has been observed. The relationship observed in Japan, taken with what is 
known about fuel burning in that country, strongly suggests that vanadium 
concentrations in the atmosphere and ambient sulfate levels are relatable to 
oil burning. As indicated earlier, work in Florida has also produced indi- 
cations that acid rain is attributable to local emissions. Rain is most 
acidic in the northern part of the State, where most power plants (mostly 
burning oil) are located. It has been suggested by one worker that emis- 
sions from neighboring states to the north may influence the acidity of rain 
in upper Florida (Tanaka et al. 1980) but a recent study attributed local 
atmospheric deposition patterns to in-state emissions of SOx and NOx 
(Edgerton and Brezonik 1981). 

Other data are available to document the contribution of individual 
point sources of pollution to acidification of precipitation. Smelters, 
coal- and oil-fired utility boilers, oil-fired commercial boilers, etc. have 
been shown to impact on the precipitation in their vicinity. The following 
paragraphs highlight a number o f  local source effects. 
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TABLE 7-1. AMBIENT CONCENTRATIONS OF SULFUR D I O X I D E  (SOZ), 
SULFATE (SO4’) AND VANADIUM (V)  I N  MAJOR CITIES I N  JAPAN 

(vg/Nm3) a 

City 

Sapporo 

I c h i  hara  

Tokyo 

Kawasaki 

Nagoya 

Osaka 

Arna ga sa k i 

Matsue 

Ube 

K i takyushu 

Average 

s02 

1970 

11.2 

14.7 

17.3 

56.0 

22.0 

31.6 

30.3 

8.7 

27.5 

29.0 

24.8 

V 

0.03 

0.06 

0.07 

0.27 

0.09 

0.15 

0.10 

0.01 

0.05 

0.10 

0.09 

a 
Ando (1978).  
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1972 - - 
s04 

8.3 

15.5 

16.1 

24.0 

25.0 

27.0 

18.8 

10.3 

20.9 

17.1 

18.3 

V 

0.03 

0.07 

0.08 

0.14 

0.12 

0.13 

0.11 

0.02 

0.07 

0.07 

0.08 

1974 - - 
504 

7.0 

11.8 

12.0 

16.8 

16.7 

14.6 

12.6 

7.3 

13.4 

12.5 

12.5 

V 

0.02 

0.03 

0.05 

0.05 

0.06 

0.05 

0.05 

0.02 

0.05 

0.05 

0.04 



Coal- and Oi l -F i red  Power P l a n t s  

Chalk P o i n t  i s  a 710-MW, o i l - f i r e d  power p l a n t  i n  Maryland having two 
s t a c k s  400 f t  (122 m) h igh .  F i g u r e  7-1 shows t h e  p a t t e r n  o f  a c i d  d e p o s i t i o n  
i n  t h e  immediate v i c i n i t y  o f  t h e  power p l a n t  d u r i n g  a ser ies  of  summer 
convect ive  s torms  (Chandler e t  a l .  1980) .  The s t u d y  c l e a r l y  shows t h a t  
r a i n f a l l  i n  t h e  immediate v i c i n i t y  o f  t h e  p l a n t  i s  most a c i d  and t h a t  
a c i d i t y  drops  o f f  w i t h  d i s t a n c e .  Also ,  winds and r a i n f a l l  r a t e s  have a 
d e f i n i t e  e f f e c t  on t h e  p a t t e r n  of  hydrogen i o n  d e p o s i t i o n .  

Vermeulen r e c e n t l y  summarized t h e  r e s u l t s  of  s e v e r a l  o t h e r  power p l a n t  
s t u d i e s  i n  r e l a t i o n  t o  l o c a l  a c i d  r a i n  (Vermeulen 1980):  

Hb'gstrb'm d i d  i n  1974 a s t u d y  of  t h e  w e t  d e p o s i t i o n  of  s u l f u r  
from a c o a l - f i r e d  power p l a n t  plume (130 f t  s t a c k )  i n  Uppsala ,  
Sweden. H e  found t h a t  40 t o  70 p e r c e n t  of  t h e  e m i t t e d  SO;! amount 
was d e p o s i t e d  w i t h i n  60 km of  t h e  s t a c k .  T h i s  was a v e r y  d e t a i l e d  
s t u d y .  The SO2 washed o u t  by p r e c i p i t a t i o n  c o n s i s t e d  of  98 p e r -  
c e n t  o f  s u l f a t e  and o n l y  2 p e r c e n t  of  SO2. I n  t h e  plume, t h i s  
r e l a t i o n  was j u s t  t h e  o p p o s i t e  .... Hales  and o t h e r s  c o l l e c t e d ,  
d u r i n g  a s t u d y  of  t h e  (coa l -burn ing)  Keystone g e n e r a t i n g  s t a t i o n  
i n  Pennsylvania ,  h i g h l y  a c i d i c  r a i n  w a t e r  samples w i t h i n  4 mi l e s  
of  t h e  800 f t  h i g h  s t a c k .  J u s t  a s  Hb'gstrb'm d i d ,  Hales  found an 
i n c r e a s e  i n  s u l f a t e ,  b u t  a v e r y  smal l  amount of  SO, i n  t h e  r a i n  
w a t e r  .... During a n  i n v e s t i g a t i o n  i n  South Maryland, i n  t h e  d i r e c t  
sur rounding  of  a 710-MW power p l a n t ,  Landsberg found pH v a l u e s  
between 3 .0  and 5 . 7 .  The samples were c l e a r l y  i n f l u e n c e d  by t h e  
e m i t t e d  and washed o u t  SO2. Another i n v e s t i g a t i o n  of  Landsberg 
c a r r i e d  o u t  w i t h  13 r a i n  samplers  i n  t h e  s u r r o u n d i n s  o f  a power 
p l a n t  confirmed h i s  e a r l i e r  r e s u l t s .  I n  a s t u d y  by Granat  and 
Rhode, i n  which t h e y  made u s e  of  78 r a i n  samplers  s i t u a t e d  about  a 
power p l a n t ,  t h e y  found a s i g n i f i c a n t  i n f l u e n c e  of t h e  e m i t t e d  SO;! 
on t h e  p r o t o n  c o n c e n t r a t i o n  and t h e  c o n c e n t r a t i o n  of  s u l f a t e .  
Hutcheson and H a l l  had t h e  same e x p e r i e n c e  du r ing  t h e i r  s t u d y  i n  a 
s i m i l a r  s i t u a t i o n  ( a t  a c o a l - f i r e d  power p l a n t ) .  

R e c e n t l y ,  Hb'gstrb'm and o t h e r s  s t u d i e d  t h e  wet f a l l o u t  of  
s u l f a t e  and t h e  SO2 t o  s u l f a t e  t r a n s f o r m a t i o n  r a t e  a t  a n  oil- 
f i r e d ,  1000-MW power p l a n t  i n  Sweden. T h i s  p r o j e c t  comprised a 
number of  w e t  f a l l o u t  t e s t s  w i t h  n o t  l e s s  t h a n  100 sampling loca-  
t i o n s  up t o  60 km from t h e  s o u r c e .  I n  t h e i r  exper iments ,  t h e y  
made u s e  o f  a n  i n e r t  t r a c e r ,  SF6. They found t h a t  about  70 p e r -  
c e n t  o f  t h e  e m i t t e d  amount was d e p o s i t e d  w i t h i n  80 t o  120 km from 
t h e  s o u r c e .  T h i s  confirmed t h e  e a r l i e r  r e s u l t s  from 1974. I n  t h e  
d i s p e r s i o n  exper iments ,  t h e y  found t h a t  on a day w i t h  c l o s e  t o  100 
p e r c e n t  r e l a t i v e  humidi ty ,  70 p e r c e n t  of  t h e  s u l f u r  from t h e  power 
p l a n t  occur red  a s  s u l f a t e  a t  a d i s t a n c e  o f  30 km from t h e  s o u r c e .  
On a muth d r i e r  day,  t h e  cor responding  f i g u r e  was o n l y  10 p e r c e n t  
a t  30 km. 

Boldt  e t  a l .  1980 summarized t h e  t e s t i n g  of t h e  Niagra-Mohawk steam 
p l a n t  a t  Albany. This  r e s i d u a l  o i l - f i r e d  p l a n t  was t e s t e d  from m i d -  
September t o  mid-October, 1978 a s  a pr imary s u l f a t e  emiss ion  s o u r c e .  
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Initial examination of ambient sulfate levels in the Albany area indicated 
that they were consistently higher over a 13-year period than those in 
either Schenectady or Troy. The authors felt this reflected the influence 
of local emissions rather than long-range transport influences, which would 
not produce the consistently higher geometric means observed in Albany. 

During the field test program it was found that while the Albany plant 
plume passed over or between test sites much of the time, on three days when 
the winds were blowing directly toward the monitoring station for at least 
12 hours, the average increase in downwind sulfate over upwind sulfate was 
34 to 60 percent of the downwind concentration. These observations along 
with pH isopleths constructed from the field test work led the authors to 
conclude that high local sulfate levels were attributable to local sulfate 
emissions. 

Some power plants have also been shown to contribute to more alkaline 
pH values in the vicinity of the plants. One example is an isolated 
petroleum coke-fired power plant in the Ashabasia oil sands area of western 
Canada. Barrie (1980) found that snowpack within 5-25 km of the plant was 
more alkaline than snowpack 100 km away or greater in any direction. This 
was attributable to the soluble oxides of calcium and magnesium in the 
flyash. Deposition gradients near the source (5 -25  km) were much greater 
for metals (1O:l) than for sulfate and nitrate (3:l). Although Barrie 
indicated that a large fraction of the particulate-related substances were 
deposited within 25 km of the plant, he estimated that less than 2 percent 
of the volatile oxides of sulfur and nitrogen were deposited within 25 km. 

Martin (1979) reported that in southwestern England (Swansea-Cardiff- 
Bristol areas), combustion of low-chloride coals is suggested as a major 
source of alkalinity for several nearby urban areas that experience more 
alkaline precipitation than in other urban and rural sections of the 
country. However, since all of these low-chloride coal power plants are 
located near large industrial areas, it is difficult to distinguish the 
relative contribution of alkalinity of the power plants from that of other 
alkaline sources from the industrial areas. 

Smelter Studies-- 
The potential roles of local point sources in contamination of precipi- 

tation in their immediate vicinity has been demonstrated by a number of 
projects that have studied the fate of metal and sulfur compounds emitted 
from ore roasting operations producing nonferrous metals. The most studied 
nonferrous smelter is the Coppercliff smelter in Sudbury. Exploitation of 
ore deposits in the Sucbury area began about 1885 with operations that 
involved primitive methods resulting in relea-se of massive amounts of pollu- 
tion at ground level. The processing methods have changed over the years 
and now involve more sophisticated technology. However, the present opera- 
tion is still unique in a number of respects. It is the largest single 
point source-of SO emissions in the world, annually emitting over 1 million 
tons per year, o r 3 0  percent of Canada's and 1 to 3 percent of the world's 
total anthropogenic emissions. 
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Pollutants are now discharged through the world's tallest stack (380 m) 
(Freedman and Hutchinson 1980b). Some studies that have specifically 
addressed the question of the extent to which the modern day operations 
impact locally (Freedman and Hutchinson 1980b) (Scheider, Jeffries and 
Dillon 1980) (Hutchinson and Whitby 1977) are discussed below. The 
Scheider, Jeffries and Dillion (1981) study compared the bulk deposition of 
metals (nickel and copper), free hydrogen ion, and sulfate at eight 
collectors near Sudbury and at eight collectors 225 km southwest of Sudbury. 
Comparisons included samples taken while the smelter was operating with 
those taken during a period of about 10 months when the smelter was shut 
down in the 1978-1979 period. Bulk depositions of  total copper and nickel 
were "significantly lower (3 to 76 fold decrease)" up to 50 km from the 
smelter when it was not operating. Deposition of  sulfur also "decreased 
significantly (5 to 50% decrease)" at stations within 12 km of the smelter 
during the shutdown. There was no significant decreases in deposition of 
sulfate, free hydrogen ion or total copper at the remote set of collectors. 
It was concluded that the smelter is a significant contributor to local 
deposition of  sulfate, copper and nickel but that free hydrogen ion and 
sulfate in precipitation at the remote stations "are governed by long-range 
transport of pollutants originating from many sources". 

Two additional studies of the Sudbury smelter (Hutchinson and Whitby 
1977) (Freedman and Hutchinson 1980a) provide data for acidity of precipita- 
tion at various distances from the smelter before the short (152 m) stack 
was replaced by a 380 m stack in 1972. Data selected from these studies are 
shown in Figure 7-2. All data are for the summer growing season, the only 
period common to both reports. The symbols represent comparable month of  
the year reporting periods. These data indicate that the impact of the 
smelter discharge in lowering precipitation pH within about 5 km is mini- 
mized with the tall stack but low pH periods still occur. Also it indicates 
that the pH of samples collected remote to the stack (>50 km) have been 
lowered by the increased stack height. 

A third smelter study (Larson et al. 1975) involved detailed analyses 
of a single rain occurrence in the Puget Sound region. One main objective 
was to determine the areal and chemical extent of rain modification by a 
large nonferrous smelter located in the area. The results indicated that 
arsenic was a good tracer of the influence of the smelter plume on rain 
chemistry. Also a definite correlation was obtained between hydrogen ion, 
sulfate ion and arsenic concentration increases downwind of the smelter. 
The influence of the smelter upon rain chemistry was reported to be detect- 
able out to 40 km. Data for pH values observed during the storm are shown 
in Figure 7-3. 

Area Sources 

New York City Study-- 
Homolya- and Lambert (1981), conducted a test program on 20 small 

boilers in commercial facilities or residences. These types of boilers have 
burned a hydrodesulfurized residual fuel oil averaging 0.3 percent sulfur 
and containing vanadium and nickel as the principal metals present since 
about 1965. Primary sulfate emissions from these sources averaged 13.4 
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Figure  7-2. P r e c i p i t a t i o n  a c i d i t y  p a t t e r n s  around Sudbury, Ontar io .  Monthly 
D i f f e r e n t  symbols represent  d i f f e r e n t  

monthly r e p o r t i n  per iods.  Distances represent  a south-southeast 

Post-1972 per iod,  t a l l  s tacks f rom 
Freedman and h t c h i n s o n ,  (1  980a). 

averages d u r i n g  summer growing seasons. 

Hutchinson and Whi tby,  (1977): ( B ) .  
t r a n s e c t  from Su 1 bury. ( A ) .  Pre-1972 pe r iod ,  s h o r t  s tacks f rom 

Source: Resource Technologies Group, Inc. ,  Morgantown, W. Va. 
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Figure 7-3. pH isopleths o f  a single 1973 storm in th Puget Sound region. 

(Larson et al. 1975). 
and arsenic isopleths showed profiles similar to pH 3.8-4.2 Tacoma isopleths. 

Monitoring network included 43 sampling sites. Sulfate 
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percent of the SO emissions. This is much higher than the reported emis- 
sion factors of 1.5 percent for both oil and coal (U.S. EPA 1981). 

The authors projected that 36.8 and 5 1 . 2  percent of the SOx and sulfate 
emissions respectively, in the New York and Long Island areas are attribut- 
able to the commercial and institutional sectors. Adding in the industrial 
sector pushes the sulfate contribution to 57 percent. They indicate that 
such sources may account for episodic winter sulfate levels measured in 
metropolitan areas. They also cite a supporting reference (Altschuller 
1980), which indicates that an analysis of monitoring data from 1965-1978 at 
northeast sites shows that most of the excess urban sulfate above regional 
background was accounted for by local scale primary sulfate emissions. 

Local Sources in Michigan-- 
Richardson and Merva (1976) reported local source effects from both 

point and area sources on acidity measurements in Michigan. The point 
sources were paper mills and primary sources in the northern part of the 
State and were said to decrease pH measures 0.4 units compared to monitoring 
sites unaffected by point sources. 

Area sources in Saginaw Bay, an area source urban plume, were reported 
to decrease weighted mean pH values to 4.90  from 5 . 2 7  in central Michigan 
stations to the west of Saginaw Bay. A monitoring site at Vassar, Michigan, 
which is 25 to 40 km from the Saginaw Bay urban plume showed the highest 
acidity, with a weighted mean average pH of 4 .2  

In summary it seems well established that large point sources can have 
a demonstratable impact on the composition of rain at varying distances from 
the point of emission, and there is evidence to suggest that area sources 
such as oil-burning boilers and automobiles can also impact on acidity of 
local precipitation. The evidence to support arguments that local sources 
are important to the character of local precipitation, like that to support 
claims that long-range transport from large remote sources is an important 
factor, are circumstantial. Until further work is done, the relative 
importance of different types of sources will be in doubt. 
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PART 3 

IMPLICATIONS OF THE FINDINGS 

Current analyses show that the acidification of precipitation results, 
at least in part, from burning of fuels in heavily industrialized areas of 
the world. It is unclear whether significant damage is occurring and 
whether acidification is spreading or worsening. Most importantly, it is 
not clear what kinds of fuel burning contribute most to the acidification. 
At the same time, there is great pressure to take some action that will 
protect the environment from possible adverse consequences of acidification. 
Thus we are in a position where we must decide what actions should be taken 
to prevent environmental damage from a largely undefined problem. This 
portion of the report examines the study findings for implications relevant 
to this problem. 

THE ROLE OF COAL BURNING 

Coal burning has been identified by some as a dominant contributor to 
acidification o f  rain, especially in the United States. Large coal-burning 
installations do in fact produce awesome amounts of precursor compounds, 
which are generally discharged through very tall stacks and thus are avail- 
able for long-range transport to areas where acid rain is occurring. Long- 
range transport modeling has been used in attempts to make a connection be- 
tween coal-burning plants and areas of high acidification. The conclusion 
that coal-burning plants are the primary source of acid rain may not be 
accurate, however, because the relative contribution of precursor sources, 
especially petroleum-based combustion sources, is uncertain. 

Any acid rain control strategy based on control of large coal-burning 
plants would have great economic'impact. An installation cost of $11 
billion (1980 dollars) has been estimated for SOx controls on the 50 largest 
coal-burning facilities in the area generally upwind of the northeastern 
areas of the United States, where precipitation is most acid. This would in 
effect provide for 90 percent control of the SO emitted from these instal- 
lations; but we do not know what would be the 5ctual impact on acidifica- 
tion, 70 percent of which is attributable to SO . Hence, we need better 
definition of the impact of large, remote, coal-burning plants on the 
Northeast. 

X 

THE ROLE OF OIL BURNING IN BOILERS AND FURNACES 

Fuel consumption patterns in industrial areas suggest that oil burning 
(particularly residual oil burning) may be making an important contribution 
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to acid rain directly and indirectly. Pollutants discharged by oil burning 
include SOx, especially high levels of primary sulfate, and materials that 
may catalyze SO2 to sulfate in the atmosphere. Experience in The Nether- 
lands indicates that oil burning can cause acid rain in the region where it 
is burned. The Dutch work also indicates that limiting the burning of oil 
in power generation and reducing the sulfur content of that which is burned 
can reduce acidification. Experience in Japan suggests that oil burning can 
be the dominant cause of acidification of precipitation and indicates that 
control of emissions from residual oil burning can reduce ambient concentra- 
tions of SO precursors and sulfates. It seems likely that this should 
reduce acidiFication of precipitation as well, but this has not been estab- 
lished. In development of any control strategy for the United States, the 
role of oil burning should be carefully considered and the experience in 
Japan and The Netherlands should be studied. 

Attention should be given to the Japanese experience with control 
techniques related to residual oil burning, which is apparently a major 
contributor in various parts of the world. We need to know the degree to 
which these controls have reduced the acid rain problem in Japan and their 
cost-effectiveness. Potential control measures for reducing acid rain 
precursor emissions from oil-fired boilers include low-excess-air burners, 
use of  low-sulfur or desulfurized oil, catalyst removal through demetalliza- 
tion, use of boiler additives, and use of electrostatic precipitators for 
particulate control. 

THE ROLE OF THE MOTOR VEHICLE 

The role of the motor vehicle in acid rain has received very little 
attention, despite evidence suggesting that it may be important. Both 
gasoline- and diesel-powered vehicles emit significant amounts of NO pre- 
cursors. Further, the photochemical reactions of the type associate8 with 
automotive emissions are also. associated with high conversion of SO2 to 
sulfate. Another clue to the impact of vehicular emissions is that the area 
highest in hydrogen ion deposition in the United States (by most recent 
estimates) coincides with an area of very high traffic density. Moreover, 
this area is not centered where it might be if the deposition resulted from 
upwind dumping of acid rain on the western slopes of the mountains in the 
East. Studies of acid rain in California have indicated that motor vehicles 
can be a primary cause of acid rain within some regions. Collectively, this 
information strongly suggests that the role of the motor vehicle needs 
careful consideration in a strategy to combat acid rain in the United 
States. 

EXPANDING THE DATA BASE 

Any attempt to define the role of major emission sources and develop a 
strategy for control of acid rain in the United States will require develop- 
ment of an improved data base and better understanding of a number of 
critical areas. Those that seem most important at this stage are discussed 
below. 
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d Mitigation Measures 

Feasible measures for mitigating the effects of acid rain on vulnerable 
receptors should be examined. One possibility is the liming of or addition 
of limestone to affected lakes in the Northeast. The cost of a liming 
program for the Adirondack lakes is estimated at $14.9  million for one 
treatment (1979 dollars) (Horn 1 9 8 0 ) .  Liming would be required roughly 
every 3 years. Additional monitoring and administration would cost $1 to 3 
million per year. The total cost is a small fraction of the cost of 
implementing SO2 control strategies, and earlier liming projects indicate 
that this technique is effective in protecting fishing resources. Studies 
should be done on the possible side effects of a massive liming program. If 
results are favorable, this technique could be used until better resolution 
of the relative source contribution is achieved. 

Effects of Acid Rain 

The actual effects of acid rain are unclear. Various receptor areas 
are affected differently, and many effects studies are inconclusive. Thus, 
additional work is needed to (1) determine the spatial and temporal extent 
of acidification on northeastern lakes and stream headwaters, and (2) better 
define effects of acid rain on human health, drinking water supplies, fish 
populations, vegetation, soils, and materials. Closely related is the need 
for data on socioeconomic impacts such as tourist trade and sport fishing. 
Solid information on all of these effects is needed for a realistic evalua- 
tion of the cost-effectiveness of proposed control measures. Efforts should 
be made to affix dollar values, at least order-of-magnitude, to actual and 
potential losses that may be resulting from acid rain, e.g., costs involved 
in treatment of water supplies and losses attributable to decline in tourism 
and recreational resources on the lake regions. 

As in many aspects of the acid rain problem, the economic impacts are 
difficult to evaluate because they cannot be clearly separated from the 
impacts  o f  o t h e r  forms of a i r  p o l l u t i o n .  

Natural versus Manmade Sources of Acid Rain 

Some technical and analytical effort should be expended to improve the 
highly variable and incomplete efforts to estimate global emissions of  
sulfur and nitrogen compounds from natural sources. In industrialized 
areas, manmade emissions appear to overwhelm those occurring in nature. 
Some findings indicate however, that natural sources may be important none- 
theless. Controversy concerning the relative importance of natural emis- 
sions should be resolved. The resolution might also clarify uncertainties 
about the often-used pH value of 5.6 as the standard for natural rainfall. 
(It appears that natural rainfall can range from pH 4 to 8 . )  

/3 

Offshore-onshore sampling comparisons in marine areas experiencing acid 
rain may provide helpful information. An improved global map of comparable 
pH and hydrogen ion concentrations should be developed with data from on- 
going monitoring systems throughout the world. 
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Monitor ing and Data A n a l v s i s  

E f f o r t s  should  c o n t i n u e  toward improving t h e  q u a l i t y  f p r e c i p i t a t i  n 
and ambient a i r  d a t a .  P a r t i c u l a r l y  i m p o r t a n t  i s  t h e  development of  new 
t e c h n i q u e s  f o r  measuring a l l  o f  t h e  forms o f  d r y  d e p o s i t i o n  ( g r a v i t a t i o n a l ,  
impact ion  and d i f f u s i o n )  f o r  which t h e r e  i s  p r e s e n t l y  no accepted  measure- 
ment t e c h n i q u e .  

