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THE WHITE HOUSE

WASHINGTON

I am pleased to transmit the report, Biennial Report to Congress: An Integrated Assessment, of
the National Acid Precipitation Assessment Program (NAPAP). This report presents the results
of the first evaluation of the costs, benefits, and effectiveness of the Acid Deposition Control
Program. This Program was mandated under Title IV of the 1990 Clean Air Act Amendments
and seeks to reduce sulfir and nitrogen emissions from electric utilities through the use of
economic incentives. This report fulfills the requirements of Title IX of the 1990 Clean Air Act

Amendments.

NAPAP coordinates Federal acid rain research and monitoring under the auspices of the National
Science and Technology Council (NSTC) Committee on Environment and Natural Resources
(CENR). The assessment was a multi-agency effort that involved individuals from many
scientific disciplines. NAPAP sought the input of many stakeholders, including other
government and academic scientists, industry and environmental groups, and congressional
staffers. The research and monitoring results used in the assessment and the drafts of this report
were subjected to extensive peer review.

Biennial Report to Congress: An Integrated Assessment analyzes the results of the first year
(1995) that the largest fossil-fueled electric generating units were required to control sulfur
dioxide emissions under Title IV. It uses quantitative and qualitative indicators to assess the
effectiveness of market-based approaches to reduce emissions and acidic deposition and to keep
compliance costs down. It includes analyses of the ecological, human health, materials and
cultural resources, and visibility benefits of reduced ambient concentrations of fine particle
precursors of acid deposition. The report concludes that the valuation of these benefits could far
outweigh the Program’s compliance costs. The report also identifies the research, monitoring,
modeling, and data access needs for the next comprehensive assessment, to be prepared in 2000.
NAPAP will work closely with its state, academic, industrial, and environmental partners and the
CENR to address those needs.

Although preliminary, this assessment should provide valuable insights into the effectiveness of
Title IV and its implementation for the congress, especially as it considers market-based
solutions to other air pollution problems.
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Introduction

Decision makers inside and outside of government continue to face important
issues relating to the emissions of sulfur and nitrogen; their effects upon
ecosystems, visibility, materials, and human health; and, ultimately, the con-

trol of these emissions. They need easy access to the latest monitoring and
research results and scientific discoveries on topics relevant to acid deposition to
evaluate the effectiveness of current public policy and to establish a sound science
base for future policy decisions.

The history of air quality management includes many examples of society’s
responses to pollution. During the Middle Ages in London the ever-present cloud
of dust and soot and its effects on human health led to prohibitions on coal burn-
ing. During the Industrial Revolution, air pollution was generally considered a
municipal problem rather than a public health issue and was managed on a local
level, which continued well into the 20th century. The emergence of air pollution
in the United States as a public health issue in the 1950s led to the development of
federally funded research programs, culminating in the Clean Air Act and estab-
lishment of the U.S. Environmental Protection Agency (EPA) in 1970. 

Around the world, countries were developing institutional responses to combat the
air pollution threat to human health. The effects of air pollution on ecology, how-
ever, was not yet considered a serious issue. Having been first documented in Eng-
land at the end of the 19th century, acid rain and its ecological effects became
regional issues in northwestern Europe and in the northeastern United States in the
late 1960s. The mounting anecdotal evidence of its harmful effects on aquatic and
terrestrial ecosystems launched acid rain as perhaps the first air pollution threat to
the environment to receive international attention. 

In the late 1970s, the President’s Council on Environmental Quality asked scientists
to initiate a long-term, interagency research and assessment program to study acid
rain. With Administration support and congressional action, the Acid Precipitation
Act of 1980 became law. During its first 10 years, the research and periodic assess-
ments conducted by the National Acid Precipitation Assessment Program (NAPAP)
furthered understanding of the scientific processes and effects of the larger issue of
acid deposition. Peer reviews, workshops, and annual reports throughout the
1980s culminated in the NAPAP State of Science and Technology Reports published in
1991 and the NAPAP 1990 Integrated Assessment Report.2,3 The monitoring and
research conducted in the 1980s and the subsequent integrated assessment pro-
vided a significant part of the scientific knowledge base for Title IV of the 1990
Clean Air Act Amendments, known as the Acid Deposition Control Program.