D e w s ,  f r o s t s ,  and fogs  occur  i n  f i n e l y  d i v i d e d  form w i t h  l a r g e  s u r f a c e  
a r e a s  and have t h e  p o t e n t i a l  t o  b e  v e r y  a c i d i c .  L i t t l e  i s  known about  t h e  
impact o f  t h e s e  phenomena and a d d i t i o n a l  s t u d y  i s  warran ted .  Any new moni- 
t o r i n g  programs should  be c o o r d i n a t e d  w i t h  t h e  t e c h n i q u e s  t o  b e  l a t e r  
a p p l i e d  i n  d a t a  a n a l y s i s .  

F u t u r e  a n a l y s i s  o f  p r e c i p i t a t i o n  and ambient a i r  d a t a  should  b e  w e l l  
p lanned  and c o n s i s t e n t  i f  c l u e s  a r e  t o  provided  t o  a number of  q u e s t i o n s  
such  a s  t h o s e  r e g a r d i n g  t r e n d s  i n  o c c u r r e n c e  and spread  of  a c i d  r a i n ,  r e l a -  
t i v e  s o u r c e  c o n t r i b u t i o n s ,  urban v e r s u s  r u r a l  c o n c e n t r a t i o n s  and t h e  s i g n i f -  
i c a n c e  o f  m e t a l  c a t a l y s t s  and carbon a s  o x i d a t i o n  enhancers  i n  format ion  o f  
a c i d  r a i n  p r e c u r s o r s .  

Long-Range-TransDort Modeling 

R e s u l t s  o b t a i n e d  i n  p r e s e n t  LRT modeling should  be  approached w i t h  
g r e a t  c a u t i o n  i f  used a s  a b a s i s  f o r  making c o n t r o l  p o l i c y  d e c i s i o n s .  The 
r e a s o n  i s  t h a t  many o f  t h e  i n p u t s  r e q u i r e d  t o  l i n k  s o u r c e s  and r e c e p t o r s  a r e  
p o o r l y  unders tood  and v a r i a b l e .  The main a r e a s  t h a t  r e q u i r e  improvement a r e  
t h e  parameters  o f  a tmospher ic  c h e m i s t r y  and p h y s i c s  t h a t  a f f e c t  f o r m a t i o n  o f  
a c i d  r a i n  p r e c u r s o r s ,  and emiss ions  and m e t e o r o l o g i c a l  d a t a ,  i n c l u d i n g  
e f f ec t s  o f  t e r r a i n .  The LRT models a l s o  should  b e  f l e x i b l e  enough t o  a c c e p t  
a l a r g e  number o f  v a r i a b l e s  and t h e n  change them a p p r o p r i a t e l y  w i t h  movement 
o f  a n  a i r  mass o v e r  d i f f e r e n t  g e o g r a p h i c a l  a r e a s .  The n i t r o g e n  compounds 
should  be  i n c o r p o r a t e d  i n t o  LRT model ing,  which now accommodates o n l y  SO . 

X 

Throughout t h i s  s t u d y  w e  have n e c e s s a r i l y  p o i n t e d  t o  a r e a s  of  uncer-  
t a i n t y  and t o  weaknesses i n  t h e  d a t a  b a s e .  We a t t r i b u t e  t h i s  t o  t h e  f a c t  
t h a t  it i s  o n l y  i n  t h e  p a s t  5 y e a r s  o r  s o  t h a t  t h e  a c i d  r a i n  problem h a s  
undergone in-depth  a n a l y s i s .  I t  i s  hoped t h a t  i d e n t i f y i n g  t h e  needs t h a t  
a r e  p e r c e i v e d  t o  b e  t h e  most i m p o r t a n t  w i l l  be  u s e f u l  i n  deve loping  p o s s i b l e  
s o l u t i o n s .  
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APPENDIX A 

CASE STUDY ANALYSIS OF SOURCES OF ACID RAIN IN 
THE NORTHEASTERN UNITED STATES 

INTRODUCTION 

The Northeastern United States was selected for case study analysis 
because the acidity of the rain falling there is greater than in other parts 
of the country, and also because the sources responsible for the acid rain 
have been the subject of considerable controversy. 

The area represented in this case study is the eight-state region of 
the northeastern United States extending 200 miles in all directions, the 
Adirondack Mountains. As shown in Figure A-1, it includes all or portions 
of the States of New York, New Jersey, New Hampshire, Rhode Island, 
Connecticut, Vermont, Pennsylvania, and Massachusetts. Winds to the 
Adirondack area are primarily out of the southwest and northwest, although 
during the summer months they are often from the south, moving from New York 
City northward through Albany toward the Adirondacks (U.S. Department of 
Commerce 1979). Average temperatures range from about 20' to 40°F in 
January to about 60° to 85OF in July. Unlike Florida and California, normal 
precipitation shows little month-to-month variation in the Northeast, except 
that it is somewhat heavier in the warmer months. Rain or snow occurs 10 
days per month or 1 out of every 3 days in the Northeast. 

OCCURRENCE OF ACID RAIN 

The Northeast is the first area in the United States where acid precip- 
itation was found, and current measurements show some of the lowest precipi- 
tation pH values in the Nation. Although data are limited, there are indi- 
cations that rainfall was not always acid in the Northeast but became so 
sometime between the 1920's and the 1950's. Precipitation in Geneva, New 
York, between 1919 and 1928 was analyzed and found to contain carbonic acid; 
for this reason, it is believed to have had-a pH value ranging from 5.46 to 
6.36 (Sigma Research, Inc. 1979; Likens 1972). Other parts of eastern North 
America such as Virginia and Tennessee had rainfall with calculated pH 
levels ranging from 5 to 7 in the 1920's (Cogbill 1980). 

The earliest measured pH values are from Mt. Washington, New Hampshire, 
where the pH of cloudwater was measured at 4.5 in 1937 to 1940, and Washing- 
ton, D.C., where the pH of raindrops was measured at 4.2 in 1940 (Cogbill 
1980). By the 1950's, the pH of rainfall in New York and other northeastern 
states was calculated to be about 4.5, indicating a possible 10-fold 
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increase in acidity over that which was thought to have existed previously 
(Cogbill and Likens 1974). Confidence in these data sets is limited, how- 
ever, because sampling sites in the different time periods were not the 
same, because sample collection methods varied, and because the pH values 
were measured by outdated techniques or were calculated. 

Nevertheless, it seems that an increase in acidity occurred at some 
time during the 30-year period from the 1920's to the 1950's. Likens and 
Bormann (1974) have suggested that the change occurred closer to 1950 as a 
consequence of a reduction in alkaline fly-ash emissions from coal-fired - 
boilers in combination with an increase in SO and NO emissions. 

X X 

Evidence of continued increases in rainfall acidity since the 1950's 
has been developed by Cogbill and Likens (Cogbill and Likens 1974; Likens 
1976). Using the earliest available precipitation monitoring data for New 
York and other northeastern states, they performed calculations designed to 
reconstruct the original pH values of the samples. From these calculated pH 
values, they developed isopleth maps showing the pH of rainfall in the 
Northeast in 1955-56. Next, they compared these results with data from a 
1965-66 monitoring study in which the pH values of rainfall samples were 
also back-calculated, and with 1972-73 monitoring data based on measured pH 
values. The pH isopleths for the Northeast from the three periods are often 
displayed side by side, as shown in Figure A-2, and have been used to 
support claims of  increasing and more widespread acid rain. 

The comparison of these isopleths for purposes of demonstrating trends 
has been criticized for several reasons. First, the sampling methods used 
in these studies were significantly different. Because the 1955-56 samples 
included both wet and dry precipitation, the calculations by Cogbill and 
Likens are likely to show less acidity than would be expected if only wet 
precipitation had been collected, as in 1965-66 and 1972-73. In other 
words, it is likely that the actual pH of the rainfall in the 50's was more 
acid than the isopleths indicate. 

Second, it is now known that the early samples were stored inappro- 
priately, so that changes in sample chemistry could have been large enough 
to shift the pH by as much as 0.5 unit. 

Third, because pH levels have been found to vary with location, some 
critics believe that a valid trend comparison can be made only among identi- 
cal monitoring sites. For the three periods compared by Cogbill and Likens, 
the monitoring sites were often different. When one compares values from 
only the 10 sites that were common to the 1955-56 and 1965-66 studies, no 
trend can be seen; four of the ten samples were higher in pH value, two were 
lower, and four remained the same.(GCA 1981). Similarly, when isopleths of 
the 1965-66 study are compared with isopleths from the 1972-73 study, acid 
rain appears to be spreading; yet in this case, only eight monitoring sites 
were common-to both studies. Of these, the samples from three were higher 
in pH value, two were lower, and three remained the same, indicating no net 
change or trend (GCA 1981). Comparison of values from sites common to the 
1955-56 and 1972-73 studies gives the same result (GCA 1981). 
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Figure A - 2 .  I s o p l e t h s  o f  the weighted annual average pH o f  p r e c i p i t a t i o n  i n  
the e a s t e r n  U n i t e d  S t a t e s  i n  1955-56, 1965-66, and 1972-73 

(Cogbil l  and Likens 1974; Likens 1976).  
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Even with these limitations on earlier isopleth data, one can still 
conclude with reasonable probability that acid rain has increased in inten- 
sity and occurrence in the Northeast since the 1920's. But this conclusion 
then leads to the question of why the expansion or spread of acid rain 
appears to be moving southwestward from New York and Pennsylvania toward 
Florida and Illinois instead of farther toward the East, a movement that 
would be consistent with the direction of prevailing winds. 

If the observed southwestward expansion of acid deposition is real, one 
can ask to what extent it is due to long-range transport of pollutants from 
increased coal consumption in the Midwest or is related to local changes in 
fuel consumption patterns within the affected areas. Historical fuel con- 
sumption patterns for the northeastern states, for example, suggest that the 
increases in oil consumption beginning in the 1940's and continuing to the 
1970's may account for some of the increasing acidity of rainfall in those 
states. The Southeast has also required increasing fuel supplies in the 
past 20 years because of the growth and expansion of urban and industrial 
activities; this in turn has led to an increase in emissions of SOx and NO . 
Thus, there is reason to believe that the spread of acid rain parallels tfie 
spread of urban and industrial development. Fuel use trends in the North- 
east are addressed in detail later in this Appendix. The Southeast is not 
examined as a region but is addressed through a detailed study of Florida in 
Appendix C. 

The supposition of a trend toward increasing acidity, especially since 
the 1960's, has also been disputed on the grounds that many northeastern 
monitoring sites surveyed from 1964 to 1970 have shown no significant trend 
over the time period, even though they receive acid precipitation. Time 
series of measurements at nine USGS sites in New York and Pennsylvania show 
no trend over the entire 1965-1973 sampling period, as seen in Figure A-3. 
The 1964-1977 data from Hubbard Brook, New Hampshire, (Figure A-4) also show 
no strong evidence of a trend toward increasing acidity. Five years of 
monitoring in Washington, D.C., by NOAA (Figure A-5) show an opposite 
trend--a slow but steady increase in pH (Miller 1980). 

One investigator has stated that when the data from the few midwestern 
monitoring sites included in the 1965-66 isopleths are interpreted on the 
basis of a measurement uncertainty of 0 . 5  pH unit, no evidence of westward 
expansion of acidity can be established (GCA 1981). It also has been 
pointed out that the apparent increase of acidity in the Southeast, shown by 
published isopleth maps (see Figure A - 2 ) ,  may well have resulted from the 
use of an incomplete data base (GCA 1981). Cogbill and Likens noted 
regarding their study that the decrease in pH levels in New York and New 
England evident in the 1965-66 data was caused primarily by greater reso- 
lution provided by additional monitoring sites (Cogbill and Likens 1974). 

Chemical analysis of precipitation in the Northeast has shown that 
sulfates are-the dominant anion; the sulfates are therefore thought to be 
largely responsible for the acidity. Approximately 60 to 70 percent of 
precipitation acidity is attributed to sulfate, 30 percent to nitrate, and 
the remainder to chloride. During the last decade, however, the proportions 
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attributable to nitrate and chloride contributions have been increasing 
while the proportion attributable to sulfate has been decreasing (Glass, 
Likens, and Dochinger 1978 ;  Likens 1 9 7 6 ) .  Even though sulfuric acid is 
thought to be the dominant supplier of hydrogen ions, the observed increases 
in total acidity may be related not to total sulfur input, but rather to the 
type of sulfur input (i.e., primary acidic sulfates, metal catalysts, 
carbon, etc;) or to increases in nitrogen input. 

A year-long monitoring program was conducted at Yonkers, New York, in 
1974 ,  covering 58 precipitation events. Results show that the events were 
highly acidic and that sulfate, nitrate, and to some extent chloride concen- 
trations contributed to this acidity (Jacobsen, Heller, and Van Leuken 
1 9 7 6 ) .  The maximum pH recorded during the study was 4 . 9 ,  the minimum was 
3 . 4 ,  and the mean was 4.1 .  In general, sulfate ions comprised the largest 
portion of the acidity, but in some instances the nitrate portions were 
larger. A closer look at the data revealed that the lower pH value of the 
event, the greater was the influence of nitrate in the sample. 

Rainfall acidity appears to peak during the summer months in the North- 
east, as shown in Figure A-6. This seasonal peak is attributed primarily to 
higher temperatures, which increase the oxidation rate and therefore 
increases the formation of sulfates and nitrates. Although the frequency of 
rainfall and variations in emission levels can also be seasonal factors, 
they are probably of  lesser importance in the Northeast. 

Rainfall in northeastern rural areas does not appear to be any more or 
less acid than rainfall in the cities. For example, a study of 200 wet 
precipitation samples collected from February to September 1975 at two rural 
locations (in the Adirondack Mountains of New York and the White Mountains 
of New Hampshire) and at the serni-urban community of Ithaca, New York, 
showed the same range of pH values (pH 3.5  to 4 . 5 )  (Galloway, Likens, and 
Edgerton 1 9 7 6 ) .  

In another urban-rural study, 72 precipitation events occurring between 
1975 and 1977 were monitored within the New York metropolitan area (Wolff et 
al. 1 9 7 8 ) .  Samples were collected at eight locations--one rural, three 
urban, and four suburban. The mean pH of all events was 4 . 2 8 ,  the lowest 
values occurring during July through September and the maximum values from 
October through December. The lowest pH values occurred in precipitation 
from showers and thunderstorms associated with cold fronts and air masses 
from the west and southwest. Urban-rural differences were not apparent. 
The weighted average pH value based on 183 observations at the suburban 
sites was 4 . 3 3 ;  at the three urban sites, the weighted average pH was 4.36  
based on 116 observations, and at the one rural site the average was 4.25 
based on 25 observations. 

Preliminary findings from the Sulfate Regional Experiment (SURE) in the 
Northeast have shown that the pH levels can vary drastically from one storm 
t o  the next. Measurements from precipitation events only a few days apart 
have varied by as much as 2 . 0  or 2 .5  pH units (Combustion 1 9 8 0 ) .  If it is 
assumed that within the period of a few days emissions from all sources 
remain steady, then the pH variance must be due to other factors. Tempera- 
ture, wind direction and speed, levels of other pollutants (ozone, ammonia, 
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metals, soil dust), sunlight intensity, mixing layer depth, precipitation in 
upwind areas, and other factors all combine to influence the pH measured at 
any given location. 

SOURCES OF ACID RAIN IN THE NORTHEAST 

Many have attributed the acidity in the Northeast to discharges from 
remote coal-burning power plants that emit large amounts of SOx and NOx from 
tall stacks. Most of these sources are located 500 miles or more from the 
Adirondacks; many are in the Ohio River Valley. They are plants of 500-MW 
capacity or larger, and use stacks up t o  1000 or more feet tall to disperse 
the effluent gases over large areas. It is believed that such discharges 
are transported over hundreds of miles and that during this transport SOx 
and NOx are transformed to sulfate and nitrate ions, which precipitate as 
acid rain at distant receptors such as the Northeast sector. 

Although the long-range transport theory undoubtedly accounts for some 
part of the acidity falling on the Northeast, other evidence indicates that 
sources located within the affected area should be given greater attention 
as potential significant contributors to the acid rain problem. These 
sources are examined in this section. 

Natural Sources 

The magnitude of natural source emissions of sulfur in the Northeast 
area is uncertain, though it is probably small compared with those from 
anthropogenic sources. Estimates based on figures of Galloway and Whelpdale 
(1980) indicate that natural sources in the eight-state area emit something 
on the order of 7 x lo9 grams of sulfur per year (i.e., 7000 metric tons of  
sulfur).;’; This is less than 1 percent of the amount emitted by anthropo- 
genic combustion sources in the area. 

At some locations, biological sources may be more important than these 
figures indicate (Envirosphere 1980). Hitchcock believes that as much as 50 
percent of the sulfate-sulfur found in the air near polluted bodies of water 
may arise from natural sources (Hitchcock 1976). Although much of the 
natural sulfur is emitted in reduced form such as hydrogen sulfide (H2S) or 
carbonyl sulfide (COS), it is probably oxidized to SO2 and sulfate in the 
atmosphere. Examples of such areas in the Northeast where natural sources 
could be particularly important are Buffalo on Lake Erie, Niagara Falls and 
Rochester on Lake Ontario, and New York City near Long Island Sound. 
Although the evidence to this effect is now limited, it deserves further 
investigation as part of the total effort to correctly identify and rank 
contributory sources of acid rain precursors in the Northeast and elsewhere. 

Calculations are based on work of Galloway and Whelpdale (1980) in which 
natural sulfur emissions in eastern United States were estimated at 0 .04  
Tg of sulfur per year for an area of 2.1 x 10l2 m2. This results in an 
average natural emission factor of  0.019 g/yr per m2. The eight-state 
case study area discussed in this report has an area of 136,138 mi2 x lo9 
m2. Applying the emission factor to this area results in an estimate of 
6.7 x l o9  g/yr of sulfur from natural sources. 
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The amount of NO contributed by natural sources in the Northeast is 
not known. The ratio%o manmade emissions may range from 1:l to 15:l (GCA 
1981). Significant amounts may be produced by lightning (U.S. EPA 1978a). 
Terrestrial decomposition of nitrates also results in the release of reduced 
nitrogen in the form of ammonia (NH3) gas, which can then be oxidized again 
to NOx in the atmosphere. This natural process may be particularly 
important in the Northeast because of the extensive vegetative cover. AS 
with natural sources of SO the contributory role of natural NO in the 
Northeast and elsewhere should be investigated to allow the identaication 
and ranking of all source types in the production of acid rain. 

X ’  

Manmade Sources 

Emissions of SO2 and NO from all manmade sources in the eight-state 
northeastern study area are ssown in Table A - 1 .  Pennsylvania and New York 
are the largest emitters of both SO2 and NOx. The table shows that fuel 
combustion accounts for 89 percent of all SO2 and 97 percent of all anthro- 
pogenic NO emissions in the study area. 

X 

Emissions of SO2 and NOx from the Ohio Valley states exceed those of 
the northeastern states by factors of 2 and 1.5, respectively. The SO2 and 
NO emitted in the Northeast each constitute about 14 percent of the total 
United States emissions of SO, and NOx, as estimated by NEDS. The northeast 
SO2 emissions equal the total SO2 emission budget for eastern Canada 
(Galloway and Whepdale 1980). 

X 

An analysis of SO*, NO , and sulfate emissions from combustion sources 
was conducted for this stuzy. The combustion emission inventory data for 
the Northeast study area are summarized in Tables A-2 and A-3. (Complete 
details are given in Appendix E.) Table A-2 shows that in the Northeast 
study area, combustion emissions of SO2 arise primarily from utility fuel 
consumption, although industrial and commercial fuel use are also important. 
NO emissions, on the other hand, arise primarily from transportation and 
motor fuel consumption, followed by utility and industrial combustion pro- 
cesses. 

Although coal burning is believed to be an important contributing 
factor, the burning of oil products within the Northeast and other study 
areas is also believed to have special significance with respect to acid 
rain. This significance is derived from four important facts about oil 
burning emissions: 

1. Compared with coal firing, the firing of oil--especially 
residual oil--produces significantly higher quantities of 
primary sulfates per unit of sulfur in the fuel (Homolya and 
Lambert 1981; Nader 1980). Primary sulfates participate 
directly in wet (acid rain) and dry acid deposition proces- 
ses. Since they are already acidic, they need not undergo 
further chemical oxidation in the atmosphere. 

2 .  Significantly higher quantities of  metal catalysts such as 
manganese, vanadium, nickel, and graphitic carbon are con- 
tained in fuel for and emitted from oil-fired boilers than 
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TABLE A-1. ESTIMATED 1977 SULFUR AND NITROGEN OXIDE EMISSIONSa 

S t a t e  

Connect icut  

Ma ssac huse t t s 

New Hampshire 

New York 

New Jersey 

Pennsylvania 

Rhode I s l a n d  

Vermont 

8 - s t a t e  t o t a l  

Ohio Va l l eyd  

U.S. t o t a l  

Eastern Canadae 

Connect icut  

Ma ssac hu se t t s 

New Hampshire 

New Jersey 

New York 

Pennsylvania 

Rhode I s l a n d  

Vermont 

6 - s t a t e  t o t a l  

Ohio V a l l e y  

U.S .  t o t a l  

Eas te rn  Canada 

Grand t o t a l  
a l l  sources 

85.947 

302.UOi 

120.329 

1,021,724 

31 1 ,726 

2,495.31 7 

20,380 

11.180 

4,369,405 

9,713,943 

31,477,757 

4,600,000 

~~ 

189,306 

323,654 

78,524 

453,621 

906,342 

1,023,061 

40,205 

26,524 

3,041,237 

4,477,960 

21 ,73b,603 

SO2 , tons 

Combustions sources or 

S t a t i o n a r y  
fue l  combustion 

o n l y  

78,472 

288.835 

117,459 

935,977 

21 6,167 

2,101,216 

18.529 

9,595 

3,766,250b 

9,250,692 

24,928,945 

N O x ,  tons 

79,059 

148,543 

44,078 

167,613 

452,716 

550,060 

11,692 

4,167 

1,457,933 

2 , 909 * 91 8 

11,023,056 

T ranspor ta t i on  
o n l y  

~ 

6,800 

10,925 

1,610 

34,720 

26 , 339 

36,457 

1,494 

1,445 

11 9.790 

105,656 

856,434 

109 I 1 91 

170,131 

32,560 

261,276 

435,524 

424,942 

28,060 

ill ,as1 

1,483,575 

1,411,787 

9,415,763 

~ 

V 

To ta l  f u e l  
combustion 

~~ 

85,272 

299,760 

119,069 

970,€97 

242,506 

2,137,673 

20,023 

11,040 

3 3% ,04 oc 

25,735,379 

9,356 , 358 

186.250 

318,679 

76,63€ 

426,869 

888.240 

975,002 

39,752 

26,058 

2,941,506 

3,321,705 

20,436,649 

f 

‘1977 Na t iona l  Emissions Report (€PA 1980). 
bSO, f rom s t a t t o n a r y  f u e l  combustion Is 86 percen t  o f  t l g h t - s t a t e  t o t a l .  

‘SO, from a l l  combustion sources i s  89 pe rcen t  o f  e i g h t - s t a t e  t o t a l .  
dOhio V a l l e y  s t a t e s  i n c l u d e  Ohio, Kentucky, Ind iana,  I l l i n o i s ,  and West V i r g i n i a .  

eSource: Galloway and Whepdale (1980). 

‘NO, from fue l  combustion i s  97 pe rcen t  o f  e i g h t - s t a t e  t o t a l .  
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TABLE A-2. ANTHROPOGENIC EMISSIONS OF SO2 FROM COMBUSTION 
SOURCES IN THE NORTHEAST IN 1978a 

(103 tons)  C 
State 

I ..., 

Connect i tu t 

Ha ssa t huse t t s 

New Hampshire 

New Jersey 

New York 

Pennsylvania 

Rhode Island 

Vermont 

8-state total 

U.S .  total 

r 
Utility 

11.00 

2.16 

25.34 

64.48 

241.09 

1.85 

1.06 

362.52 

2,143.22 

25.65 

254.23 

50.24 

115.27 

514.09 

1,510.15 

3.92 

0.29 

2.473.84 

18,363.26 

31.92 

2.61 

25.67 

83.26 

27.a1 

3.44 

1.67 

185.05 

457.92 

Industrial 

43.14 

24.69 

5.36 

67.58 

232.08 

1.083.42 

3.97 

1.95 

1,462.19 

6,755.84 

Comnercial 

23.55 

78.37 

5.24 

56.67 

238.50 

95.38 

8.20 

3.32 

509.23 

1,094.38 

Res i dent i a 1 

5.22 

9.08 

1.62 

8.57 

32.16 

67.18 

3.62 

1.95 

129.40 

372.37 

1 ran sport at i on 

5.89 

11.41 

1.80 

17.14 

33.15 

28.69 

1.44 

1.18 

100.70 

685.34 

-~ ~ 

Total 

103.45 

377.78 

64.2b 

2b5.23 

1,049.98 

2,784.82 

21 .I5 

8.69 

4,675.3b 

27.271.19 

'Based on PEDCo calculation o f  emisslons fran all cabustion sources. See Appendix .E fo r  discussion of 
methods used to develop these estimates. 

TABLE A-3. ANTHROPOGENIC EMISSIONS OF NOx FROM COMBUSTION 
SOURCES IN THE NORTHEAST IN 1978a 

(103 t o n s )  -_ 
State 

Connecticut 

Massachusetts 

New Harnps hi re 

New Jersey 

New York 

Pennsylvania 

Rhode Island 

Vermont 

8-state total 

U.S. total 

.-- 

Utility 

33.37 

80.71 

12.17 

66.00 

197.83 

377.15 

2.14 

0.08 

- - 769.45 

6.1 13.91 

Res iden tial 

8.27 

15.93 

2.43 

16.61 

47.76 

29.52 

2.54 

1.21 

124.27 

443.46 

Transportation 

80.76 

140.94 

24.08 

222.05 

357.53 

365.56 

21.14 

16.58 

1,228.6s 

8,176.27 

Total 

146.61 

280.51 

43.45 

355.67 

750.86 

1,041.13 

31 .ll 

20.60 

2, b69.94 

1 7.3 34.78 

'Based on PEDCo calculation of emissions fran all canbustlon sources. See Appendix E for discusslon of 
methods used to develop these estimates. 
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from coal-fired. The presence of these catalysts is probably 
responsible for the higher primary sulfate emissions from oil 
burning. In addition, once released to the atmosphere, Chang 
and Novakoff (1981) predict that carbon catalysis of some of 
these 8 catalysts can lead to further sulfate formation from 
sulfur oxides in the plume or ambient air. 

3 .  Unlike coal-fired boilers, oil-fired units in the United 
States are largely uncontrolled. Flue gas desulfurization 
and particulate collection are not practiced. Also, emis- 
sions from older oil-fired boilers are generally released 
closer to the ground (from shorter stacks) than those from 
coal-fired units, and therefore have more local impact on air 
and rainwater quality. They are also less likely to be 
transported over long distances before being deposited. 
Coal-fired emissions released at higher elevations from newer 
plants undergo larger dilution volumes and therefore probably 
constitute a small portion of the SO2 and sulfate measured at 
distant sites. In areas where large volumes of oil are 
consumed, such as New York City and vicinity, associated 
emissions would be expected to constitute the larger portion 
of local ambient SO2 and sulfate concentrations (Homolya and 
Lambert 1981).  

Fuel consumption patterns for the Northeast (Figure A - 7 )  show that the 
use of coal has clearly declined, whereas the use of petroleum fuels of all 
types, especially residual oil and gasoline, has continued to grow since at 
least 1960. This pattern of decreasing coal and increasing petroleum usage 
began in the 1940's and has been continuing. Today, more than 60 percent of 
the Northeast's energy needs are met by petroleum products. New York State 
is first among the 50 states in terms of residual oil consumption, followed 
by California and Florida. 

Energy ( a s  Btu's) is consumed in near equal proportions by all sectors 
(utility, residential, commercial, industrial, and transportation) in the 
Northeast case study area (U.S. DOE 1980b). No one sector is an outstanding 
energy consumer. Fuel consumption patterns, however, do differ importantly 
among the sectors, and these differences result in different emission 
patterns that could have substantial influence on acid deposition in the 
area. 

Utilities in the Northeast today are fueled primarily by oil (38 per- 
cent), followed by nuclear and hydroelectric power (32 percent), then by 
coal (30 percent). See Table A-4. ~ 

Figure A-8 shows the distribution of oil- and coal-consuming utilities 
within the eight-state study area. There are 178 utilities burning oil in 
the area, and many of these are small (less than 25 megawatts). Thirt9-five 
utilities burn coal, and seven burn both coal and oil in near equal amounts. 

Figure A-9 illustrates the change in utility fuel use patterns that has 
taken place since 1960. Based on the data presented in Table A-4, Figure 
A-9 shows that Northeast utility coal consumption peaked in the mid 1960 's  
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Figure A - 7 .  Northeastern U.S. fossil  fuel consumption by type 
(U.S. DOE 1980b). 
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TABLE A-4. CONSUMPTION OF FOSSIL FUEL ENERGY BY THE ELECTRIC UTILITIES 
IN THE NORTHEAST EIGHT-STATE REGIONa 

(1012 Btu)  - - 

Year 

1960 
- 

961 
962 
963 
9 64 
965 
966 
967 
9 68 
969 
570 
971 
972 
97 3 
974 
975 
976 

1977 
1978 - 

b Tota l  coal  

1021.089 
1053.496 
1081.179 
1129.554 
1264.771 
1350.14 
1356.323 
1299.697 
1306.379 
121 0.671 
1151.583 
11 13.522 
1052.061 
11 63.61 7 
1106.347 
1111.66 
1125.485 
11 16.678 
1094.897 

Natural  gas  

105.749 
99.406 

111.541 
130.71 1 
128.128 
11 5.343 
1 09.887 
124.421 
148.91 7 
174.525 
174.776 
166.029 
11 7.362 
105.814 
74.067 
26.626 
19.875 
15.523 
4.164 

( d r y )  

Pe t ro l  
D i  s t i  11 a t e  

and j e t  fuel 

4.009 
4.660 
4.529 
4.311 
3.743 
4.002 
3.105 
2.506 

15.210 
22.880 
66.112 

1 04.51 1 
180.059 
146.544 
148.143 

75.725 
73.695 
78.150 
64.51 1 

Jm 

Res i dual 
fuel 

253.636 
253.679 
267.985 
291 .218 
304.391 
370.745 
483.222 
61 1.563 
707.623 
955.007 

11 72.621 
260.789 
384.629 
375.082 
248.465 
165.535 
201.854 

1282.793 
1309.142 

Other 
sources 

223.6 

1169.9 

Total  
energy 

consumed 

1608.0 

3642.6 

aU.S. DOE (1980b). 
Bituminous, anthraci te ,  c o a l s ,  and l i g n i t e .  
Inc ludes  h y d r o e l e c t r i c  power and nuc lea r  fue l .  
t o  g rowth  o f  nuc lear  fue l .  

Most of  the i n c r e a s e  i s  d u e  
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Figure A-8. Coal and oi l - f i red sources i n  the Northeast. 
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and was subsequently displaced by residual oil as the dominant fuel in the 
early 1970's .  In 1960, Pennsylvania utilities consumed the most coal 
(441 x lo1' Btu), followed by New York (327 x 10l2 Btu), New Jersey (95 x 
lo1' Btu), Connecticut (74 x lo1' Btu), and Massachusetts (65 x lo1' Btu) 
utilities. Utilities in Vermont, Rhode Island, and New Hampshire used 
relatively little coal (total 19 x 10l2 Btu). Between 1960 and 1978, New 
York utilit-ies halved their use of coal and dramatically increased their 
residual oil consumption by a factor of 9, from 66 x 10l2 Btu in 1960 to 546 
x lo1' Btu in 1978. This switch to oil has made New York the largest con- 
sumer of residual oil in the nation. New Jersey utilities also halved their 
use of coal and doubled their consumption of residual oil during this 
18-year period. Vermont, Rhode Island, Connecticut, and Massachusetts 
utilities completely eliminated their use of coal and replaced it with 
residual oil. In contrast, while all the other states were busy cutting 
coal consumption, Pennsylvania doubled its use to 866 x 10l2 Btu, thereby 
increasing its share of Northeast utility coal Consumption from 43 percent 
in 1960 to 79 percent in 1978. 

Today 40 percent of all the residual oil burned in the United States is 
burned in the Northeast study area, and of  that amount, 56 percent is used 
by the utilities. The remainder is consumed by the commercial and indus- 
trial sectors. See Table A-5. 

Table A - 6  gives data on the sulfur oxide emissions from oil-burning 
sources in the Northeast and United States. The data show that SO2 emis- 
sions from oil burning in the Northeast are one-third the total SO2 emitted 
nationally from oil firing. Oil burning is also responsible for one-third 
of the SO2 emitted in the Northeast from all combustion sources (compare 
with Table A-2). 

Figure A-10 shows that significant amounts of primary sulfates are 
emitted by coal- and oil-burning sources in New York and Pennsylvania. Most 
of these emissions in eastern Pennsylvania and throughout the rest of the 
case study area are attributed to oil burning. The high values in Ohio, 
Indiana, and western Pennsylvania reflect the higher coal consumption rates 
.in these areas. Comparison of Figure A-10 with Figure A - 1 1  shows that the 
amount of primary sulfate emissions associated with the utility and indus- 
trial sectors varies among the states. It should be noted that the emission 
factors for sulfates from utility and industrial oil-fired boilers are at 
least 5 times higher than those given in the emissions handbook (U.S. EPA 
1981). Additional testing is required to substantiate emission factors from 
oil-fired boilers in the industrial source category. Field studies on 
coal-fired boilers without SO2 controls, by contrast, have substantiated 
that the emissions of sulfates are in the 1 to 2 percent range of the sulfur 
in the fuel, as presented in U.S. EPA (1981) (Nader 1980).  

The Northeast industrial sector uses both coal and oil to supply mast 
of its energy needs. Industrial sources located within 200 to 300 miles of 
the Adirondack Mountains and within the Northeast case study area may be 
important contributors to the acid rain problem there. Of special interest 
are the following: the two aluminum smelters at Massina, New York, which 
lie only 100 km or so to the southwest of the Adirondacks. These plants 
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TABLE A-5. 1978 CONSUMPTION OF RESIDUAL AND DISTILLATE OILS 

United States 

~ ~ ~ - .___ 

IN STATIONARY SOURCE$ 
( 1012 Btu) 

Percentage 
o f  U.S. total Nort hea s tb 

Residential 

Commercial 

I ndu s t r i a 1 

Util ity 

Total 

Commerci a1 

Industrial 

Util ity 

Total 

2238 1119 50.0 

1117 44 5 39.8 

1154 146 12.7 

423 51 12.1 

4932 1761 35.7 

1034 

1454 

3352 

5840 

Un i ted States 

637 

397 

1309 

2343 

Percentage 
Eight states o f  U.S. total 

61.6 

27.3 

39.1 

40.1 

Residual oil 

Distillate oil 

Total 

Distillate oil 

3700.85 1397.48 37.8 

467.60 90.54 19.4 

4168.45 1488.02 35.7 

TABLE A-6. 1978 SULFUR OXIDE EMISSIONS FROM OIL-FIRING I N  
STATIONARY SOURCE3 

(103 tons) 

a Based on PEDCo calculation of emissions from all oil-fired sources including 
small commercial and residential sources not included in NEDS data. 
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emit Sop, hydrogen sulfide, acid fluorides, and aluminum particulates. 
Emission levels are a direct function of how well the processes at these 
plants are controlled. If not well monitored for anode effects, emissions 
may be quite high and could be contributing directly to the acidification of 
lakes in the Adirondacks. Sulfur emissions from these plants may amount to 
2000 to 3000 metric tons/yr as S02.* Particulate aluminum emissions from 
these sources may also be partly responsible for the increased aluminum 
content noted in some Adirondack lakewaters. 

O Several large oil refineries are operating to the southeast 
of the Adirondacks in New Jersey and eastern Pennsylvania, 
and to the west in Buffalo, New York and western Pennsyl- 
vania. These sources are some 200 to 250 miles (350 to 400 
km) from the Adirondacks, a distance that is considered 
intermediate in terms of source, receptors, and pollutant 
transport. Consumption of fuel oil to operate these plants 
results in emissions of primary sulfate, SOX, and metal 
(i.e., vanadium) particulates. During the summer, surface 
winds from the area are directed toward the Adirondacks and 
may carry metals, sulfur, and other pollutants that con- 
tribute to a c i d  rain. Two copper refineries and a zinc 
smelter are also located in the case study area, and they may 
emit particulate metals that become catalytically active in 
the acid rain process. 

O Large steel mills are located within 400 to 500 km (250 to 
300 mi) of the Adirondacks in Buffalo, New York, and 
Hamilton, Ontario. Farther away (about 400 mi) are the steel 
mills of Pittsburgh and western Pennsylvania. 

O The Sudbury nickel and copper smelter is located in Ontario, 
some 600 to 650 km (370 to 400 mi) from the Adirondacks. It 
is intermediately located with respect to the Northeast, and 
it is the largest single source of SO;! in the world. Winds 
from the Sudbury area are often directed toward the Adiron- 
dacks (Freedman and Hutchinson 1980b). Sulfur .dioxide may be 
oxidized to sulfate in the plume by trace amounts of nickel 
or copper and deposited over hundreds o f  miles t o  the east 
and southeast of the smelter, including the Adirondacks . 

Another potentially important source of precursor pollutants impacting 
the study area is Canada. As much as 0.7 x lo6 metric tons sulfur per year 
or 1.4 x lo6 metric tons SO;! per year are directed toward the United States 

5; Calculation: (0.45)(wt. A1 produced)(2% S) = wt. S 
wt. s x 2 = wt. so;! _ _  

For Aluminum Co. of America: (0.45)(209,000 metric tons)(0.02)(2) 

For Reynolds Metal Co.: 
= 3762 metric tons SO, 

(0.45)(114,000 metric tons)(0.02)(2) 
= 2052 metric tons SO;! 
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d from Canada, (Galloway and Whepdale 1980) and most of these emissions impact 
the northeastern United States, since they are principally derived from the 
Canadian provinces of Ontario and Quebec. 

The commercial/residential sector is also a significant source of 
precursor pollutants in the Northeast. Control of excess air emissions from 
the small oil-fired boilers used in this sector is much less precise than 
with industrial- or utility-sized oil-fired boilers, and these smaller units 
thus produce proportionally higher primary sulfate emissions (Homolya and 
Lambert 1981). 

Another important point is that the primary sulfate emissions for these 
small oil-fired units are apparently independent of the sulfur content of 
the fuel. A recent test program in New York City on 20 small commercial/ 
residential boilers burning low-sulfur oil showed that primary sulfate emis- 
sions averaged 13.4 percent of the SO, emissions (Homolya and Lambert 1981). 
These boilers were selected to represent a cross-section of the approx- 
imately 35,000 similar boilers that operate in New York City. Although 
individual mass emissions from these small boilers are lower than emissions 
from the industrial and utility sources, they are significant because some 
75,000 of these small oil-fired boilers operate in the major northeastern 
metropolitan areas (New York, Boston, Baltimore, Washington). In fact, it 
has been estimated that up to 50 percent of the sulfate burden in New York 
City is caused by these small boilers fired with low-sulfur oil. It should 
be noted also that significant amounts of vanadium (a catalyst for oxidation 
of SO2 to sulfate) were detected in the emissions from the 20-boiler study. 

Sulfate. emissions from small oil-fired commercial/residential boilers 
may explain in part the so-called sulfate anomaly in New York City, where 
sulfate levels have remained high although SO2 emissions have decreased. 
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APPENDIX B 

CASE STUDY ANALYSIS OF SOURCES OF ACID RAIN IN CALIFORNIA 

INTRODUCTION 

California was selected for case study analysis because of its loca- 
tion, meteorology, and geography. Although acid rai.n is occurring in Cali- 
fornia, it probab1.y is not caused by remote sources  but more likely by local 
sources. 

California is bounded by the Pacific Ocean on the west, by mountains 
and desert on the east, and by nonindustrial areas to the north and south. 
Winds to the state are typically from the west or northwest, as  shown in 
Figure B-1. From November through February, surface winds along the coast 
in San Francisco and Los Angeles exhibit diurnal effects, blowing inland off 
the ocean and seaward off the land with near-equal frequency. During the 
remainder of the year, ocean breezes predominate. Unlike the Northeast and 
Florida, California receives 70 to 80 percent of its rainfall during the 
winter months, and the period from November through March is known as the 
rainy season (U.S. Department of Commerce 1979). The California climate is 
very mild, with normal average temperatures ranging from 40' to 60°F in 
January, 55O to 75OF in July along the coast, arid 60° to 100°F irl July at 
inland locations (U.S. Department of Commerce 1979). 

OCCURRENCE OF ACID RAIN IN CALIFORNIA 

It has been established that rainfall in many parts of California now 
has an average weighted pH value of 4 .5  to 5.0.  The lowest values tend to 
occur in the metropolitan and industrialized areas near Los Angeles and San 
Francisco. 

Table B-1 shows a composite history of rainfall studies thrbughout 
California. Most of the studies conducted in the State prior to 1977 to 
1978;'; cannot be compared statistically to determine with confidence whether 
a trend toward increasing acidity in precipitation is dccurring or when it 
began. The reason is that studies from the 1950's and 60's were conducted 
for brief periods of time at different sites with different sample collec- 
tion methods. In many cases, the pH level was not measured but was cal- 
culated later. Quality assurance measures designed to protect the quality 

Liljestrand and Morgan (1979) and Whitehead and Feth (1964), provide good 
reviews of early rainfall studies in California. 
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Figure B-1. Map of California showing locations where rainfall 

acidity has been measured. Arrows indicate annual prevailing wind 
directions. 
Francisco and Los Angeles (U.S. Department of Commerce 1979). 
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T A B L E  B-1. H ISTORY O F  C A L I F O R N I A  R A I N F A L L  A C I D I T Y  

tFJ 
I 

W 

Northern Ca l i f o rn ia  

Bcrke 1 cy  
Cknlo Park 
Davis 
San Jose 
Hopland 
Napa 
Challenge 
Tahoe C i t y  
Kearncy 
Sierras 
Bishop 
Fresno 
San Francisco 
Reddi ng 
Santa Barbara (approx.: 

Southern Ca l i f o rn ia  

Avalon 
Westwood 
Long Beach 
Los Angeles 
Pasadena 
Arusa 
M t .  Wilson 
Ur i gh twood 
R i uers i de 
B ig  Bear Lake 
San Oiego 
&n lo  Park 
Santa Maria 
San Oiego 
Catal ina I s land  

C-nts 

Source 

1955- 1956 

7.05 

5.84 
6.88 

5.01 

5.4-7.3 
4.0-7.4 

Calculated DH 

Jungc 6 Custa 
son 1956; C i l  
j es  t rand I97 
L i l j e s t r a n d  
and Morgan. 
1979 

4.15-5.8 

5.6-5.9 

Rain 
bu l k  pptn. 
PH = 6.4 

Whitehead 6 
Feth. 1964 
L i l j e s t r a n d  
and Morgan. 
1979 

-- ____ 

1960- 1966 

7.18 

4.03 

4.1-7.6 

3.7-6.8 

Rain 

lodge e t  
a l .  1968 
L i  1 j e -  
strand 
and Morgan, 
1979 
- . - - 

1964 

5.8 

Snow 

eth e t  
1, 1964 

-__ 

- . .. 
1971-1973 

6. IO 

Wood, 
1975 

- 
1973 - 

5.0 

4.0-5. 

School 
survey 

u r rcn t  
c i ence 
973 

-- -- 

__-- 
1974-1975 

4.5-5.7 

Bulk pptn. 
( r a i n  and 
d ry  dep.) 
i n  Berke- 
l ey  H i l l s  

I k C o l l  6 
Bush, 1978 

1976-1977 

4.06 

Rain 

11 1 j cs t rand 
6 Morgan. 
1978 

1978-1979 

4.53 
4.54 
4.49 
4.41 
4.66 
4.99 
4.90 
4.97 
5.42 

Morgan 6 
l i l j c s t r a n d  
1980 

1978-1979 

4.66 
5.3 
5.20 
4.42 
5.10 
4.84 

5.17 
4.96 

4.80 

k C o l 1 ,  
1980 



of the data were often lacking or not recorded. Data on individual measure- 
ments were not published; rather, authors reported average, median, or 
weighted mean pH values. For all of these reasons, comparison among the 
different data sets must be limited. 

These scattered early data nevertheless do tell us that in the 1950's 
and 1960's-the pH of rainfall in California generally was about 6 to 7 
except near Los Angeles and San Diego, where the pH was probably around 5 or 
less. Quite interestingly, acid snow was also observed in the early 1960's 
in the Sierra Nevada Mountains near Tahoe (Liljestrand 1976). By the 
early-to-mid 1970's, rainfall with a pH of 4 to 5 was being observed 
frequently in both the Los Angeles and San Francisco areas (National Academy 
of Science 1975; Kennedy, Zelleveger, and Avanzino 1979). 

It was not until the late 1970's that two independent and well- 
controlled studies of precipitation acidity in California were begun. Dr. 
John McColl (1980) of the University of California at Berkeley studied eight 
northern California sites near San Francisco, and Drs. Morgan and 
Liljestrand (1980) of the California Institute of Technology in Pasadena 
studied nine sites in southern California near Los Angeles. Both studies 
were conducted during the winter season, between autumn 1978 and spring 
1979. The net results of this work are shown in Table B-2. The data indi- 
cate that rainfall throughout California is moderately acid, with mean pH 
values ranging from 4.4 to 5.4. Nitrates are more predominant in most areas 
except in the Los Angeles-Long Beach-Westwood-Pasadena area, where sulfates 
predominate. 

Although a winter rainy-season peak in California acidity would seem 
likely, such a seasonal variation has not yet been fully established. Some 
70 to 80 percent of the total rainfall events (>O.l-inch) and total rainfall 
amount (inches) occurs in the winter between November and March. The most 
thorough studies (i.e., those of McColl, and of Liljestr.and and Morgan) were 
conducted only in winter and were not continued through the summer. Some 
earlier studies (Junge 1958; Lodge et al. 1968) were conducted for nearly 
full-year terms, but published results were not interpreted on a seasonal 
basis. 

SOURCES OF ACID RAIN IN CALIFORNIA 

Some fraction of the California rainfall acidity, especially along the 
coast, may be due to natural source contributions, such as sea sulfur and 
chloride from Pacific Ocean spray. The mechanism by which sea sulfur con- 
tributes to rainfall acidity is unclear. Such natural contributions are 
probably small relative to emissions from anthropogenic activities. An 
off-shorelon-shore paired comparison study would help to resolve this uncer- 
tainty . _ _  

Anthropogenic sources of SO and NOx are largely associated with the 
combustion of fossil fuels, and %he ratio of excess sulfate to nitrate in 
precipitation is indicative of the predominant t o e  of source contributing 
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TABLE 8-2. PRECIPITATION ACIDITY IN CALIFORNIA, 1978-1979 

Northern Cal i fo rn iaa  

Berkeley 

Menlo Park 

Davis 

San Jose 

Hop1 and 

Na pa 

Challenge 

Tahoe Ci ty  

_ _  Kea rn ey 

Average 

(continued) 

Mean 
PH 

4.66 

5.3 

5.20 

4.42 

5.10 

4.84 

4.88 

5.17 

4.96 

4.99 - 

Mean 
n i t r a t e ,  
wq/I 

13.7 

22.6 

16.4 

11 .l  

16.4 

19.9 

6.7 

43.4 

16.3 

Excess 
)ulfate,C 
wqli 

10.2 

19.0 

10.0 

6.2 

11.7 

8.6 

13.3 

13.8 

11.6 

Ratio 
n i t r a t e  
to 

s u l f a t e  

1.3 

1.2 

1.6 

1.8 

1 .4  

2.3 

0.5 

3.1 

Comnen t s 

Indus t r i a l  and urban 
source area. Elevation 
400 m 

Urban a rea  

Urban and a g r i c u l t u r a l  
source area. Elevation 
18 m 

Indus t r i a l  and urban 
source a rea .  Elevation 
22 m 

Grazing and watershed 
area i n  Coast Range. 
Elevation 165 m 

Woodland r idge  i n  Coast 
Range. Elevation 280 rn 

Conifer f o r e s t  i n  lower 
S ie r r a  f o o t h i l l s .  Ele- 
vat ion 790 rn 

S i e r r a  forest, watersheds 
and r ec rea t ion  a rea .  
Elevation 2076 m 

San Joaquin Valley; 
a g r i c u l t u r a l  . Eleva- 
t i o n  100 m 
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TABLE B-2 (continued) 

Location 
b Southern Cal i forn ia  

Westwood 

Long Beach 

Los Angeles 

d Pa sa dena 

Azusa 

M t .  W i  1 son 

Wrightwood 

Riverside 

Big Bear Lake 

Av e ra  g e 

Mean 
PH - 

4.53 

4.54 

4.49 

4.41 

4.66 

4.99 

4.90 

4.97 

5.42 

4.76 

Mean 
n i t r a t e ,  

w q / R  

27.0 

19.2 

34.0 

31.4 

43.9 

23.2 

10.6 

32.6 

17.0 

26.5 

Excess 
; u l  f a t e  ,I 
P e w  

39.0 

46.5 

51.4 

35.6 

34.9 

36.7 

6.7 

30.4 

6.0 

31.9 

Ratio 
n i t r a t e  

t o  
s u l f a t e  

0.7 

0.4 

0.7 

0.9 

1 .3  

0.7 

1 .6  

1.1 

2.8 

Comnents 

Located about 8 m i  N-NW 
o f  Los Angeles, near 
coas t  

Urban, i ndus t r i a l  
source area south of 
Los Angeles, on coas t  

Urban, i ndus t r i a l  
source a rea  

Urban source a rea  

Suburban 

Remote a rea  on western 
s i d e  (L.A. s i d e )  o f  San 
Garbiel Mountains 

On eas t e rn  side o f  San 
Gabriel Mountains 

Suburban 

Remote r ec rea t ion  a rea  
on eastern s i d e  of San 
Gabriel Mountains 

McColl (1980); McColl and Bush  (1 978).  a 
bMorgan and Lil j e s t r and  (1980). 
'Total s u l f a t e  minus sea - su l f a t e  equals  excess s u l f a t e .  
dResults o f  an e a r l i e r  s tudy  conducted i n  Pasadena by Li l jes t rand  and Morgan 

i n  1976 and 1977 (L i l j e s t r and  and Morgan 
Ni t r a t e s  were more predominant than s u l f a t e s  i n  Pasadena r a i n f a l l  ( i  . e . ,  
the equivalent  was 1.32) .  
studies has not  been explained. 

1978) showed the reverse r a t i o .  

This apparent cont rad ic t ion  i n  the Pasadena 
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to the acid rain. Thus, the relatively high proportion of sulfate in Los 
Angeles-Long Beach-Westwood rainfall is indicative of stationary sources in 
the area such as oil-burning power plants and refineries, whereas the rela- 
tively high proportion of nitrate in northern California rainfall suggests a 
strong influence by mobile sources. 

Table B-3 shows the estimated contributions of SOx and NO from the 
major combustion sectors in California. Utilities , industry, and[ transpor- 
tation emit more than 94 percent of the SO in California, the utilities 
predominating slightly. emissions come from 
transportation sources, and most of the remainder comesXfrom utilities. The 
SOx and NOx emissions from transportation sources are concentrated in 
traffic areas of greatest density, primarily the largest metropolitan areas: 
Los Angeles, San Francisco, and San Diego. 

More than 70 percentXof the NO 

Figure B-2 shows California's fuel use history since 1960. It shows 
that coal is not an important energy source in this State; coal supplies 
only 1 percent of California'a annual energy requirement, compared with a 
national figure of about 20 percent (U.S. DOE 1980b). Residual oil, on the 
other hand, supplies 14 to 15 percent of California's energy, compared with 
a national figure of 8 to 9 percent. In fact, California ranks second in 
consumption of residual oil, next to New York. It is the largest consumer 
of gasoline in the Nation. 

The utility sector is responsible for the largest portion of SOx emis- 
sions in the State (refer to Table B-3). Since the utilities use no coal, 
their SO emissions arise almost entirely from the burning of residual oil. 
Of the t&al residual oil burned in California (140,595,000 barrels or 884 x 
l o9  Btu), 55 percent or 486 x lo9 Btu is consumed within the utility sector 
(U.S. DOE 1980b). Figure B-3 shows the locations of California's oil- 
burning utilities. Most of these facilities are concentrated in the Los 
Angeles, San Francisco, and San Diego areas. 

The only known use of coal in California to date has been by the indus- 
trial sector, but this use is very small compared with petroleum consump- 
tion. For the past 20 years, industry in this State has been consuming 6 to 
7 times as much energy (Btu's) from total petroleum products as from coal 
(U.S.  DOE 1980b). Among petroleum products used by the industrial sector, 
however, consumptions of residual oil (63 x lo6 Btu) and distillate oil (75 
x lo9 Btu) are similar to that of coal (69 x lo9 Btu). 

Oil refineries are major sources of SO in the California industrial 
sector. They operate on a continuous 
basis, refine 2,506,370 barrels of crude oil per calendar day (capacity 
rate), and consume (burn) an estimated 55 million barrels" of oil per year 
for operation. This is half of the total petroleum consumption of the 
entire industrial sector in California (U.S. DOE 1980b). Figure B-3 shows 

There are 41 refineries in the State? 

* Refineries consume about 5 to 10 percent of their production. Assuming 
7 percent consumption, petroleum fuel usage is calculated as follows: 

barrels ) = 55,000,000 year barrels)(312 days 
year (0.07)(2,500,000 

day 
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TABLE 8-3. ESTIMATED 1978 EMISSIONS IN CALIFORNIA BY SECTORa 

Fuel user 
SO emissions NO, emissions 

1000 tons I % of total 1000 tons I % of total 

Utilities 

Industry 

Commercial 
establishments 

Transportation 

Residences 

88.72 

76.30 

13.29 

75.05 

1.67 

34.79 

29.92 

5.21 

29.43 

0.65 

Total I 255.03 I 100.00 

205.61 

84.98 

17.80 

820.06 

29.11 

17.76 

7.34 

1.54 

I 70.84 

2.52 

1157.56 I 100.00 

a Appendix E gives a complete description of the derivation of these data. 
The total SOx emissions (255,000 tons/yr) in the State of California are 
low compared with those in other states (Florida, 741,000 tons/yr SO ; 
New York, 1,050,000 tons/yr SO,; Pennsylvania, 2,785,000 tons/yr S0,f. 
California SOx emissions are of the same magnitude as those in some cities 
(Cleveland Ohio, and Tampa Bay, Florida, each with about 300,000 tons/yr). 
California's annual NO, emissions (1,158,000 tonslyr), on the other hand, 
are comparatively large. 
tons/yr), and slightly larger than those of Ohio (1,075,000 tons/yr) , 
Pennsylvania (1,041,000 tons/yr), and Illinois (885,000 tons/yr). 
other states emit half as much NO, as California or less. 

They are second only to those of Texas (1,595,000 

All 

c 
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0 OIL-FIRED POWER PLANT 
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Figure B-3. Locations of California's oil-fired 
power plants and oil refineries. 
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that over half of California's refineries are located in the Los Angeles- 
Long Beach area. The rest are clustered in the Bakersfield and San 
Francisco areas. Emissions from these refineries vary with processes and 
control systems, but they include primary sulfates and catalytic material 
which would be expected to contribute to the sulfate acidity of local pre- 
cipitation. 

The third important SO -emitting sector in California is transporta- 
tion. Transportation is not a significant source of SO2 in the Nation as a 
whole. It is significant in California, however, because SO emissions 
from other source sectors (industrial and utility) are relative& small in 
comparison with other areas of the country. The SO from automotive emis- 
sions is emitted largely as primary sulfate (sulfur?c acid) because of the 
use of catalytic converters ( U . S .  EPA 1981). Therefore, sulfate emissions 
from mobile sources would be expected to add directly to the acidity of 
rainfall in areas where auto emissions are most dense, i.e., in the San 
Francisco, Los Angeles, and San Diego areas. 

X 

The overwhelming emission factor in terms of rainfall acidity through- 
out most of California is the large NOx emission, which arises mainly from 
transportation. It is not known how much of the automotive emission of NOx 
is primary nitrate. 
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APPENDIX C 

CASE STUDY ANALYSIS OF SOURCES OF ACID RAIN IN FLORIDA 

INTRODUCTION 

Florida was selected for case study analysis because acid rain is 
occurring there, and a large amount of petroleum products are also consumed. 

Florida is a geographically isolated state, bounded on three sides by 
water. It is approximately 400 miles long from north to south, and about 
100 miles wide across the lower peninsula from Miami to Ft. Meyers. The 
panhandle area is only 30 to 50 miles wide from north to south. Florida has 
a subtropical climate, with average temperatures ranging from 70' to 90'F in 
summer (June-September) and 45' to 75'F in winter (December-March). Rain- 
fall is heavier and more frequent in the summer months. Wind patterns in 
the central and northern portion of the state show strong seasonal varia- 
tions, whereas winds to the lower part of the peninsula and along the 
Atlantic coast are off the ocean at all times, as shown in Figure C-1. 

OCCURRENCE OF ACID RAIN IN FLORIDA 

Researchers at the University of Florida have been monitoring rainfall 
throughout the state since the fall of 1977 (Brezonik, Edgerton, and Hendry 
1980). Their sampling network includes 24 sites positioned across the 
panhandle and down the peninsula to the lower keys. Figures C-2 and C-3 
depict locations of sites from which samples were collected biweekly (or 
more frequently) and analyzed for pH, conductivity, major ions, and other 
chemical parameters." Bulk precipitation samplers were used at 20 sites, 
and wet-dry collectors were used to obtain more detailed information at 4 
sites. Rain was sampled on an event basis in Gainesville only. Information 
presented in Figures C-2 and C-3 indicates that rainfall acidity in Florida 
varies with geography and season. The isopleths in Figure C-2 show that 
annual average rainfall pH values below 4.7 occur over the northern three- 
quarters of the State. Sulfuric and nitric acids account for nearly all the 
acidity, the former being 2 to 2.5 times greater. Rainfall in southern 
Florida (below Lake Okeechobee) shows less seasonal variation and is less 
acidic, only slightly below the assumed value for geochemical neutrality on 
an annual basis. For the State as a whole, the pH value of rainfall in 
summer (May-October) generally averages 0.2 to 0.3 unit lower than in winter 
(November-April) . Although not shown in the figures, total sulfate 

ik For clarity, results are not shown for some sites located close to others. 
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Figure C-2. pH isopleths o f  Florida r a i n f a l l  from May 1978 - April 1979 
(Erezoni k,  Edgerton,  and Hendry 1980). 

Figure C-3. Volume-weighted hydrogen ion concentrations i n  
winter (November 1978 t h r o u g h  April 1979) and summer 

(May 1978 through October 1978) r a i n f a l l  (Bretoni k ,  Edgerton, and Hendry 1980) .  
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deposition was found to be higher in summer than in winter in the northern 
half of the State; in the southern half, total winter sulfate often exceeded 
summer sulfate. Deposition of excess sulfate (i.e., total minus sea-salt 
sulfate) seemed greater in the upper half of the state--for example at 
Tampa, Orlando, Jacksonville, Gainesville, Tallahassee, and two other moni- 
toring sites near the northern border. 

Brezonik, Edgerton, and Hendry (1980) compared their 1978-79 data with 
1955-56 data for several localities in the State (Table C-1). The data 
clearly show that rainfall has become markedly more acidic in the past 25 
years. Nitrate concentrations in 1978-79 are 4.5 times those in 1955-56; 
sulfate concentrations have increased less (1.6X or 160 percent). The 
largest increases in sulfate deposition have occurred in northern Florida. 
The authors postulate that if natural fluxes of sea sulfur, biogenic sulfur, 
ammonia nitrogen, and nitrogen oxides have remained constant over the 25 
year period, then the differences observed represent a substantial increase 
in anthropogenic emissions. 

Limited testing of wet-only and bulk precipitation samples (Brezonik, 
Edgerton, and Hendry 1980; Hendry and Brezonik 1980) has led to the finding 
that, at least in Gainesville, rainfall is the predominant deposition 
mechanism for sulfate, ammonium, nitrate, magnesium, and potassium, while 
dry fallout is of comparable importance for deposition of sodium, chloride, 
and calcium. Of the total sulfate and nitrate measured, 75 to 80 percent 
was associated with the wet-only collector. The volume-weighted mean pH 
value of  wet-only precipitation was 4.53; lowest values occurred in late 
winter-early summer (February-June) and highest values in mid-summer to 
early winter (Figure C-4). The pH level of bulk precipitation was slightly 
higher, with no apparent seasonal pattern, an indication of less net (free) 
acidity and more neutralization. Acidity titrations and ionic balances 
indicate that rainfall acidity in Gainesville resulted mainly from sulfuric 
acid (69%) and nitric acid (23%)). 
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F igu re  C-4. Volume-weighted mean pH o f  b u l k  and wet-on ly  
p r e c i p i t a t i o n  a t  G a i n e s v i l l e ,  F l o r i d a ,  by month (Hendry and Brezonik 1980). 
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TABLE C-1. CHEMICAL PARAMETERS RELATED TO THE ACIDITY OF FLORIDA RAINFALL 
IN 1955-1 956 AND 1978-1 979a 

Location 

Pensacol a-Jay 
Tallahassee 
Jac ksonvi 1 1  e 
Tampa-Bradenton 
West Palm Beach-Stuart 
Mean 

Weighted mean concentration, 

1 

1955-56 

(2.5‘ 
(2.5 
(2.5 
(2.5 
(2.5 
c2.5 

I 

I H+ 

1 978-7gb - 

24.0 
17.4 
18.3 
20.1 
6.9 
17.3 

>8.4 I 1979/1956 

Excess SO4’ 

1955-56 

16.0d 
18.8 
27.9 
28.8 
13.5 
21 .o 

1.6 

1 978-7gb 

34.7 
33.0 
43.5 
36.4 
20.1 
33.5 

eq/l iter 
Nl 

1955-56 

2.6 
2.9 
2.9 
2.7 
4.1 
3.1 

- 
, 
I 

1 978-7gb 

13.9 
13.9 
16.2 
14.3 
a12.1 
14.1 

4.5 
U 

Brezonik , Edgerton, and Hendry (1980). 
The data for 1979 are for bulk precipitation (rainfall collectors-open at 
all times), whereas the 1956 data are for rainfall only (collectors open 
to the atmosphere during rain events). 
collectors at Gainesville have yielded the following volume-weighted con- 
centrations (in microequivalents per liter); excess SOf, 35.1 (B) and 
26.6 (W), B/W = 1.3; NO3-, 16.9 (B) and 13.6 (W), B/W = 1.24. Thus dif- 
ferences in collector type do not wholly explain the increases in concen- 
trat i ons. 
Proton concentrations calculated from the anion-cation balance. 
Total sulfate minus sea salt sulfate yields excess sulfate. 
portion of total sulfate deposition that is usually attributed to anthro- 
pogenic activity. 

Adjacent wet-only ( W )  and bulk (B) 

This is the 
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Brezonik's published work does not include an analysis of wind trajec- 
tories associated with major storms monitored in his studies. 

Researchers at Florida State University's Department of Oceanography in 
Tallahassee report that their sampling indicates that rains there are more 
acidic when associated with air masses from the north. They studied 14 
precipitation events, all of which occurred in the 11-week period between 
November 7, 1978, and January 26, 1979 (Tanaka et al. 1980). Air originat- 
ing from the more populated areas to the north produced rain with an average 
pH of 4 . 4  and a low of 3.7. Southern air moving in from the Gulf produced 
rainfall with an average pH of 5.3 and a low of 4 . 6 .  A strong correlation 
was observed between pH and the l o g  of the sulfur concentration in northern 
rain, but not in southern rain. An earlier study (Leslie 1978) conducted by 
'Florida State University substantiates this aspect concerning geographic 
trends in sulfur over the panhandle and northern parts of Florida in terms 
of source regions and air flow patterns. Evidence points strongly to the 
origin of fine-particle sulfur (especially particles of 0.5 to 1 pm) 
primarily outside Florida in areas to the north and west, moving eastward 
across the northern portion of the state, depending on prevailing winds, 
with dilution and wet or dry deposition occurring en route. The principal 
sulfur component in the fine particle mode is more likely to be ammonium 
sulfate than sulfuric acid; the latter is probably converted to ammonium 
sulfate during transport and aging. Particles of the size ranging 0.5 to 1 
pm diameter are indicative of anthropogenic sources in contrast to larger 
sulfur particles, which are more typical of natural sources (e.g., sea 
spray) - 

The Florida State studies were not conducted during the summer months 
when prevailing winds are from the south, and when, according to Brezonik's 
data, acidity is at its peak. This does not necessarily mean that results 
of the two studies are conflicting, but only that year-round monitoring of 
rainfall acidity and meteorological conditions are necessary for understand- 
ing of the relationship between probable sources and acid rain occurrence. 

SOURCES OF ACID RAIN IN FLORIDA 

Since Florida is bounded almost entirely by sal water, some fraction 
of the rainfall acidity being experienced there is probably attributable to 
natural marine sources. Although the relative amount of acid from natural 
sources is not known, it is probably small compared with that from anthro- 
pogenic sources within the state. An offshore/onshore paired comparison 
study of single rainstorm events would help to clarify this point. 

Anthropogenic sources of SO and NO are largely those associated with 
the combustion of fossil fuels. %able C-5 shows the estimated contributions 
of SOx and NOx from major combustion sectors in Florida and its neighbor 
states to the north. The table shows that, for the three-state area as a 
whole and for each state individually, utilities are the largest emitters of 
SOx; NO emissions come in nearly equal proportions from the utility and 
transpoAation sectors. 
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TABLE C-2. 1978 SO AND NOx EMISSIONS BY SECTORa 
ti03 t ons )  

F l o r i d a  
A1 abama 
Georgia 

F l o r i d a  
A1 abama 
Georgia 

U t i  1 i t y  I n d u s t r i  a1 Commerci a1 Resi d e n t i  a1 T r a n s p o r t a t i  on T o t a l  

sox 
596.5 95.7 14.6 3.6 30.3 740.6 
570.0 393.8 20.0 3.9 13.8 1001.6 
612.1 57.8 14.3 1.1 20.0 705.3 

232.6 29.2 5.0 4.6 327.7 599.0 
153.6 82.0 5.6 4. a 175.3 421.3 
172.2 23.6 6.7 6.5 224.2 433.2 

a A complete d e s c r i p t i o n  o f  t h e  d e r i v a t i o n  o f  these f i g u r e s  may be found i n  
Appendix D. 

Florida depends more heavily on petroleum products for its energy needs 
than does the Nation as a whole. Nearly 80 percent of Florida's 1978 energy 
requirements (in Btu's) was met by consumption of petroleum products, 
whereas the national figure is 53 percent (U.S. DOE 1980b). Coal consump- 
tion supplied only about 9 percent of Florida's energy needs; the national 
figure was nearly 20 percent. Most of the petroleum consumed in Florida is 
in the form of residual oil and motor gasoline. In fact, Florida ranks 
third in consumption of residual oil in the United States today; only New 
York and California consume more. It is eighth in gasoline consumption. 

Figure C-5 shows that Florida's utilities rely heavily on petroleum for 
energy production. This is also unlike the national picture for utilities, 
which shows a primary dependence on coal (compare with Figure C-6). In 
1978, Florida utilities consumed 85 percent of all the residual oil burned 
in the State (U.S. DOE 1980b). The rest was consumed in residential and 
commercial furnaces. Florida has 56 utility plants of which 52 burn oil; 
only 4 burn coal. Figure C-7 shows that most of Florida's utilities are 
located within the upper two-thirds of the State, within the same general 
area that receives acid rain (compare with Figure C-2). The dependence of 
Florida utilities on oil as a fuel source for electricity production has 
grown nearly 6-fold in the past 20 years from 12,753 barrels in 1960 to 
72,856 barrels in 1978. This oil generates 45 to 55 percent of Florida's 
electricity; the remainder is derived in near-equal proportions from nuclear 
energy, natural gas, and coal. By comparison, only about 25 percent of the 
energy produced by a l l  U.S. utilities is provided by burning oil. 

It has been pointed out that several of the Nation's largest oil-fired 
utilities are located in Florida. Since oil is used so extensively through- 
out the State, substantial quantities o f  primary sulfates, metal catalysts 
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Figure C-5. Energy consumption by Florida electric utilities by type 
( U . S .  DOE 1980b). 
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and carbon must be  e m i t t e d .  Emission e s t i m a t e s  i n d i c a t e  t h a t  ove r  30,000 
t o n s  of  pr imary  s u l f a t e s  a r e  e m i t t e d  a n n u a l l y  i n  F l o r i d a ,  l a r g e l y  a s  a 
r e s u l t  of  o i l  burn ing .  Older  o i l - b u r n i n g  u t i l i  i e s  t y p i c a l l y  do n o t  have 
t a l l  s t a c k s  and emi t  p o l l u t a n t s  d i r e c t l y  t o  t h e  lower a tmospher ic  mixing 
l a y e r ,  where t h e y  can r e a c t  w i t h  o t h e r  p o l l u t a n t s  b e f o r e  be ing  d e p o s i t e d .  
Also ,  because of  t h e  r e l a t i v e l y  low s t a c k  h e i g h t s ,  a l a r g e  p a r t  of  t h e s e  SOx 
and NOx emiss ions  p robab ly  i s  d e p o s i t e d  w i t h i n  50 t o  100 miles of  t h e  
s o u r c e s .  Thus,  F l o r i d a  u t i l i t y  emiss ions  of  S O 2 ,  s u l f a t e ,  and NOx a s  w e l l  
a s  NOx from t r a n s p o r t a t i o n  sources  appear  t o  be  i n f l u e n c i n g  t h e  a c i d i t y  of 
l o c a l  p r e c i p i t a t i o n .  Th i s  appea r s  t o  be e s p e c i a l l y  t r u e  w i t h i n  t h e  penin-  
s u l a r  p o r t i o n  of  t h e  S t a t e  du r ing  t h e  warmer months, when t h e  h e a v i e s t  
c o n c e n t r a t i o n s  o f  a c i d  r a i n  occur  and fewer f r o n t a l  systems move i n t o  t h e  
S t a t e  from t h e  n o r t h .  

Acid r a i n  i n  t h e  n o r t h e r n  p a r t  of  t h e  S t a t e  i s  a l s o  l i k e l y  t o  be  
i n f l u e n c e d  by u t i l i t y  emis s ions ,  though n o t  n e c e s s a r i l y  from F l o r i d a  u t i l i -  
t i e s  a l o n e .  A s  d i s c u s s e d  e a r l i e r ,  p r e v a i l i n g  winds may c a r r y  a c i d  r a i n  
p r e c u r s o r s  i n t o  F l o r i d a  from ne ighbor ing  S t a t e s  of  Georgia and Alabama 
dur ing  t h e  months from September t o  February .  About 70 p e r c e n t  of t h e  SO 
e m i t t e d  i n  Georgia and Alabama o r i g i n a t e  from u t i l i t i e s  t h a t  burn  o i l  an8 
c o a l .  S ince  most of  t h e  o i l - b u r n i n g  u t i l i t i e s  a r e  l o c a t e d  i n  t h e  s o u t h e r n  
p o r t i o n s  of  t h e s e  ne ighbor  S t a t e s ,  t h e i r  emiss ions  may be  c o n t r i b u t i n g  more 
h e a v i l y  t o  p r e c i p i t a t i o n  a c i d i t y  i n  n o r t h e r n  F l o r i d a  du r ing  t h e  w i n t e r  
months when much of F l o r i d a  expe r i ences  n o r t h e r l y  winds.  A t  t i m e s ,  t h e s e  
s e a s o n a l  e f f e c t s  may be  f e l t  a s  f a r  s o u t h  a s  Tampa, s i n c e  n o r t h e r n  co ld  
f r o n t s  sometimes p e n e t r a t e  t h e  S t a t e  t o  t h a t  e x t e n t .  Edgerton and Brezonik 
(1981),  however, have performed an a tmospher ic  mass ba l ance  f o r  s u l f u r ,  and 
i n d i c a t e d  t h a t  a tmospher ic  d e p o s i t i o n  p a t t e r n s  a r e  c h i e f l y  a r e s u l t  of 
i n - s t a t e  emis s ions ,  t a k i n g  season ,  s p a t i a l  and type of s u l f u r  sou rce  i n t o  
accoun t .  
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APPENDIX D 

ANALYSIS OF SOURCES OF ACID RAIN IN HAWAII AND JAPAN 

HAWAII 

Five years of monitoring by N O M  have shown that Hawaii receives acid 
rain with pH values ranging from 4 to 5 (Miller 1979, 1980). Figure D-1 
shows the locations of the N O M  precipitation sampling sites. The Mauna Loa 
Observatory is located at the foot of the Mauna Loa Volcano about 3400 m 
above sea level. The other sampling sites are nearby at Kulani (2500 m 
above sea level), Hilo, and Kumukahi (both near sea level). The acidity 
patterns of rainfall at these sites are depicted in Figure D-2. 

Local emissions from natural sources or from utility and industrial 
sources may be responsible for the acid rain in Hawaii. The U.S. EPA esti- 
mates that 65,000 tons of SOx and 60,000 tons of NO are emitted locally in 
the islands from petroleum combustion sources ( 8 . S .  EPA 1980). These 
sources are essentially all petroleum-fired since coal and natural gas are 
not used. pollutants are 
comparable to those of the State of New Hampshire. 

Hawaii's anthropogenic emissions of SOx and NO 
X 

Natural sources of sulfur may also be affecting the pH of the rain. 
Unfortunately, the influence of sea sulfur is not known, and figures on the 
emissions of natural sulfur and chloride (HC1) from the Mauna Loa volcano 
were not available at this writing. 

Hawaii is almost totally dependent on petroleum for its energy needs, 
as shown in Table D-1. One third of Hawaii's energy usage (80 x lo1* Btu) 
is in the form of residual oil and three-fourths of that amount, or 60 x 
10l2 Btu, is consumed by the island utilities; the remainder of the residual 
oil is consumed in the industrial and transportation (ships) sectors (U.S. 
DOE 1980b). Another third of the energy consumed in Hawaii is attributed to 
jet-fuel consumption. This is an inflated figure, however, because it 
represents refueling of jet aircraft on the island rather than actual con- 
sumption. The remainder of Hawaii's energy needs are met by motor gasoline 
(16 percent), distillate oil (7 percent), and other miscellaneous petroleum 
products (12 percent) such as asphalt, LPG, and lubricants. 

Residual-oil-burning accounts for most of the total anthropogenic SOx 
emissions in 3awaii. Combustion of the other predominant petroleum products 
such as distillate, jet fuel, and motor gasoline results in much lower S O x  
emissions. If 10 to 12 percent of the SOx emitted from residual-oil-burning 
boilers is in the form of sulfate, and if the use of  residual oil is assumed 
to account for 80 percent of the total SOx emissions in Hawaii, then an 
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1960 
1962 
1964 
1966 
1968 
1970 
1972 

7 1974 
1976 
1978 

$- 

TABLE D-I. ENERGY CONSUMPTION IN THE STATE OF  HAWAII^ 
(Trillion Btu) 

, Distillate 
4 oil 

5.2 
9.6 
10.3 
7.8 
8.1 
9.9 
9.4 
11.1 
13.8 
18.9 

U.S. DOE (1980b). a 

Jet 
fuel 

28.0 
30.9 
43.1 
57.0 
82.1 
83.3 
94.4 
86.6 
81.1 
85.1 

Motor 
gasol ine 

28.6 
24.1 
21.6 
22.6 
25.6 
29.9 
32.6 
34.4 
36.9 
40.1 

Residual 
oi 1 

35.9 
42.0 
47.2 
49.7 
61.1 
63.9 
71.1 
70.5 
74.0 
80.4 

Total b 
petroleum 

118.6 
125.1 
139.0 
154.6 
193.1 
209.1 
228.7 
224.7 
229.0 
247.4 

Total 

consumed 
energy c 

120.2 
125.1 
140.2 
156.1 
195.7 
211.4 
230.3 
229.0 
234.2 
253.4 

Includes other petroleum products such as LPG, asphalt, kerosene, road oi 1 ,  and miscellaneous. 
Includes total petroleum, plus 
sources. 

very small contributions from hydroelectric and wood and waste' 
Nuclear power, natural gas and coal are not used in Hawaii. 



d estimated 5200 to 6200 tons of primary acid sulfates is emitted directly to 
the Hawaiian atmosphere each year by utilities and industry. As shown in 
Figure D - 1 ,  several utilities are located on the island of Hawaii, where the 
NOAA acid precipitation monitoring sites are located. Winds blowing from 
the utilities toward the sampling sites would be expected to bring with them 
acid sulfates, SO, and other pollutants from the utility plume. As rainfall 
washes these primary sulfates from the air, the result would be acid rain. 
Miller has noted that winds from the northern hemisphere often bring addi- 
tional acid rains to the Mauna Loa sampling site (Miller 1979). This may 
reflect emissions from the utilities on the island of Hawaii or from utili- 
ties on the other islands (i.e., within 200 miles of  Mauna Loa). It may 
also reflect long-range transport of acid rain pollutants from the Asian or 
American continents, or possibly natural sources, but these explanations 
seem less likely. 

JAPAN 

Information on acid rain in Japan is limited but nevertheless clearly 
links the rise of SO emissions with the occurrence of acid rain. Like The 
Netherlands, Japan is a small, densely populated country that has grown more 
and more dependent upon imported oil for meeting its energy needs. Today, 
Japan uses oil to provide more than 70 percent of its energy and SO emis- 
sions from residual-oil-fired boilers produce the greatest amount of acid 
rain precursors. Other local sources of SO are of much less importance; 
they include iron ore sintering operations, smelters, and coal-fired 
boilers. 

X 

X 

X 

Two factors have led to impressive reductions in emissions of Sop, 
sulfate, and vanadium since the mid-1960's. They are the installation of  
FGD systems on over 1000 of Japan's oil-fired boilers and a switch to oils 
containing less sulfur (Ando 1978). This program t o  desulfurize both fuels 
and flue gases began in 1966. Since then, the average sulfur content of 
heavy oils used in Japan has fallen nearly 40 percent, from 2.3 percent to 
1 .4  percent, and ambient levels of SO,, sulfate and vanadium have been cut 
in half (see Table D - 2 )  (Ando 1078). Studies of the pH of rainfall in Japan 
between 1974 and 1977 have shown that values of 3 and 4 are not uncommon. 
Table D-3 shows a sample of values reported in Chemical Abstracts and by the 
World Monitoring Organization. Acid fogs and mists with pH values of 3 have 
also occurred. 

Figure D - 3  (Chemical Abstracts 1981) shows that Japan's demands for 
sulfur-containing fuels are expected t o  continue to rise through 1990. Coal 
is expected to displace oil to some extent and therefore to become a more 
important fuel than it has been. If SO emissions rise again as a result of 
increasing fuel consumption, acid rain may become an even greater concern in 
Japan. 

X 

_ -  
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TABLE D-2. AMBIENT CONCENTRATIONS OF SULFUR DIOXIDE (S02), 
SULFATE (SO4') AND VANADIUM ( V )  IN MAJOR CITIES IN JAPAN 

(vg/Nm3) a 

City 

Sapporo 

Ichi hara 

Tokyo 

Ka wa s a k i 

Nagoya 

Osaka 

Amagasa k i  

Matsue 

U be 

Kitakyushu 

Average 

a 
Ando (1978).  

1970 - - 
s04 

11.2 

14.7 

17.3 

56.0 

22.0 

31.6 

30.3 

8.7 

27.5 

29.0 

24.8 

V 

0.03 

0.06 

0.07 

0.27 

0.09 

0.15 

0.10 

0.01 

0.05 

0.10 

0.09 

1972 - - 
s04 

8.3 

15.5 

16.1 

24.0 

25.0 

27.0 

18.8 

10.3 

20.9 

17.1 

18.3 

V 

0.03 

0.07 

0.08 

0.14 

0.12 

0.13 

0.11 

0.02 

0.07 

0.07 

0.08 

1974 - - 
s04 

7.0 

11.8 

12.0  

16.8 

16.7 

14.6 

12.6 

7.3 

13.4 

12.5 

12.5 

7 

V 

0.02 

0.03 

0.05 

0.05 

0.06 

0.05 

0.05 

0.02 

0.05 

0.05 

0.04 

- 

- - 



TABLE 0-3. ACID RAIN IN JAPAN 

Average pH 

3.88-4.65 

4 .8  

Location pH range 

2.9-7.9 

3.2-6.5 

Ka nagawa 

4.95 

4.2 

<4 

5.6 
5.2 

b Gunma 

Yokohama 

Kawasaki 

H i  da t su fo  

Senda i 4- 5 
3.76-7.16 

3.2 m i n i m u m  I n d u s t r i a l  a r ea  

Kanto 

Ryori 

Dates 

1976 
1977 

1977 

1977 

1977 

1977 

1975-77 
1975-76 

1977 

1974 

1976 
1977 

Referencea 

CA91 : 7831 9 j  
CA90: 1266239 

CA90 : 1 56732 j 

CA93 : 172775t 

CA93:172775t 

CA93 : 172775t 

CA93 : 11 9440d 
CA93 : 11 9443d 

CA88 : 140984r 

CA88:75744g 

WMO 
WMO 

d 

aCA denoted Chemical Abs t rac ts  numbers. 

b S u l f a t e  va lues  i n  ra inwater  increased  from 0.34 ppm i n  1946-47 t o  10 t o  100 

‘Uncertain whether va lues  a r e  a range of averages o r  a ranqe of  ind iv idua l  

dEnvironmental Data and Information Serv ice  (1977) .  

times t h a t  amount i n  1977. 

va lues .  
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Figure 0-3. Fuel mix required for Japan's desired 
increase in electrical generation capacity (Ando 1978). 

D- 8 



APPENDIX E 

METHOD OF ESTIMATING UNCONTROLLED SO AND NO EMISSIONS 
FROM FUEL CONSUMPTION IN THE U~SITED STWTES 

This Appendix explains the methods used in estimating 1978 SOx and NOx 
emissions based on fuel consumption by sector and by state for the contig- 
uous United States. They exclude SO and NO emissions from natural sources 
and from noncombustion sources such as primary metal smelting. The esti- 
mates encompass the major fossil fuels such as coal, residual and distillate 
oil, kerosene, gasoline, natural gas, LPG and jet fuels, but exclude minor 
fuels such as wood, lubricants, asphalt, and other miscellaneous petroleum 
products. 

X X 

METHOD AND ASSUMPTIONS 

The Department of Energy's "State Energy Data Report," provides 
statistics on energy consumption in different sectors for every state by 
type of fuel. The five energy consumption sectors are electric utilities, 
industrial, commercial, residential, and transportation. At times the 
latter four are grouped collectively into the nonutility sector. All fuel 
consumption data are for 1978. 

Utility Sector 

Coal, residual and distillate oil, and natural gas provide over 99 
percent of the fossil fuel heat input to electric utilities. Emissions of 
SOx from these fuels are due to the sulfur content of the fuels, whereas NO 
emissions are due primarily to the method of f u e l  combustion, in addition to 
the nitrogen content of the fuel. The sulfur contents of coal and oil were 
calculated for each state from data contained in the National Coal Asso- 
ciation's "Steam Electric Plant Factors 1979." Weighted average sulfur 
levels were determined from the data for individual power plants within each 
state. The sulfur content of distillate oil was obtained from the Depart- 
ment of Energy's "Cost and Quality of Fuels for Electric Utility Plants - 
1978," which presents statistics on fuel oil used in utility combustion 
turbines and internal combustion units. It was assumed that this fuel oil 
was representative of all distillate oil fired by electric utilities. PEDCo 
assumed the sulfur content of natural gas to be negligible. Emission fac- 
tors from EPA's "Compilation of Air Pollutant Emission Factors," AP-42, and 
the "NEDS Source Classification Codes and Emission Factor Listing," vere 
used in conjunction with sulfur content and consumption data to estimate the 
uncontrolled SO emissions from electric utilities in 1978. The SOx emis- 
sion factors are 38s pounds of SO per ton of coal fired,.159S pounds of SOx 

X 

X 
X 
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per 1000 gallons of residual oil fired, and 144s pounds of SOx per 1000 
gallons of distillate oil fired, where S equals the sulfur content of the 
fuel. These factors remain the same for each sector. 

NOx emissions were determined in a similar manner. All coal was 
assumed to have been fired in dry-bottom, pulverized-coal-fired units with 
an emission factor of 18 pounds of NO per ton of coal fired. For boilers 
firing residual oil, AP-42 lists two 80 emission factors, one for tangen- 
tial firing and another for normal firing. An average of these two values, 
78 pounds of NO emitted per 1000 gallons of residual oil fired, was used in 
these estimates. The value of 105 pounds of NOx per 1000 gallons of No. 2 
distillate oil is the NEDS emission factor. As with residual oil, AP-42 
gives two NOx emission factors for natural gas fired in tangential and 
nontangential boilers and an average value, 500 pounds of NOx per million 
cubic feet of natural gas fired, was used in these estimates. 

X 

X 

Industrial Sector 

For the industrial sector, the estimates include emissions from firing 
liquefied petroleum gas (LPG) in addition to the four fossil fuels discussed 
above because LPG represents about 10 percent of the total heat input from 
petroleum in this sector. The sulfur contents of natural gas and LPG were 
assumed to be negligible. Sulfur contents for coal and residual oil were 
obtained from "The Population and Characteristics of Industrial/Commercial 
Boilers," PEDCo Environmental, Inc., May 1979. A value of 0.25 percent 
sulfur was assumed for distillate oil in each state unless the value 
obtained for the utility sector was lower, in which case, the utility value 
was used. 

A value of 15 pounds NO emitted per ton of coal fired was selected to 
estimate NOx emissions due t?o coal firing. Emission factors for residual 
and distillate oils are 60 and 22 pounds of NO per 1000 gallons of oil, 
respectively. AP-42 presents ranges for NO emission factors for natural 
gas fired in boilers and LPG fired in industrial process furnaces. The 
average values used to estimate NO emissions were 175 pounds of NO per 
million cubic feet of natural gas an8 11.7 pounds of NOx per 1000 gallons of 
LPG . 

X 

X 

X 

Commercial Sector 

For the commercial sector, emissions from four fuels were considered: 
coal, natural gas, residual oil, and distillate oil. Sulfur contents of 
each fuel were determined in the same manner as described for the industrial 
sector. 

A value of 6 pounds of NO emitted per ton of coal fired was applied. 
The NO emission factor for residual-oil-firing is the same as in the indus- 
trial gector,- 60 pounds of NOx per 1000 gallons of oil. It was assumed that 
distillate oil in the commercial sector is fired in boilers and space 
heaters, and an average emission factor of 20 pounds of NO per 1000 gallons 
was used to estimate emissions from the firing of distillate oil. The AP-42 
emission factor for natural gas NO emissions from commercial units is 120 
pounds of NO 

X 

per million cubic feet. 
X 

E-2 



Residential Sector 

The SO and NOx emissions from residential burning of coal, natural 
gas, distilfate oil, kerosene, and LPG were estimated. No residual oil is 
consumed in this sector. The sulfur contents of each fuel were determined 
as described for the industrial sector. It was assumed that the sulfur 
content and SOx emission factors for kerosene were the same as those of 
distillate oil. 

The NO emission factor for coal firing was calculated to be 4.5 pounds 
of NOx per %on of coal. This value is the average of factors for underfeed 
stokers and handfired units. For natural gas the selected emission factor 
of 100 pounds of NO per million cubic feet is an average of the AP-42 value 
for domestic heating units and the NEDS value for institutional boilers. 
AP-42 lists a factor of 18 pounds of NO per 1000 gallons of distillate oil 
for domestic units, and this emission Factor was also assumed to apply to 
kerosene. An average value of 7.5 pounds of NO per 1000 gallons of LPG was 
assumed to apply. 

X 

X 

Transportation Sector 

Motor gasoline, distillate fuel, and jet fuel supply almost 91 percent 
of the total heat input to the transportation sector. Emissions from con- 
sumption of these three fuels were estimated on the following basis: 

1. The "dominant" fuels used in the sector were assumed to be 
gasoline, diesel fuel, and jet fuel. 

2. Since AP-42 was inconclusive as to the factor to be used for 
overall NO emissions in 1978, the factors in EPA's Mobile 
Source Emigsions Factors Manuals (EPA-400/9-78-005 and 006) 
were used for gasoline and diesel vehicles. 

3 .  Although a variety of factors influence NO emissions, a 
scenario depicting overall driving conditions and general 
sector model mixes of vehicle types was developed. It was 
found that the NO emissions (in g/mi) were dependent only on 
the running con'dition assumed (i.e., cold, hot, warm). 
Generally a factor of 3.6 g/mi depicted emissions from all 
vehicles under normal conditions. 

X 

4. Since a gasoline-only scenario had an overall emission factor 
of 3.1 g NO /mi, a weighted average determination from the 
percent of Total miles by vehicle type was performed to 
identify the diesel-only contribution. This calculation is: 

0.969 (3.1) + 0.031 (x)  = 3.6 g NOx/mi 

(gas percent) (factor) + diesel percent(x) = overall factor 

The resulting diesel NO factor is 28.9 g/mi. 
X 

E-3 



5. 

6. 

7. 

Next, the 1978 vehicle mpg, figures for all vehicles were 
determined by contacting the Motor Vehicle Manufacturers 
Association in Detroit at (313)872-4311. 
below. 

1978 VEHICLE MPG* 

Diesel 
fuel 

Passenger cars 
Motorcycles 
Commercial buses 5.02 
School buse.s 7.35 
All buses 
Single unit trucks 10.10 
Truck combinations 5.39 
All trucks 

Results are listed 

Motor 
gasoline 

14.06 
50.0 

5.95 

8.64 

All motor vehicles 12.38 

%ource: MVMA Motor Vehicle Facts and Figures, 1978. 

Using the EPA’s distribution of model vehicle types, the 
following mpg figures were calculated: 

Gasoline = 0.803 (14.06) + 0.045 (7.35) + 0.116 (10.1) 
+ 0.005 (50) = 13.2 mpg 

) = 5.2 mpg 5.02 + 5.39 
2 Diesel;” = ( 

(*This average was used because no information was readily 
available on the distribution of percent miles for buses and 
heavy duty trucks.) 

Combination of the mpg and emission factors yields a lb 
NOx/lOOO gal factor: 

Gasoline: 13 mpg x 3.1 g/mi = 40.3 g NOx/gal 
x 0.00220462 lb/g x 1000 gal 
= 90 lb/1000 gal . 

Diesel: 5.2 mpg x 28.9 g/mi = 150.4 g NOx/gal 
x 0.00220464 lb/g x 1000 gal 
= 300 lb/1000 gal 

- -  

AP-42 factors for jet fuel are: 

SOx = 13.0 lb/1000 gal (AP-42, p. C-7) 

NOx = 14.6 lb/1000 gal (AP-42, p. C-7) (turbojet) 

E-4 



8. AP-42 figures for gasoline and diesel SO are: 
X 

Gasoline = 0.18 g/mi (AP-42, p. D.2-11) 
Diesel = 2.8 g/mi (AP-42, p. D.5-4) 

9. To put these values into consistent units, the following 
conversion was applied: 

0.18 x 0.00220462 x 1000 x 13 = 5.2 lb SOx/lOOO gal 
2.8 x 0.00220462 x 1000 x 5.205 = 32.1 lb S O x / l O O O  gal 

RESULTS 

Tables E-1 and E-2 summarize PEDCo's estimates of uncontrolled 1978 
emissions of SO and NOx, respectively, in 48 states and the District of 
Columbia by secfor. It appears that the utility sector is responsible for 
67 percent (18,363.26 x lo3 tons) of the total SO emissions. The transpor- 
tation sector is the largest emitter of NO , wirh an estimated 8,176.27 x 
lo3 tons of NOx or 47.2 percent of the tot& in 1978. Figures E - 1  and E-2 
display the results geographically, showing SO and NOx emissions from the 
utility and nonutility sectors. A further brsakdown of emissions in each 
sector by state is presented in Tables E-3 through E-7 for SO and Tables 
E-8 through E-12 for NOx. 

X 
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I 

S t a t e  

A1 a bama 
Arizona 
Arkansas 
C a l i f o r n i a  
Colorado 
Connecticut 
Del aware 
District o f  

Co 1 umbi a 
'? Flo r ida  

Georgia 
Idaho 
I1 1 i noi s 

Indiana 
Iowa 
Kansas 
Kentucky 
Loui s i ana  
Maine 
Mary1 and 
Massachusetts 
Mi chi gan 
Minnesota 

(cont inued)  

m 

TABLE E-1. 1978 SOX EMISSIONS FROM FOSSIL FUEL CONSUMPTION 
(IO3 t o n s )  

Uti 1 i t y  

570.04 
61.30 
57.41 
88.72 
77.94 
25.65 
52.11 

4.67 
596.46 
61 2.05 

0.00 
1,343.30 
1,395.86 

261.05 
249.41 

1,265.28 
59.64 
8.60 

21 6.79 
254.23 
811.03 
238.92 

ndu s t r i a1 

393.81 
10.81 
26.54 
76.30 
22.66 
43.14 
13.92 

1.51 
95.74 
57.81 

7.11 
318.31 
931.20 

54.25 
24.22 

174.52 
77.35 
27.38 

114.81 
24.69 

31 7.39 
59.51 

Commercial 

19.98 
0.74 
3.48 

13.29 
11.04 
23.55 

4.85 

5.22 
14.60 
14.43 
4.71 

68.97 
49.10 
10.18 

3.31 
26.55 

8.34 
13.66 
16.61 
78.37 
34.08 
15.03 

Resident ia l  

3.93 
0.38 
0.55 
1.67 
1 .oo 
5.22 
1.23 

0.90 
3.58 
1.06 
2.61 

27.97 
14.96 
6.49 
1.02 

13.58 
0.68 
6.03 
6.28 
9.08 

19.29 
11.44 

Transpor ta t ion  

13.83 
9.90 
8.58 

75.05 
9.86 
5.89 
1.71 

1.13 
30.26 
19.98 

3.55 
35.43 
16.54 

9.55 
8.88 

12.07 
16.78 

3.47 
9.71 

11.41 
21.84 
11.93 

Nonut i  1 i t y  
s u b t o t a l  

431'. 55 
21.83 
39.15 

166.31 
44.56 
77.80 
21.71 

8.76 
144.18 

93.28 
17.98 

450.68 
1,011.80 

80.47 
37-43 

226.72 
103.15 

50.54 
147.41 
123.55 
392.60 

97.91 

rota1 

1,001.59 
83.13 
96.56 

255.03 
122.50 
103.45 

73.82 

13.43 
740.64 
705.33 

17.98 
1,793.98 
2,407.66 

341 .52 
286. a 4  

1,492.00 
162.79 

59.14 
364.20 
377.78 

1,203.63 
336.83 
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S t a t e  

Washington I 

West V i r g i n i a  

Wisconsin 

Wyorni ng 

T o t a l  

T o t a l  
N o n u t i l i t y  

U t i l i t y  I n d u s t r i a l  Commercial R e s i d e n t i a l  T r a n s p o r t a t i o n  s u b t o t a l  

80.45 31.26 10.55 3.09 14.26 59.16 
891.77 280.05 11.37 5.05 5.08 301.55 
466.31 105.35 17.63 16.84 12.05 151.87 

99.52 25.89 8.18 0.83 4.42 39.32 

18,363.26 6,755.84 1,094.38 372.37 685.34 8,907.93 

139.61 

1,193.32 

618.18 

138.84 

27,271.19 

M 
I 
03 



S t a t e  

A1 a bama 

A r i z o n a  

Arkansas 
Cal i f o r n i a  

Colorado 

Connec t i cu t  

Delaware 

D i s t r i c t  o f  
Columbia 

m F l o r i d a  

\D Georg ia  
I 

Idaho 
I 1  1 i n o i  s 

I n d i a n a  

Iowa 

Kansas 
Kentucky 

Lou is iana  

Maine 

Mary1 and 

Massachusetts 

Mich igan 

( con t i nued ) 

TABLE E-2. 1978 NO, EMISSIONS FROM FOSSIL FUEL CONSUMPTION 
(103 t o n s )  

U t i l i t y  

153.64 

83.40 

33.92 

205.61 

89.28 

33.37 

21.74 

8.15 

232.55 

172.22 

0.01 

324.81 

269.47 

80.18 

104.01 

221.10 

134.77 

3.04 

77.35 

80.71 
237.58 

I ndus tri a 1 

82.03 

10.75 

20.02 

84.98 

20.26 

15.54 

4.78 

0.75 

29.16 

23.62 

6.84 

95.71 

158.38 

22.82 

22.45 

129.57 
165.81 

8.58 

33.40 

11.00 

80.74 

Commercial 

5.55 

2.18 

3.21 

17.80 

7.72 

8.67 

1.87 

2.48 

4.96 

6.65 

1.97 

29.36 

15.53 

4.73 

4.89 

5.74 

6.46 

5.28 

7.32 

31.92 

17.86 

R e s i d e n t i a l  

4.78 

1.87 

3.90 

29.11 

6.02 

8.27 

1.06 

1.12 

4.63 

6.52 

1.74 

36.46 

16.32 

7.74 

6.71 

6.84 

5.09 

3.25 

6.89 

15.93 
25.25 

T r a n s p o r t a t i o n  

175.27 

106.71 

105.75 

820.06 

109.15 

80.76 

18.88 

15.50 

327.70 

244.23 

42.76 

398.66 

216.40 
124.40 

111.28 

152.10 

196.29 

39.75 

127.66 

140.95 

295.12 

Nonu t i 1 i .ty 
sub t o t  a 1 

267.63 

121.51 

1 32.88 

951.95 

143.15 

113.24 

26.59 

19.85 

366.45 

261.02 

53.31 

560.19 

406.63 

159.69 

145.33 

194.25 

373.65 

56.86 

175.27 

199.80 

418.97 

T o t a l  

421.27 

204.91 

166.80 

1,157.56 

232.43 

146.61 

48.33 

28.00 

599.00 

433.24 

53.32 

885.00 

676.10 

239.87 

249.34 

415.35 

508.42 

59.90 

252.62 

280.51 
656.55 



TABLE E-2 ( con t inued)  

S t a t e  

Minnesota 

M i s s i s s i p p i  

M i s s o u r i  

Montana 

Nebraska 

Nevada 

New Hamps h i  r e  

New Je rsey  

New Mexico 

New York 

N o r t h  Carol  i na 

N o r t h  Dakota 

Ohio 

Okl a homa 

Oregon 

Pennsylvania 

Rhode I s l a n d  

South Caro l  i na 

South Dakota 

Tennessee 

Texas 

Utah  

Vermont 

T 
P 
0 

( con ti nued) 

U t i l i t y  

112.90 

58.92 

196.62 

29.01 

26.51 

46.27 

12.17 

66.00 

88.73 

197.83 

174.91 

78.93 

461.83 

106.48 

0.08 

377.15 

2.14 

70.33 

25.70 

205.95 

609.93 

30.53 

0.08 

I n d u s t r i a l  

29.47 

13.42 

23.44 

6.96 

10.82 

2.13 

2.16 

25.34 

9.87 

64.48 

30.51 

7.23 

189.66 

31.22 

10.32 

241.09 

1.85 

26.20 

2.75 

48.06 

243.70 

28.64 

1.06 

Commercial 

9.19 

3.37 

9.76 

2.44 

3.46 

1.33 

2.61 

25.67 

1.98 

83.26 

5.13 

2.01 

20.11 

4.09 

3.09 

27.81 

3.44 

2.12 

0.99 

4.34 

19.13 

2.91 

1.67 

Resident i a1 

11.71 

3.26 

12.60 

2.08 

4.05 

0.87 

2.43 

16.61 

1.87 

47.73 

6.89 

1.64 

30.04 

6.07 

2.00 

29.52 

2.54 

3.40 

1.77 

4.05 

19.43 

2.95 

1.21 

T r a n s p o r t a t i o n  

148.53 

105.07 

203.01 

53.11 

87.71 

38.52 

24.08 

222.05 

76.82 

357.53 

212.13 

35.18 

373.23 

128.62 

124.16 

365.56 

21.14 

112.45 

30.57 

210.93 

703.13 

61.64 

16.58 

N o n u t i l i t y  
s u b t o t a l  

198.90 

125.12 

248.81 

64.59 

106.04 

42.85 

31.28 

289.67 

90.54 

553.00 

254.66 

46.06 

613.04 

170.00 

139.57 

663.98 

28.97 

144.17 

36.08 

267.38 

985.39 

96.14 

20.52 

T o t a l  

31 1.80 

184.04 

445.43 

93.60 

132.55 

89.12 

43.45 

355.67 

179.27 

750.83 

429.57 

124.99 

1,074.87 

276.48 

139.65 

1,041.13 

31 .ll 
214.50 

61.78 

473.33 

1,595.32 

126.67 

20.60 

I '- I 
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F igure E - 1 .  1978 utility and nonutility uncontrolled SO emissions. 
(Top number indicates uti1 ity emissions and bottom number indicates nonufili ty emissions, in 103 tons .) 
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3 (Top number i-ndicates u t i l i t y  emissions and bottom number ind ica tes  n o n u t i l i t y  emissions, i n  10 tons..) 
Figure E-2. 1978 u t i l i t y  and n o n u t i l i t y  uncontro l led NO emissions. 



TABLE E - 3 .  1978 UTILITY SO, EMISSIONS FOR EACH FUEL TYPE 
(103 tons) 

State 

Alabama 
Arizona 
Arkansas 
California 
Colorado 
Connecticut 
De 1 awa r e  
District o f  
Columbia 
Florida 
Georgia 
Idaho 
I1 1 i noi s 
Indiana 
I owa 
Kansas 
Kentucky 
Louisiana 
bine 
Mary 1 and 
Massachusetts 
Mi chi gan 
Minnesota 
Mississippi 
Missouri 
Montana 
Nebraska 
Nevada 
New Hampshire 
New Jersey 
New Mexico 
New York 
North Carolina 
North Dakota 
Ohio 
Okl ahoma 
Oregon 
Pennsylvania 
Rhode Island 
South Carolina 
South Dakota 
Tennessee 
Texas 
Utah 
Vemont 
Virginia 
Uashington 
Utrt Virginia 
Uisconsin 
vymj ng 

Totals 

Rtsi dual 
oi 1 

7.18 
49.33 
87.78 
1.12 

24.96 
23.51 
1.76 

321.11 
27.12 
0.00 
25.53 
0.00 
0.00 
19.37 
0.00 
57.84 
8.58 
80.33 
254.10 
40.97 
5.75 

127.85 
1.80 
0.00 
3.67 
6.29 
17.67 
44.47 
0.12 

309.28 
2.12 
0.00 
4.82 
0.00 
0.00 
50.82 
3.92 
34.32 
0.19 
0.00 
5.96 
0.07 
0.00 

132.68 
0.00 
0.04 
0.08 
0.00 

782.51 

Distillate 
oi 1 

2.42 
0.87 
0.78 
0.94 
0.34 
0.02 
0.81 
2.91 

3.12 
2.05 
0.00 
6.03 
3.64 
0.84 
1.05 
0.52 
1.80 
0.02 
1.17 
0.13 
2.26 
0.64 
3.21 
1.72 
0.08 
0.12 
0.01 
0.01 
0.30 
0.23 
1.20 
1.22 
0.09 
4.52 
0.24 
0.02 
1.02 
0.00 
0.91 
0.12 
10.91 
1.42 
0.05 
0.00 
2.33 
0.02 
1.34 
2.10 
0.00 

66.15 

-- 

E-14 

oi 1 
rubtotal 

2.42 
8.05 
50.11 
88.72 
1.46 
24.98 
24.32 
4.67 

324.83 
29.17 
0.00 
31.56 
3.64 
0.84 
20.42 
0.52 
59.64 
8.60 
81.50 
254.23 
43.23 
6.39 

131.06 
3.52 
0.08 
3.79 
6.30 
17.68 
44.77 
0.35 

310.48 
3.34 
0.09 
9.34 
0.24 
0.02 
51.84 
3.92 
35.23 
0.31 
10.91 
7.38 
0.12 
0.00 

135.01 
0.02 
1.38 
2.18 
0.00 

1848.66 

Coal 

567.62 
53.25 
7.30 
0.00 
76.48 
0.67 
27.79 
0.00 

271.63 
582.88 
0.00 

1311.74 
1392.22 
260.21 
228.99 
1264.76 

0.00 
0.00 

135.29 
0.00 

767.80 
232.53 
67.92 

1042.64 
44.16 
32.83 
39.94 
32.56 
70.50 
101.79 
203.61 
389. a4 
98.04 

2556.79 
15.77 
0.00 

1458.31 
0.00 

160.43 
41.66 

1027.00 
300.57 
32.30 
0.29 
82.02 
80.43 
890.39 
464.13 
99.52 

Total 

570.04 
61.30 
57.41 
88.12 
77.94 
25.65 
52.11 
4.67 

596.46 
612.05 
0.00 

1343.30 
1395.86 
261.05 
249.41 
1265.28 
59.64 
8.60 

216.79 
254.23 
811.03 
238.92 
198.98 
1046.16 
44.24 
36.62 
46.24 
50.24 
115.27 
102.14 
514.09 
393.18 
98.13 

2566.13 
16.01 
0.02 

1510.15 
3.92 

195.66 
41.97 

1037.91 
307.95 
32.42 
0.29 

217.03 
80.45 
891.77 
466.31 
99.52 - 

6,514.60 18,363.26 



TABLEE-4.  1978 INDUSTRIAL SO, EMISSIONS FOR EACH FUEL TYPE 
(103 tons) 

~ 

S ta te  

Alabama 
Arizona 
Arkansas 
Ca1 i f o r n i a  
Colorado 
Connect icut  
Delaware 
D i s t r i c t  o f  
Columbia 

F1 o r i  da 
Georgia 
Idaho 
I 1  1 i n o i s  
Indiana 

Iowa 
Kansas 

Kentucky 
Louis iana 
Maine 
Mary1 and 
Massachusetts 
Michigan 
Minnesota 
M i s s i s s i p p i  

M issour i  
Montana 

Nebraska 
Nevada 
New Hampshire 
New Jersey 
New Mexico 
New York 
Nor th  Caro l ina  
Nor th  Dakota 

Ohio 
Ok1 ahoma 

Oregon 
Pennsylvania 

Rhode I s l a n d  
South Carol i n s  
South Dakota 
Tennessee 
Texas 
Utah 
Vermont 
V i r g i n i a  

Washington 
West V i r g i n i a  

Wisconsin 
Wymi ng 

T o t a l s  

Residua 1 
o i  1 

39.42 
2.58 

20.92 
43.29 

7.82 
42.56 

8.86 
0.17 

77.30 
33.51 
2.08 

63.84 
63.61 

0.18 
15.34 

9.29 
67.86 

26.57 
11.44 

22.92 
14.39 
8.02 

15.65 
6.09 
7.79 

0.58 
0.09 
5.19 

61.21 

4.13 
41.62 
66.58 

2.10 

31.54 
4.84 

8.65 
86.17 

3.81 
47.65 

0.42 
9.95 

91.51 
14.86 

1.79 
27.59 
23.10 
8.36 

5.42 
8.21 

166.87 

D i s t i l l a t e  
o i  1 

3.57 
3.99 
2.12 
7.83 
1.76 
0.51 
0.51 
0.06 

4.22 
2.48 
1.46 
4.08 
3.57 
2.01 
2.62 
3.46 
7.54 

0.20 
2.47 
0.44 

3.68 
1.74 

3.30 
2.27 
1.20 
1.42 
0.77 

0. 08 
0.81 
1.46 
2.60 
3.44 
0.25 
8.36 
2.68 
2.25 
2.94 
0.09 
1.24 
0.54 
3.61 

12.18 
1.74 
0.10 
3.17 
2.90 
1.49 

1.34 
2.86 

125.41 

O i  1 
subto ta l  

42.99 
6.57 

23.04 
51.12 
9.58 

43.07 

9.37 
0.23 

81.52 
35.99 
3.54 

67.92 
67.18 

2.19 
17.96 

12.75 
75.40 
26.77 
13.91 

23.36 
18.07 
9.76 

18.95 
8.36 
8.99 
2.00 
0.86 
5.27 

62.02 
5.59 

44.22 
70.02 
2.35 

39.90 
7.52 

10.90 
89.11 

3.90 
48.89 

0.96 
13.56 

103.69 
16.60 

1.89 
30.76 
26.00 

9.85 

6.76 
11.07 

1292.28 

Coal 

350.82 
4.24 
3.50 

25.18 
13.08 
0.07 

4.55 
1.28 

14.22 
21.82 

3.57 
250.39 
864.02 

52.06 
6.26 

161.77 
1.95 

0.61 
100.90 

1.33 
299.32 
49.75 

3.56 
111.92 

2.51 
9.78 
0.64 
0.09 
5.56 

0.93 
187.86 
32.77 

7.79 
1100.96 

4.35 
2.18 

994.31 
0.07 

35.17 
2.80 

256.22 
24.45 
23.22 

0.06 
36.60 

5.26 
270.20 

98.59 
14.82 

963.56  

Tota l  

393.81 
10.81 
26.54 
76.30 
22.66 
43.14 

13.92 
1.51 

95.74 
57.81 

7.11 
318.31 
931.20 

54.25 
24.22 

174.52 
77.35 
27.38 

114.81 

24.69 
317.39 

59.51 
22.51 

120.28 
11.50 
11.78 

1.50 
5.36 

67.58 
6.52 

232.08 
102.79 
10.14 

1140.86 
11.87 
13.08 

1083.42 
3.97 

84.06 
3.76 

269.78 

128.14 . 
39.82 

1.95 
67.56 

31.26 
280.05 

105.35 
25.89 

6755.84 

E-15 



TABLE E-5. 1978 CONMMERCIAL SO, EMISSIONS FOR EACH FUEL TYPE 

State 
~ 

Alabama 
Arizona 
Arkansas 
Cal i f o r n i a  

Colorado 
Connecticut 

Del aware 
D i s t r i c t  of  

Columbia 
F lor ida  
Georgia 
Idaho 
I 1  1 i noi s 

lnd i  ana 
I ova 
Kansas 
Kentucky 
Louisiana 
Ma i ne 
Mary 1 and 

llasrachusetts 
Michigan 

Minnesota 
Mississippi 
Missouri 
Montana 
Nebras ka 
Nevada 
New Hampshire 
New Jersey 
New Mexico 
New York 
North Carolin 
North Dakota 

Ohio 
Oklahoma 

Orrgon 
Pennsylvania 
Rhode Is land  
South Carolin 
South Dakota 
Tennessee 
Texas 
Utah 
V e m n t  
V i rg in ia  

Uashington 
Uest V i rg in ia  
Uisconsi n 
Wyoai ng 

Tota 1 s 

Residual 
o i  1 

13.29 
0.00 
2.69 

11.65 

8.59 
22.95 

3.81 
4.52 

14.57 

13.20 
2.37 

35.86 
39.30 

3.06 
1.75 

2.84 
6.50 

12.55 
12.97 
73.06 
17.55 
7 .90  
3.06 

9.12 
3.64 

1.32 
0 .17  
4.46 

50.46 
0 .43  

225.61 
12.36 
2.82 

14.13 

0.34 
5.43 

40.16 
7.56 

2 .26  
0.31 
6.10 

15.67 
4 .45  
2.73 
4 .51  
7.46 
4.38 
3.73 
5.82 

751.47 

D i s t i l l a t e  
o i  1 

1.53 
0.74 
0.76 
1.61 
1.13 
0.56 
0.96 
0.68 

0.03 

0 .79  
0.97 
7.80 
3.47 
1.08 
1.07 

2.08 
1.84 
1.07 
3.12 
5.25 
7.41 

3.75 
2 .68  

2.25 
0.59 
1 .19  

0.13 
0 .78  
5 .49  
0 .47  
4.62 
1.90 
0 .16  

4.76 
1.82 
1.06 
3 .79  
0.64 
0 .21  
0.16 

1.59 
7.80 
0.88 
0.57 
2.16 
1.97 
0.01 
3.77 

0.94 

100.09 

o i  1 
subtotal 

14.82 
0.74 
3.45 

13.26 

9.72 
23.51 
4.77 
5.20 

14.60 
13.99 
3.34 

43.66 
42.77 

4.14 
2.82 

4.92 
0.34 

13.62 
16.09 
78.31 
24.96 
11.65 
5.74 

11.37 
4.23 
2.51 
0.30 
5.24 

55.95 
0.90 

230.23 
14.26 
2.98 

18.89 
2.16 

6.49 
43.95 

8.20 
2.47 
0.47 

7.69 
23.47 

5.33 
3.30 

6.67 
9.43 
4.39 

9.50 
6.76 

851.56 

Cor 1 

5.16 
0.00 
0.03 
0.03 
1.32 
0.04 
0.08 
0.02 

0.00 
0.44 
1.37 

25.31 
6.33 
6.04 
0.49 

21.63 
0.00 
0.04 
0.52 
0.06 
9.12 
3.38 
0.15 

10.16 
0 .13  

0.26 
0.02 
0.00 

0.72 
0.00 

8.27 
3.22 
2.02 

54.95 
0.03 
0.12 

51.43 
0.00 
0 .69  
0.04 
7.66 
0.00 
1.74 
0.02 
2.13 
1.12 
6.98 
8.13 
1.42 

242.82 

Total  

19.98 
0.74 

- 3 . 4 8  
13.29 
11.04 
23.55 
4 .85  
5.22 

14.60 
14.43 
4.71 

68.97 
49.10 
10.18 
3.31 

26.55 
8.34 

13.66 
16.61 

78.37 
34.08 
15.03 
5.89 

21.53 
4.36 
2.77 
0.32 
5.24 

56.67 
0 .90  

238.50 
17.48 
5.00 

73.84 
2 .19  
6 .61  

95.38 

8 .20  
3.16 
0.51 

15.35 
23.47 

7.07 
3.32 
8.80 

10.55 
11.37 

17.63 
8 .18  

1094.38 

E-16 



TABLE E-6. 1978 RESIDENTIAL SO, EMISSIONS FOR EACH FUEL TYPE 

State 

A1 abama 
Arizona 
Arkansas 
C a l i f o r n i a  
Co 1 orado 
Connecticut 
Oelauare 
D i s t r i c t  o f  

Columbia 
F l o r i d a  
Georgia 
I da ho 
1 1 1 i no i  s 
Ind iana 

Iowa 
Kansas 
Kentuc ky 
Louis iana 
Maine 
Maryland 

Massachusetts 
M i  c h i ga n 
Minnesota 
H i  IS i ss i pp i  
Missour i  
Montana 
Nebraska 
Nevada 
New Hampshire 

New Jersey 
New Mexico 

New Vork 
North Carol ina 
Nor th  Dakota 
Ohio 
Ok 1 ahoma 
Oregon 
Pennsylvania 
Rhode I s l a n d  
South Caro l ina 
South Dakota 
Tennessee 
Texas 
Utah 
Vemont 
V i r g i n i a  

Washington 
West V i r g i n i a  
W i  sconsi n 
Uyoming 

To ta l s  

l i r t i  1 l a t e  
o i  1 

0.59 
0.20 
0.07 
0.60 
0.18 
5.08 
1.00 
0.87 

2.79 
0.76 
1.80 

12.73 
10.41 

3.08 
0.66 
1.17 
0.06 
5.43 
5.55 
0.83 

13.17 
9.19 
0.08 
3.10 
1.00 
1.14 

0.38 
1.46 

6.99 
0.04 

22.55 
4.66 

0.73 
10.11 
0.04 
1.40 
8.44 
3.56 
2.14 
0.67 
0.59 
0.16 
0.28 
1.68 
5.29 
2.23 
1.01 

11.94 
0.07 

75.96 

-- 
Kerosene 

0.54 
0.18 
0.47 
1.06 
0.11 

0.07 
0.11 
0.01 

0.79 
0.06 
0.07 

0.97 
0.99 
0.11 
0.12 
0.75 
0.62 
0.56 
0.40 
0.15 
0.69 
0.40 
0.77 
0.17 
0.04 

0.31 
0.02 
0.11 
0.50 
0.31 
1.23 
3.40  
0.01 

3.01 

0.12 
0.17 
0.57 
0.06 
0.60 
0.08 
1.72 

2.91 
0.03 
0.23 
1.25 
0.25 
0.13 

0.49 
0.00 

27.80 

E-17 

o i  1 
subtota l  

1.13 
0.38 
0.54 
1.66 
0.29 
5.15 
1.11 
0.88 

3.58 
0.82 
1.87 

13.70 
11.40 
3.19 
0.78 
1.92 
0.68 
5.99 
5.95 
8.98 

13.86 
9.59 
0.85 
3.27 
1.04 

1.45 
0.40 
1.57 

7.49 
0.35 

23.78 
8.14  
0.74 

13.12 
0.16 
1.57 
9.01 
3.62 
2.74 
0.75 
2.31 
3.07 
0.31 
1.91 
6.54 
2.48 
1.14 

12.43 
0.07 

203.76.. 

Coal 

2.80 
0.00 
0.01 
0.01 
0.71 
0.07 
0.12 
0.02 

0.00 
0.24 
0.74 

14.27 
3.56 
3.30 
0.24 

11.66 
0.00 
0.04 
0.33 
0.10 
5.43 
1.85 
0.05 
5.45 
0.08 
0.14 

0.01 
0.05 

1.08 
0.00 
8.38 
1.73 
J.09 

30.27 
0.01 
0.07 

58.17 
0.00 
0.37 
0.02 
4.13 
0.00 
1.12 
0.04 
1.16 
0.61 
3.91 
4.41 
0.76 

168.61 

Tota l  

3.93 
0.38 
0.55 
1.67 
1.00 
5.22 
1.23 
0.90 

3. w 
1.06 
2.61 

27.97 
14.96 
6.49 
1.02 

13.58 
0.68 
6.03 
6.28 
9.08 

19.29 
11.44 

0.90 
8.72 
1.12 
1.59 
0.41 

1.62 
8.57 
0.35 

32.16 
9.87 
1.83 

43.39 
0.17 
1.64 

67.18 
3.62 
3.11 
0.77 

6.44 
3.07 

1.43 
1.95 
7.70 
3.09 
5.05 

16.84 
0.83 

372.37 



TABLE E-7. 1978 TRANSPORTATION SO, EMISSIONS FOR EACH FUEL TYPE 
(103 tons) 

I 
State 

Alabama 
Arizona 
Arkansas 
C a l i f o r n i a  
Colorado 
Connect i cut 
Del aware 
D i s t r i c t  o f  

Columbia 
F l o r i d d  
Georgia 
Idaho 
I 1  1 i noi s 
Ind iana 
Iowa 
Kansas 
Kentucky 
Louisiana 
Ma i ne 
Maryland 
Massachusetts 
Michigan 
Minnesota 
M i s s i s s i p p i  
Missour i  
Montana 
Nebraska 
Nevada 
New Hampshire 
N e w  Jersey 

New Mexico 
New York 
Nor th Caro l ina 
Nor th Dakota 

Ohio 
Oklahoma 

Oregon 
Pennsylvania 
Rhode I s l a n d  
South Caro l i na  
South Dakota 
Tennessee 
Texas 
Utah 
Ve tmo n t 
V i r g i n i a  

Wash i ngton 
Vert V i r g i n i a  
V i  rcons in  
Wyoming 

J e t  f u e l  

0.59 
2.14 
0.64 

17.67 
2.17 
0.55 
0.46 
0.00 

7.57 
3.98 
0.34 
6.85 
0.76 
0.31 
0.46 
0.68 

1.54 
0.69 
0.95 

2.22 
1.95 
1.33 
0.44 
2.13 
0.20 
0.54 

1.82 
0.27 
1.68 

0.76 
10.05 

1.26 
0.53 

1.85 
1.29 
0.67 
2.31 
0.07 
0.87 
0.37 

1.21 
7.79 
0.52 
0.04 
3.31 

3.12 
0.08 

0.60 
0.05 

O i s t i l l a t e  
o i  1 

7.77 
4 .28  
4.62 

27.46 
3.76 
1.75 
0.46 
0.58 

10.46 
8.12 
1.87 

14.76 
8.21 
5.11 
4.99 
6.53 
9.84 
1.30 
3.55 
2.94 

7.32 
5.18 
4.56 
7.44 

2.93 
4.73 

1.43 
0.39 
6.76 
4.05 
7.62 
6.86 
1.75 

13.11 
4.44 

5.96 
13.32 
0.38 
3.56 
1.17 
9.44 

30.69 
2.80 
0.46 
7.11 

6.05 
2.69 

5.43 
3.46 

Casol i n e  

5.47 
3.48 
3.32 

29.92 
3.93 
3.59 
0.79 
0.55 

12.23 
7.88 
1.34 

13.82 
7.57 
4.13 

3.43 
4.86 
5.40 
1.48 
5.21 

6.25 
12.57 
5.42 
3.33 
7.17 
1.32 
2.22 
1.26 
1.14 
8.70 

2.04 
15.48 
8.10 
0.96 

13.66 
4.71 

3.59 
13.06 
0.99 
4.33 
1.05 
6.50 

21.89 
1.86 
0.68 
7.20 
5.09 
2.31 

6.02 
0.91 

Tota l  
o i  1 

13.83 
9.90 
8.58 

75.05 
9.86 
5.89 
1.71 
1.13 

30.26 
19.98 
3.55 

35.43 
16.54 
9.55 
8.88 

12.07 
16.78 
3.47 
9.71 

11.41 

21.84 
11.93 
8.33 

16.74 
4.45 
7.49 
4.51 
1.80 

17.14 

6.85 
33.15 
16.22 
3.24 

28.62 
10.44 

10.22 
28.69 

1.44 

8.76 
2.59 

17.15 

60.37 
5.18 

1.18 
17.62 

14.26 
5.08 

12.05 
4.42 

Tota l  s I 97.68 1 299.45 I 288.21 1685.34 

F-18 



TABLEE-8. 1978 UTILITY NO, EMISSIONS FOR EACH FUEL TYPE 
('103 tons)  

Sta te  

Alabama 
Arizona 
Arkansas 
Ca1 i f o r n i  a 
Colorado 
Connect icut  
Delaware 
D i s t r i c t  o f  

Columbia 
F l o r i d a  
Georgia 
Idaho 
I 1  1 i n o i s  
1 n d i  ana 
I oua 

Kansas 
Kentucky 
Louis iana 
Maine 
Maryland 

Massachusetts 
Michigan 

Minnesota 
M i s s i s s i p p i  

Missour i  
Montana 
Nebraska 
Nevada 
New Hampshire 
New Jersey 
New Mexico 
New York 

Nor th  Carol ina 

Nor th  Oakota 
Ohio 

0 k 1 a homa 
Oregon 
Pennsylvania 
Rhode I s l a n d  
South Carol ina 
South Dakota 
Tennessee 
Texas 
Utah 
Vermont 
V i r g i n i a  
Washington 

West V i r g i n i a  
Wisconsin 
Wyoming 

T o t a l s  

Residua 1 
a i  1 

4.63 
20.68 

126.65 
0.59 

33.10 
12.40 
1.08 

119.34 

7.08 
0.00 
2.89 

5.79 

35.91 
2.90 

30.79 
79.40 
29.55 

1.92 
29.87 

1.34 

1.70 
4.41 

5.10 

43.63 
0.12 

135.46 
0.97 

3.15 

42.26 
2.14 
8.59 
0.11 

6.09 
0.12 

40.94 

0.09 
0.12 

840.91 

T 
D i s t i l  lrtc 

o i  1 

2.52 

2.12 
2.85 

3.42 
0.82 
0.13 
1.97 
7.07 

9.04 
4.99 
0.00 

14.65 
8.86 
2.05 
2.56 
0.54 

6.56 
0.14 
2.85 
0.92 
5.49 
1.55 
3.34 

4.18 
0.12 
0.30 
0.03 
0.06 

2.18 
0.83 
5.66 
2.96 
0.21 

10.99 

0.89 
0.08 
7.40 

2.21 
0.28 

11.36 
5.18 
0.19 
0.01 
5.65 
0.05 

3.25 
5.10 

153.61 

O i  1 
subto ta l  

2.52 
6.75 

23.53 
130.07 

1.41 

33.23 
14.37 
8.15 

128.38 
12.07 
0.00 

17.54 

8.86 
2.05 
8.35 
0.54 

42.47 
3.04 

33.64 
80.32 
35.04 

3.47 
33.21 

5.52 
0.12 
2.00 
4.44 

5.16 
45.81 

0.95 
141.12 

3.93 

0.21 
14.14 

0.89 
0.08 

49.66 
2.14 

10.80 
0.39 

11.36 
11.27 
0.31 
0.01 

46.59 
0.05 

3.34 
5.22 

994.52 

Coal 

149.37 

63.06 
8.64 

80.51 
0.14 
7.00 

64.66 
158.68 

301.63 
259.82 

76.09 
66.14 

220.26 

43.60 

193.46 
109.05 

14.90 

184.28 
28.66 
21.30 
36.39 
7.01 

20.00 
71.96 
56.40 

170.98 
78.71 

446.90 

18.68 

327.38 

58.46 
25.30 

194.59 
225.99 

28.33 
0.06 

38.85 
38.10 

230.47 
102.74 

100.31 

1328.86 

Natura l  
ea s 

1.75 
13.59 
1.75 

75.54 
7.36 

0.37 

39.51 
1.47 
0.01 
5.64 
0.79 
2.04 

29.52 
0.30 

92.30 

0.11 
0.39 
9.08 
0.38 

10.81 

6.82 
0.23 
3.21 
5.44 

0.19 
15.82 
0.31 
0.00 

0.01 
0.79 

86.91 

0.11 

1.07 
0.01 

372.67 
1.89 
0.01 
0.24 
0.01 

0.00 
2.08 

0.00 

790.53 

Tota l  

153.64 
83.40 
33.92 

205.61 
89.28 
33.37 
21.74 

8.15 

232.55 
172.22 

0.01 
324.81 
269.47 
80.18 

104.01 
221.10 
134.77 

3.04 
77.35 
80.71 

237.58 
112.90 

58.92 
196.62 
29.01 
26.51 
46.27 
12.17 

66.00 
88.73 

197.83 
174.91 

78.93 
461.83 

106.48 
0.08 

377.15 
2.14 

70.33 
25.70 

205.95 
609.93 
30.53 
0.08 

85.68 
38.16 

233.81 
110.04 

100.31 

i113.91 
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TABLE E-9. 1978 INDUSTRIAL NO,. EMISSIONS FOR EACH FUEL TYPE 

Sta te  

Alabama 
Arizona 
Arkansas 
C a l i f o r n i a  
Colorado 

Connect icut  
Oe 1 aware 
O i s t r i c t  o f  

Columbia 
F l o r i d a  

Georgia 
Idaho 
I 1  1 i n o i  s 
Indiana 
Iowa 

Kansas 
Kentucky 
Louis iana 
Maine 
Maryland 

Massachusetts 
Michigan 

Minnesota 

M i s s i s s i p p i  
M issour i  

Montana 
Nebraska 
Nevada 
New Hampshire 
New Jersey 

New Mexico 
New York 
Nor th  Caro l ina  
Nor th  Oakota 
Ohio 
Ok 1 a homa 
Oregon 

Pennsylvania 
Rhode I s l a n d  
South Caro l ina  

South Oakota 
Tennessee 
Texas 
Utah 
Vcmn t 
V i r g t n i a  
Uashington 
Uert V i r g i n i a  
M i  r c o n s i  n 
Wyoming 

T o t a l  s 

3es i dua 1 
o i  1 

7.63 
0.74 
4.59 

12.56 
2.17 

12.75 
2.65 
0.05 

14.96 

6.48 
0.59 

14.69 

14.64 
0.04 
3.53 

2.42 
13.13 
7.96 
3.43 
6.87 
3.75 
1.84 

3.03 
1.40 
2.16 
0.14 
0.03 
1.55 

18.33 

1.15 
12.46 
12.88 
0.51 
9.45 
1.16 
2.51 

25181 
1.14 

9.22 
0.10 
1.93 

20.93 
4.15 

0.54 

8.26 
6.70 
2.50 
1.25 
2.28 

D i s t i l l a t e  
o i l  

2.18 
2.44 
1.62 
5.98 
1.08 
0.78 
0.31 

0.04 

2.58 
1.51 

0.89 
2.49 
2.18 
1.23 

1.60 
2.11 
5.76 

0.31 
1.51 

0.67 
2.25 
1.06 
2.01 
1.39 
0.73 

0.87 
0.47 
0.12 
1.23 

1.11 
3.97 
2.10 

0.15 
5.11 
2.05 

1.72 

4.49 
0.13 
0.75 

0.33 
2.21 
9.31 
1.33 

0.15 
1.94 
2.22 
0.91 
0.82 
1.75 

1 i q u i f  i e d  
petroleum 

9a 5 

0.39 
0.21 
1.02 
3.91 
0.55 
0.55 
0.20 

0.00 

0.74 
1.01 
0.23 
5.27 
2.74 

2.95 
1.31 

0.66 
1.09 
0.11 
0.44 

0.66 
1.14 

0.96 
1.09 
1.18 
0.07 

0.94 
0.03 

0.36 
0.84 

0.35 
1.05 
1.67 
0.17 
1.51 

1.20 
0.18 
1.83 
0.15 

0.68 
0.33 
0.39 
4.72 
0.13 

0.20 
0.60 
0.31 
0.12 
1.36 
0.22 

' 47.82 
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O i l  
sub to ta l  

10.20 
3.39 
7.23 

22.45 
3.80 

14.08 
3.16 
0.09 

18.28 
9.00 
1.71 

22.45 
19.56 
4.22 
6.44 

5.19 
19.98 
8.38 
5.38 

8.20 
7.14 
3.86 

6.13 
3.97 
2.96 

1.95 
0.53 

2.03 
20.40 

2.61 
17.48 

16.65 
0.83 

16.07 
4.41 
4.41 

32.13 
1.42 

10.65 
0.76 
4.53 

34.96 
5.61 

0.89 
10.80 

9.23 

3.53 
3.43 

4.25 

Cor 1 

60.21 
3.35 
2.30 

19.88 
10.33 
0.02 
0.86 

0.63 

1.94 
4.79 

2.82 
41.18 

121.81 

10.28 
0.77 

19.35 
1.28 
0.13 

24.89 
0.52 

49.23 
15.10 

0.54 
13.39 
1.42 
4.29 
0.63 

0.02 
1.16 

0.62 
39.03 
11,.76 

5.12 
144.06 

2.86 
1.73 

186.90 
0.02 

10.68 
1.38 

34.88 
16.09 
18.33 

0.02 
18.16 
4.16 

50.79 
16.92 

11.70 

)89.13 

Ma t u r a  1 
Pas 

11.62 
4.01 

10.49 
42.65 

6.13 

1.44 
0.76 
0.03 

8.94 
9.83 
2.31 

32.08 

17.01 
8.32 

15.24 

5.03 
144.55 

0.07 
3.13 

2.28 
24.37 
10.51 

6.75 
6.08 
2.58 
4.58 
0.97 
0.11 
3.78 

6.64 
7.97 
2.10.. 
1.28 

28.73 
23.95 
4.18 

22.06 
0.41 
4.87 
0.61 
8.65 

192.65 
4.70 

0.15 
2.90 
5.96 
5.31 

13.47 

5.04 

227.28 

Tota l  

82.03 
10.75 
20.02 
84.98 
20.26 
15.54 
4.78 
0.75 

29.16 
23.62 
6.84 

95.71 
158.38 
22.82 
22.45 

29.57 
165.81 

8.58 
33.40 
11.00 
80.74 
29.47 

13.42 
23.44 

6.96 
10.82 
2.13 

t .16  
25.34 

9.87 
64.48 
30.51 

7.23 
189.66 

31.22 
10.32 

241.09 
1 .85 

26.20 
2.75 

48.06 
243.70 

28.64 

1.06 
31.86 
19.35 

59.63 
33.82 

20.99 

1143.22 



TABLE E-10. 1978 COMMERCIAL N x EMISSIONS FOR EACH FUEL TYPE s (10 tons) 

State 

Alabama 
Arizona 
Arkansas 
California 
Col orado 
Connecticut 
Del aware 
District of 
Columbia 
Florida 
Georgia 
1 da ho 
I 1  1 inoi s 
Indiana 
Iowa 
Kansas 
Kentucky 
Louisiana 
Chine 
Mary1 and 
Massachusetts 
Michigan 
Minnesota 
Mississippi 
Missouri 
Montana 
Nebraska 
Nevada 
New Hampshire 
New Jersey 
New Mexico 
New York 

North Carolina 
Worth Dakota 
Ohio 
0 k 1 a homa 
Oregon 
Pennsyl vania 
Rhode Island 
South Carolina 
South Dakota 
Tennessee 
Texas 
Utah 
Vermont 
Virginia 
Washington 
West Virginia 
Wisconsin 
Wyomi ng 

Totals 

Residual 
oil 

2.57 
0.00 
0.59 
3.38 
2.38 
6.87 
1.14 
1.35 

2.82 
2.55 
0.67 
8.25 
9.04 
0.70 
0.40 
0.74 
1.26 
3.76 
3.89 
21.88 
4.57 
1.82 
0.59 
2.10 
1.01 
0.32 
0.05 
1.34 
15.11 
0.12 
67.57 
2.39 
0.68 
4.23 
0.08 
1.58 
12.03 
2.26 
0.44 
0.08 
1.18 
3.58 
1.24 
0.82 
1.35 
2.16 
1.31 
1.32 
1.61 

Oi sti 1 1  ate 
oi 1 

0.85 
0.41 
0.53 
1.12 
0.63 
0.78 
0.54 
0.38 

0.02 
0.44 
0.54 
4.33 
1.93 
0.60 
0.60 
1.16 
1.28 
1.48 
1.74 
7.29 
4.11 
2.09 
1.49 
1.25 
0.33 
0.66 
0.07 
1.09 
7.62 
0.32 
6.42 
1.06 
0.09 
2.64 
1.26 
0.74 
5.27 
0.89 
0.12 
0.09 
0.89 
5.41 
0.61 
0.80 
1.20 
1.37 
0.01 
2.10 
0.52 

oi 1 
subtotal 

3.42 
0.41 
1.12 
4.50 
3.01 
7.65 
1.68 
1.73 

2.84 
2.99 
1.21 
12.58 
10.97 
1.30 
1 .oo 
1.90 
2.54 
5.24 
5.63 
29.17 
8.68 
3.91 
2.08 
3.35 
1.34 
0.96 
0.12 
2.43 
22.73 
0.44 
73.99 

0.77 
6.87 
1.34 
2.32 
17.30 
3.15 
0.56 
0.17 
2.07 
8.99 
1.85 
1.62 
2.55 
3.53 
1.32 
3.42 
2.13 

3.45 

284.35 

cor 1 

0.35 
0.00 
0.01 
0.01 
0.42 
0.00 
0.01 
0.00 

0.00 
0.04 
0.43 
1.67 
0.36 
0.48 
0.02 
1.04 
0.00 
0.00 
0.05 
0.01 
0.60 
0.41 
0.01 
0.49 
0.03 
0.04 
3.01 
0.00 
0.06 
0.00 
0.69 
0.46 
0.53 
2.89 
0.01 
0.04 
3.87 
0.00 
0.08 
0.01 
0.41 
0.00 
0.55 
0.00 
0.42 
0.35 
0.52 
0.56 
0.45 

18.39 

Natural 
ga s 

1.78 
1.77 
2.08 
13.29 
4.29 
1.02 
0.18 
0.75 

2.12 
3.62 
0.33 
15.11 
4.20 
2.95 
3.87 
2.80 
3.92 
0.04 
1.64 
2.74 
8.58 
4.87 
1.28 
5.92 
1.07 
2.44 
1.20 
0.18 
2.88 
1.54 
8.58 
1.22 
0.71 
10.35 
2.74 
0.73 
6.64 
0.29 
1.48 
0.81 
1.86 
10.14 
0.51 
0.05 
2.58 
1.52 
1.35 
4.67 
0.49 

155.18 

Total 

5.55 
2.18 
3.21 
17.80 
7.72 
8.67 
1.87 
2.48 

4.96 
6.65 
1.97 
29.36 
15.53 
4.73 
4.89 
5.74 
6.46 
5.28 
7.32 
31.92 
17.86 
9.19 
3.37 
9.76 
2.44 
3.46 
1.33 
2.61 
25.67 
1.98 

83.26 
5.13 
2.01 ’. 
20.11 
4.09 
3.09 
27.81 
3.44 
2.12 
0.99 
4.34 
19.13 
2.91 
1.67 
5.55 
5.40 
3.19 
8.65 
3.07 

057.92 
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TABLE E-11. 1978 RESIDENTIAL NO, EMISSIONS FOR EACH FUEL TYPE 

Sta te  

Alabama 
Arizona 
Arkansas 
C a l i f o r n i a  

Colorado 
Connect icut  

Delaware 

D i s t r i c t  of 
Columbia 

f l o r i d a  

Georgia 
Idaho 
I 1  1 i n o i  s 
Indiana 

Iowa 

Kansas 

Kentucky 
Lou i siana 
Ma i ne 

Mary1 and 

Massachusetts 
M i  c h i  gan 

Minnesota 
M i s s i s s i p p i  

M issour i  

Montana 
Nebraska 

Nevada 
New Hampshire 

New Jersey 
New Mex i co 

New York 
Nor th  Carol ina 

Nor th  Dakota 
Ohio 
Ok 1 a homa 

Oregon 
Pennsylvania 

Rhode I s l a n d  
South Carol ina 

South Dakota 
Tennessee 
Texas 

Utah 
Vermont 

V i r g i n i a  

Was h i  ngton 
West V I r g i n i a  
Y I  scons in 
Yyomi ng 

T o t a l  5 

, i q u i  f i ed 
W r o l  e m  

93s 

1.22 
0.17 
1.17 
1.21 
1.11 

0.23 

0.11 
0.00 

1.75 
1.27 
0.23 

2.88 
2.04 
1.92 

1.34 
1.24 
0.56 
0.22 

0.39 
0.36 

1.65 
1.40 

1.32 
2.81 
0.40 

0.90 

0.08 
0.27 
0.36 

0.35 
0.97 
0.88 

0.43 

1.45 
1.78 

0.11 
0.67 

0.05 

0.59 
0.66 
0.74 
3.77 

0.15 
0.20 

0.47 
0.17 

0.12 
1.64 
0.34 

44.15 

D i s t i l l a t e  
011 

0.30 
0.10 
0.04 
0.37 

0.09 
6.35 

0.50 
0.44 

1.40 

0.38 
0.90 
6.36 
5.21 

1.54 

0.33 
0.59 
p. 04 
2.71 

2.78 
11.03 

6.58 
4.60 
0.04 

1.55 
0.50 

0.57 
0.19 
1.82 
8.73 

0.03 
28.19 

2.33 

0.36 
5.05 
0.02 

0.88 
10.55 

1.78 

1.07 
0.33 
0.29 
0.10 
0.17 
0.84 

2.65 
1.39 
0.51 

5.97 
0.05 

128.60 

Kerosene 

0.27 
0.09 
0.29 
0.66 
0.05 
0.09 
0.06 

0.00 

0.40 
0.03 
0.04 
0.49 

0.50 
0.05 
0.06 

0.37 
0.39 
0.28 

0.20 
0.19 
0.34 

0.20 

0.38 
0.09 

0.02 

0.15 
0.01 
0.14 

0.63 
0.20 

1.53 
1.74 
0.01 

1.51 
0.07 

0.11 
0.71 
0.03 

0.30 
0.04 
0.86 
1.82 

0.02 
0.11 

0.63 
0.16 

0.06 
0.24 
0.00 

16.62 

o i  1 
subto ta l  

1.79 
0.36 
1.50 
2.24 
1.25 
6.67 
0.67 

0.44 

3.55 
1.68 
1.17 

9.73 
7.75 

3.51 
1.73 

2.20 
0.99 
3.21 

3.37 
11.58 

8.57 
6.20 
1.74 
4.45 

0.92 
1.62 

0.28 
2.23 
9.72 
0.58 

30.69 
4.95 

0.80 
8.01 
1.87 

1.10 
11.93 

1.86 
1.96 
1.03 
1.89 
5.69 
0.34 

1.15 

3.75 
1.72 

0.69 
7.85 

0.39 

189.37 

Coa 1 

0.14 
0.00 
0.00 
0.00 
0.17 
0.01 
0.01 

0.00 

0.00 
0.02 
0.18 
0.70 
0.15 

0.19 
0.01 
0.42 
0.00 
0.00 
0.02 
0.01 

0.27 
0.17 

0.00 
0.20 

0.01 
0.02 

0.00 
0.00 
0.07 
0.00 

0.52 
0.19 
0.22 
1.19 
0.00 

0.02 
3.28 
0.00 
0.03 
0.00 
0.17 
0.00 
0.22 

0.00 
0.17 
0.14 

0.22 

0.23 
0.18 

9.55 

Na t u ta  1 
gas 

2.85 
1,51 
2.40 

26.87 

4.60 
1.59 

0.38 

0.67 

1.08 
4.82 
0.39 

26.03 
8.42 
4.04 
4.97 

4.22 
4.10 
0.04 
3.50 
4.34 

16.41 
5.34 

1.52 
7.95 
1.15 

2.41 

0.59 
0.20 
6.82 
1.29 

16.55 
1.75 

0.62 
20.84 
4.20 

0.88 
14.31 

0.68 
1.41 
0.74 

1.99 
13.74 
2.39 

0.06 

2.71 
1.37 

2.67 
6.44 

0.69 

244.54 

Tota l  

4.78 
1.87 
3.90 

29.11 

6.02 
8.27 

1.06 
1.11 

4.63 
6.52 
1.74 

36.46 
16.32 

7.74 

c.71 
6.84 
5.09 
3.25 

6.89 
15.93 

25.25 
11.71 

3.26 
12.60 

2.08 
4.05 

0.87 
2.43 

16.61 
1.87 

47.76 
6.89 
1.64 

30.04 
6.07 

2.00 
29.52 
2.54 
3.40 
1.77 

4.05 
19.43 
2.95 
1.21 

6.63 
3.23 

3.58 

14.52 
1.26 

443.46 



TABLE E-12. 1978 TRANSPORTATION NO, EMISSIONS FOR EACH FUEL TYPEa 
(103 tons) 

State 

A1 JbdmA 

Ar izona 
Arkansas 
C a l l f o r n i a  

Connect icut  
De 1 Jwd r e  
D i s t r i c t  o f  

t o 1  umbi a 
F 1 o r i  da 

Georgia 
Idaho 
I1 1 i n o i  s 
Ind iana 

Iowa 
Kansas 

Kentucky 
Louis iana 
Maine 

Maryland 
Cbssdchusetts 
Michigan 
Minnesota 
M i s s i s s i p p i  
M issour i  

Montana 
Nebraska 
Nevada 
New Hampshire 
New Jersey 

New Mexico 
New York 
Nor th  Cdrol ina 

Nor th  Dakota 
Ohio 

Ok 1 ahoma 
Oregon 
Pmnsy l  vani a 
Rhode I s l a n d  
South Caro l ina  

Tennessee 
Texas 
Utah 
Vemont 
V i r g i n i a  
WJshington 

Wast V i r g i n i a  
Wisconsin 

Uyomi ng 

Col orddo 

South Ddkota 

T O t d l S  

J e t  
f u e l  

0.66 
2.41 

0.72 
19.85 
2.43 
0.61 
0.51 
0.00 

8.50 
4.47 

0.39 
7.70 

0.85 
0.35 
0.51 

0.76 
1.73 
0.77 
1.07 
2.49 

2.19 
1.49 

0.50 
2.39 
0.22 
0.61 

2.04 
0.30 
1.88 

0.86 
11.28 

1.42 

0.59 
2.08 
1.44 
0.75 
2.59 
0.07 
0.98 
0.42 
1.36 
8.75 
0.58 
0.04 
3.72 

3.50 
0.08 
0.68 
0.06 

109.65 

D i s t i l l a t e  
o i  1 

79.90 
44.01 
47.50 

282.29 
38.69 
18.00 
4.68 
5.95 

107.48 
83.44 
19.20 

151.72 
84.45 
52.56 
51.33 
67.17 

101.15 

13.35 
36.47 
30.24 
75.29 
53.24 
46.93 
76.54 
30.09 
48.68 

14.68 
4.03 

69.56 
41.61 

78.37 
70.55 

18.00 
134.80 

45.60 
61.24 

136.96 
3.96 

36.57 
12.02 
97.07 

315.50 
28.77 
4.77 

73.10 
62.19 

27.66 
55.86 
35.54 

3078.76 

a Coal and n a t u r a l  oas not used. 

E-23 

Gdsol i n e  

94.71 
60.29 
57.53 

517.92 
be. 03 
62.15 
13.69 
9.55 

211.72 
136.32 
23.17 

239.24 
131.10 

71.49 
59.44 
84.17 
93.41 
25.63 
90.12 

108.22 
217.64 

93.80 

57.64 
124.08 
22.80 
38.42 
21.80 
19.75 

150.61 

34.35 
267.88 
140.16 

16.59 
236.35 

81.58 
62.17 

226.01 
17.11 

74.90 
18.13 

112.50 
378.88 

32.29 
11.77 

124.62 

88.16 

39.96 
104.21 
15.80 

4987.86 

T o t a l  
o i  1 

175.27 
106.71 
105.75 
820.06 
109.15 
80.76 
18.88 
15.50 

327.70 

224.23 
42.76 

398.66 
216.40 
124.40 
111.28 

152.10 
196.29 
39.75 

127.66 
140.95 

295.12 
148.53 

105.07 
203.01 

53.11 
87.71 

38.52 
24.08 

222.05 

76.82 
357.53 
212.13 

35.18 
373.23 
128.62 
124.16 

365.56 
21.14 

112.45 

30.57 
210.93 
703.13 
61.64 
16.58 

201.44 

153.85 
67.70 

160.75 
51.40 

8176.27 



APPENDIX F 

DESCRIPTIONS OF THREE LONG-RANGE TRANSPORT MODELS 

INTRODUCTION 

Section 5 presented an evaluation of the differences between several 
long-range transport models currently in use for acid rain modeling. This 
appendix provides additional information on some of the major assumptions 
used in these models. The models are: 

O The SRI Eastern North American Air Pollution (ENAMAP) Model 

O The Argonne Advanced Statistical Trajectory Regional Air 
Pollution (ASTRAP) model 

O The CAPITA Monte Carlo Model 

Th SRI Eastern North American Air Pollution (ENAMAP) Model 

The ENAMAP model is a modification of the European Regional Model of 
Air Pollution (EURMAP) model (Bhumralker, et al. 1979). The model is a 
trajectory type regional air-pollution model designed specifically for 
studying transboundary pollutant movements. The model is uscd for calcu- 
lating monthly, seasonal, and_ - annual averages for SOp and SO, . The model 
also calculates SO2 and SO4 dry and wet deposition patterns as well as 
interregional exchangks for both SO, and SO, . Characteristics of the model 
are summarized in Table E-1. 

- 

- 

- - 
Discrete puffs of SO2 and SO, are emitted every 12 hours from the 

center of 80 km x 80 km cells. The puffs are tracked in 3-hour time steps 
until they move out of the study area or until the pollutant concentrations 
drop to an insignificant level. The puffs are transported according to a 
transport wind field. 

Diffusion on the regional scale is assumed to be not as significant as 
the transport and removal processes; therefore, very simple treatments of 
horizontal and vertical diffusion are used. Vertical diffusion is assumed 
to be uniform and instantaneous. Horizontal diffusion is treated by allow- 
ing the lateral extent of the puff to increase on the basis of Fickian 
diffusion. -During transport the pollutant concentration is always uniform 
throughout each puff. At each step, concentrations - are adjusted to account 
for wet and dry deposition of both SO2 and SO4 . Wet deposition is related 
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TABLE F-I. CHARACTERISTICS OF THE S R I  EASTERN NORTH AMERICAN MODEL A I R  POLLUTION (ENAMAP) MODEL 

Parameter 

Po l lu tan t  dispersion 

Meteorological inpu t  

Dry deposition, SO2 

Dry deposition. SO: 

Yet deposition, SO2 

Yet deposition. SO; 

Conversion SO,+SO; 

110, cont r ibu t ion  

Sources considered 

Pol 1 utan t  mi ssions 
considered 

canversion SO+ 

Terra i n 

Method o f  treatment 

D i f fus ion  assungtions: F ick ian  
(.tl/2) i n  hor izontal ;  uniform 
mixing i n  ve r t i ca l  up t o  mixing 
height 

Surface and upper a i r  data are can- 
b i n d  (YINFIL program) and then 
merged w i t h  hour ly p rec ip i t a t i on  
data (PRECIP program) 

Dry deposi t ion amounts assigned to 
each receptor c e l l  a t  each t i m e  
step according t o  c e l l  areas covered 
by p u f f  

Dry deposi t ion amounts assigned t o  
each receptor c e l l  a t  each time step 
according to cell areas covered by p u f f  

Yet deposi t ion amounts assigned t o  each 
receptor c e l l  a t  each t ime step ac- 
cording t o  c e l l  areas covered by p u f f  

Yet deposi t ion amounts assigned to 
each receptor c e l l  a t  each time 
step according t o  c e l l  areas covered 
by p u f f  

5% decreases and SOX increases are 
assigned t o  each receptor c e l l  a t  ea( 
time step according t o  c e l l  areas 
covered by p u f f  

Not considered 

Emission data i s  gathered fron the 
NEDS and SURE systems and d iv ide  i n t o  
8 g r i d  S y S t m  

SO and 50. are  emitted. The model 
dogs no t  if lclude NOx emissions 

Hodel does no t  p red ic t  pH 

Terrain i s  not  considered 

Equation 

a 

N/A 

L. -h 
d t  
where 
k=k +k +k 

kw = AR 

and 
rbl - -Kn d t  
where 
K = Kc4Kw 

K,, = TR 

t d w  

N/A 

N f  A 

'The dispersion equations were no t  contained in  the docunentation reviewed by PEDCo. 

Explanation o f  symbols 

a 

N/A 

m = mass o f  SO2 

k = 502 decay ra te fh  
kt  = S b l S 0 1  transfonnatlon 

kd = m2 dry deposi t ion 

kw = SO wet deposi t ion 

A = SO2 washout coef f -  

R = p rec ip i t a t i on  ra te  

K = SO; decay ra te /h  

Kd = SO; dry deposi t ion 

n t = = mass t i m e  o f  so4 

ra te /  h 

rate/h 

r$ te /h  

c i en t/ mn 

(nm/ h 1 

r a t e l h  
K,, = 505 kt deposi t ion 

ra te fh  
T = SO: washout c o e f f i -  

c l e n t / m  

ConaMts 

Mixing helght - 1.50 km 
i n  s m r ;  1.30 km spr ing 
t o  f a l l  and 1.15 b win ter  

Neather data my be p lo t ted  
using POPUEA program 

Dry deposi t ion 502 = 3 .7Vh 

Dry ciesposi ton SO; 
= 0.7 Zlh 

Yet deposi t ion SO2 = 28 R 
Zlh 

Yet deposi t ion SO; 
* 7R Z/h 

REM data I s  appcndcd t o  
SURE data 

b i s s i o n  pu f f s  are re- 
leased every 12 hours fm 
each emissions g r i d  c e l l  
(80 x 80 km); seasonally 
adjusted 

N/A 

RIA 

N/A = Not applicable. 



to the precipitation rate in that cell. The precipitation rate is obtained 
from hourly precipitation data. Transformation of SO, to SO4 is also 
assumed to occur at the rate of 1 percent per hour. Pollutants are assigned 
to cells in proportion to the area of a puff that is contained in that cell. 

- 

Precipitation data available in the eastern United States area on an 
hourly basis for approximately 2000 stations are used as input. The mixing 
height varies from 1.50 km in the summer to 1.15 km in the winter. 

Emission data are obtained from the Sulfate Regional Experiment (SURE) 
data base supplemented with data from the National Emissions Data System 
(NEDS). All emissions within an 80 km x 80 km cell are assumed to be dif- 
fused instantaneously at 12-hour intervals. Area source emissions cal- 
culated by county are assigned to the grid containing the center of the 
county. 

Results of the model runs are compared with ambient concentrations 
measured in the SURE monitoring network and with air quality data contained 
in the Storage and Retrieval of Aerometric Data ( S A R O A D )  system. Ambient 
measurements are averaged over monthly seasonal or annual periods and com- 
pared with model predicted values. 

The Areonne ASTRAP Model 

A key feature of the ASTRAP model is the assumption of statistical 
independence of long term horizontal and vertical dispersion. The model 
calculates horizontal dispersion from the statistics of the long term 
regional-scale distribution of two-dimensional trajectories of simulated 
tracers. Vertical dispersion is calculated separately through numerical 
integration of one-dimensional diffusion equations (Shannon 1981). The 
equations for horizontal and vertical dispersion are shown in Table F-2 as 
are the equations or methods of treatment for other parameters. 

The model also includes diurnal and seasonal variations for dry deposi- 
tion of sulfur. The deposition velocities in ASTRAP for summer are pre- 
sented in Figure F-1. Deposition velocities for winter are presented in 
Figure F-2. These dry deposition velocity variations gimulate - experimental 
results indicating that the deposition velocity of SO, may be of the same 
order of magnitude as for SO2, not an order of magnitude less as assumed in 
other models (Shannon 1981). 

- - 
The rate of transformation of SO2 to SO4 simulates a proposed photo- 

chemical effect. The diurnal pattern used in ASTRAP are presented in Figure 
F-3. The emission rate variation used in ASTRAP to simulate the diurnal 
patterns of source emissions of factors such as daily patterns of electrical 
demand are presented in Figure F-4. 

Wet deposition is treated as a function of the square root of the 
6-hour precipitation amount, an empirical assumption. The contribution of 
NO emissions to acid rain is not considered. The output of the model is 
thg ambient concentrations of SO2 and SO4 , and the wet and dry deposition 
total sulfur. Conversion of the deposited sulfur to pH of rainwater is a 
separate step not specifically included in ASTRAP. 

- 
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TABLE 'F-2. CHARACTERISTICS OF THE ARGONNE ADVANCED S T A T I S T I C A L  TRAJECTORY 
A I R  POLLUTION (ASTRAP) MODEL 

REGIONAL 

Parameter 
~ 

P o l l u t a n t  dispersion 

Meteoro log ica l  input 

Dry deposi t ion.  SO2 

Dry deposi t ion.  SO; 

(continued) 

Method o f  t reatment 

o r i z o n t a l  - Lagranglap simulatec 
t race rs  t ranspor ted i n  the mean 
wind f i e l d  

e r t i c a l  - One-dimensional numer. 
i c a l  i n t e g r a t i o n  ( b u s s i a n )  

he m a n  wind below 1800 m 
(sunner) and below 1000 m 
(w in te r )  i s  ca l cu la ted  f o r  
each 6-hour pe r iod  frm 
rawinsonde data 

,@ may be t rea ted  separately 
o r  with SO4= as t o t a l  s u l f u r  

io4= y y  be t r ea ted  separate ly  
o r  with SO2 as t o t a l  s u l f u r  

Eaua t i o n  

= ho r i zon ta l  d l s -  
tr 1 but  i o n  Hk * 

X = concentrat ion o f  

502 
0 .  
J, - concentrat ion o f  

S O i  

K = v e r t i c a l  eddy 
d l  f fus 1 v i  t y  

time o f  day) 
( f u n c t i o n  o f  heigl 

T - r a t e  o f  t rans-  
format ion o f  
so2+so; 

z = v e r t i c a l  movement 
t = t i m e  

= number o f  sources 
DO (x.y) 8 t o t a l  d ry  

deposi t ion a t  
l o c a t i o n  (x.y) 

D i s  normal ized d ry  
'deposi t ion du r ing  the  

k = source nunber 
t = plume age increment 
t = nunber o f  t race rs  

k *  from source k  a t  
p l u m  age inc re -  
ment t 

emissions ( 6  h)  

t th  plume age increment 

Ek = average p o l l u t a n t  

t t r  

Dominated by v r r i a t i o n r  
i n  plume c e n t e r l i n e  
ra the r  than by d j f -  
fus ion about plume 
center1 i ne  

Equations solved f o r  
11 layers:4.50 m; 
3.100 m; 2.200 m; 
1.40Lh. 1800 n. 
Absolute l i d  a t  2,100 a. 

Funct ion o f  t i m e  o f  
day. season. Va r ie r  
fm 0.1 WS a t  
n i g h t  t o  0.8 cmlr a t  
noon (0.6 cR/s i n  
w in te r )  

Funct ion o f  t ime of 
day. season. Var ier  
from 0.1 cm/s a t  
n i g h t  t o  0.8 m/S a t  
noon (0.6 cmls i n  
w in te r )  



TABLE F-2 (con t i  nued) 

Explanat ion o f  synbols Parameter cements 

Uet deposi t ion.  SO2 

Lkt deposi t ion.  SO4' 

YD (x.y) t o t a l  wt 
depos i t i on  a t  loca- 
t i o n  (X.Y) 

Conversion S O ~ + S O ~ =  

Ratio o f  msr of  rul- 
fur deposi ted to 
mass o f  sulfur 

)Iox c o n t r i b u t i o n  

Sources considered 

P o l l u t a n t  emissions 
cons 1 dered 

conversion S O ~ = + ~ H  

Ter ra in  

Method o f  t r e a t n m t  

SO m y  be t rea ted  separately or 

SO4= my be t rea ted  separate ly  

w?th SO4= as t o t a l  s u l f u r  

o r  w i t h  SO2 as t o t a l  s u l f u r  

Photochemical reac t ion; almost 
no conversion a t  n igh t .  Values 
given hour l y  

Not t r ea ted  by model 

Can inc lude p o i n t  and area 
sources. Emissions a re  
released i n  one of  the eleven 
laye rs  

Only 502 emlsslons a re  consldered 
as t o t a l  s u l f u r  

Conversion to pH made from pre-  
d i c t e d  s u l f u r  deposi t ion,  not  
done by model 

Te r ra ln  no t  a w l i c a b l e  

Equat ion 

See Figure E-1 

MIA  

See Figure E-2 

N I A  

t r a c e r  o f  age e 
Wet  deposi ted t race rs  

R I A  

square root o f  the 
p r e c i p i t a t i o n  amunt  

Funct ion o f  t ime  of 
o f  day and season. 
Var ies from 0.2 a t  
n i g h t  to 3.0 percent/h 
a t  noon i n  svmner and 
from 0.1 pe rcen t lh  t o  
1.5 i n  w in te r  

N/A 

Emission va r ied  to 
simulate heating, 
coo l i ng  load 
(season and d i u r n a l )  

A l l  react ions a f t e r  
m i s s i o n s  may be 
separated by- SO2 and 
so4= 

&del  does not p r e d i c t  
pH d i r e c t l y  



1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 

~ I I i 

0 so2 

~ 

0 600 1200 1800 2400 

TIME,  h 

Figure F - 1 .  Summer diurnal pattern o f  dry deposition veloci t ies  
for  SO2 and  SO4= used i n  ASTRAP 

( S h a n n o n  1981 ) . 
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Figure F-2. Winter d iu rna l  p a t t e r n  of d r y  depos i t i on  v e l o c i t i e s  

(Shannon 1981 ) . 
f o r  SO2 a n d  SO4= used i n  ASTRAP 
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(Shannon 1981 ) . 
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a n d  l a y e r  (emission h e i g h t )  

(Shannon 1981 ) . 
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The CAPITA Monte Carlo Model 

The inputs used by the CAPITA Monte Carlo simulation include_ scale 
height (HT), wind speed multiplier (WSM), transfprmation - rate S02+S04- (KT), 
deposition rate SO2 (KR) and deposition rate SO, (DP). Seasonal variations 
for the parameters as applied to the northeastern United States are shown in 
Figure F-5. Two of four meteorological variables remain constant: the 
diffusion coefficient (105m2/s) and the surface wind direction veer (loo). 
The multiplier applied to surface wind speed varies from 1.7 in the winter 
to 2 . 2  in the summer. Scale heighs of sulfate varies from 450 m to 1250 m. 
Of the kinetic parameters, the SO4 deposition rate (1.5 percent per hour) 
remains constant, but the SO, deposition and transformation rates each vary 
sinusoidally with season. The_S02 deposition varies from 1.1 to 3 . 5  percent 
per hour and the SO2 to SO, transformation from 0.4 to 1.3 percent per 
hour. The characteristics of the CAPITA Monte Carlo model are shown in 
Table F-3. 

- 

- 

Twice daily rawinsonde wind measurements are spatially interpolated to 
1200 m in August and to 400 m in January and compared to interpolated midday 
surface winds. Daily spatial averages are obtained for the ratio 
rawinsonde/surface wind speeds and the difference rawinsonde-surface wind 
directions. During both the summer and winter months day-to-day values of 
the mean, median, and mode of the wind speed ratio are calculated and 
compared for consistency. 

Seasonal variation in scale height is presumed to be proportional to 
climatic variations in maximum afternoon mixing height. The "optimal'Lrate - 
constants are obtained from measured dsily SURE region average SO4 and 
previously assembled estimates of SO, deposition. Assuming that SO2 
transformation is proportional to total SO2 decay, the rates are then chosen 
by iterative convergence to a. "best fit" for each month. The results for 
the summer and winter are then used to generate a sinusoidal form for the 
parameters. 

- 

Model output is converted to daily average gridded concentration 
fields, consistgnt - with SURE data and light extinction plots, by averaging 
the quantum SO4 masses from the 3 hour model steps. The location of each 
quanta determines the associated grid point, and a final smoothing is 
applied to the daily 60 km x 60 km grid just as was done for measured 
fields. This initial field, in units of mass/area, is converted to concen- 
tration by assuming that the scale height is invariant in space and changes 
only slowly (seasonally) with time. A SURE region spatial average of the 
daily simulated concentration is computed as the mean of all grids lyiqg 
w.ithin the squared boundary so that the spatial average measured and modeled 
concentrations are exactly comparable. 

- - 
Simulated concentration fields arise from counting the number of SO, 

quanta which impact on the area. A complete time history of the position, 
origin, age, and chemical composition of each simulated emission is main- 
tained. 
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Figure F-5. Seasonal v a r i a t i o n  o f  CAPITA Monte Carlo model parameters 
(Husar, Patterson and Husar, 1980). 
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c.l 
h, 

'Yt daposltion. 502 

Yt deposition, 50, 

Conversion SOz-SO; 

)10, contr ibution 

Sources considerrd 

Bpressed as a percent deposited 
deposited per hour 

rpressed as a percent deposited 
per hour 

,pressed as a percent converted 
per hour 

O1 mckrnlsm are s imi lar  t o  
those f o r  SO, 

tmisstons fnm inventoried 
sources a r t  assigned t o  PScUdO 
sources o f  quantum a l s % i o n s  
o f  6.1a101 kg l y r  each. Puff) 
a r e  released every 3 hours 
equal t o  2.11104 kg per source 

Considers emissions o f  110 and 
SQ. NO NY be converted to 
NQ ins tant ly  as an option 

The ~ d c l  l s  adaptable to  pre- 
d i c t  H* MIS bS HN4HSO4 and 
"03. This must s t i l l  be con- 
verted t o  pH 

Terraln not considered 

,., . ,- ", . 

N t  A 

Pollutant a l s s l o n i  
considered 

Conversion SO;+ 

Terraln 

'The disperslon equations were not contained i n  the docmmtatlon rev1-d by PEDCo. 
M I A  = Rot applicable. 

MIA 

MIA 

MIA M I A  

so2 r t  dcgosftian 

so; r t  dcposltior, 

0.175 percmt/h 

1.2 percmtlh 

c k t / h  
Mo3 rem81 4-5 per- 
pan c m t / h  read 0.1-0 

percmt/h 
111 m m e s  *thm 
polnt assigned o r  @rea t o  vscudo are 

sources of q u a l  slze 

l V A  

I ai I 



\ Other characteristics of the Monte Carlo model are listed below: 

0 

0 

Emissions are biased towards major source regions and reflect 
only annual average rates. 

Stack parameters o r  primary SO, emissions are not con- 
sidered. There is no discrimination between emissions from 
coal- and oil-fired units. 

- - 

Advection is based on modified surface winds, with 24-hour 
interpolation. There is no explicit vertical component. 

Diffusion is a perturbation applied to the trajectory at each 
3 hour time step, unvarying in magnitude. 

Kinetics do not vary geographically o r  diurnally. 

Wet deposition is calculated from average continental rates 
rather than from episodic action. 

The scale height used to relate vertical column mass to 
surface concentrations is constant across the eastern U.S. 

Only regional phenomena are simulated. Urban scale mech- 
anisms are not included. a 
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