The purpose of Title IV is to reduce the adverse effects of acid deposition through
reductions in annual emissions of its precursors, sulfur dioxide (SO2) and nitrogen
oxides (NOX). Recognizing that the principal sources of the acidic compounds and
their precursors in the atmosphere are emissions from the combustion of fossil
fuels, policymakers initiated control measures to reduce emissions from electric
utilities. However, rather than the traditional command-and-control approach to
regulation, Title IV provided utilities alternative methods of complying with specific
emission limits and deadlines. Alternatives included technological adaptation (e.g.,



scrubbers and higher-efficiency boilers), fuel switch-
ing, and an innovative SO2 emission allowance trading
and banking program.

Title IV is the first national effort to use market-based
incentives to achieve environmental goals. At the time
the 1990 Amendments were enacted, it was widely
recognized that the allowance trading program was
experimental. Due to the innovative nature of using
market-based incentives for environmental regulation,
and to ease the burden on industry, Congress allowed
implementation of the program to be phased in over
the following 20 years. Congress built into the same
legislation a mechanism for evaluating how well the
experiment is working, both during and after its imple-
mentation.

NAPAP Mission and Mandate

Under Title IX of the 1990 Clean Air Act Amendments,
Congress reauthorized NAPAP to continue coordinat-
ing acid rain research and monitoring, as it had done
during the previous decade, and to report the results to
Congress biennially, beginning in 1992. In addition,
Congress asked NAPAP to assess all available data and
information and answer two questions:

1. What are the costs, benefits, and effectiveness of
Title IV? This question addresses the costs and
economic impacts of complying with the Acid
Deposition Control Program as well as benefit
analyses associated with the various human
health and welfare effects, including reduced
visibility, damages to materials and cultural
resources, and effects on ecosystems.

2. What reductions in deposition rates are needed to
prevent adverse ecological effects? This complex
question addresses ecological systems and the
deposition levels at which they begin to experi-
ence harmful effects.

The results of the assessment of the effects of Title IV
and of the relationship between acid deposition rates
and ecological effects were to be reported to Congress
quadrennially, beginning with this report to Congress.
The objective of this report is to address the two main
questions posed by Congress and fully communicate
the results of the assessment to decision makers. Given
the primary audience, it is not written as a technical
document, although information supporting the con-
clusions is provided along with references.

Assessment Process

The preparation of NAPAP assessments every four
years requires the interaction of many disciplines,
institutions, and individuals. It is important, therefore,
that a framework for the assessments be clear. A
framework was presented as a strawman proposal for
use in preparing NAPAP assessments at the interna-
tional workshop on "Developing the Framework for the
NAPAP Assessment," held in November 1993. The
general consensus of the workshop participants was
that the Tracking and Analysis Framework, or TAF (see
Appendix A for more details on TAF), or some similar
methodology, was a useful and necessary tool to plan,
organize, and implement NAPAP assessments. Open-
ness and transparency are cornerstones of the assess-
ment framework and process.

The Tracking and Analysis Framework’s detailed struc-
ture for NAPAP assessments provides a path to evalu-
ate how acid deposition control decisions, specifically
Title IV, can affect emission and deposition rates,
health and environmental benefits, monetary and non-
monetary costs and benefits of Title IV, and the reduc-
tion in deposition rates needed to prevent adverse
ecological effects. This framework serves as an orga-
nizing tool to help identify the inputs and outputs
between the operational components of the assess-
ment, facilitates communication and information flow,
and allows researchers to focus on the connections
between, as well as the processes internal to, the indi-
vidual components.

Policy-relevant assessments bridge the information
gap between policy decisions and the social, natural,
and physical sciences. An integrated assessment ana-
lyzes the linkages among many disciplines and along
the full causal chain—from causes to effects to costs
and benefits—to provide the information necessary to
formulate and evaluate national and international
environmental policies and strategies.

Since the passage of the 1990 Amendments and the
regulatory decisions described in Title IV, NAPAP has
coordinated federal acid rain research and monitoring
in fulfillment of its mandate. Emission and deposition
m o n i toring have been continued to chara c t e r i ze
human and environmental exposure to acid deposition
and its precursors. Human health and environmental
monitoring has been extended to perform routine
assessments of the effects of acid deposition and its
precursors. More resource-intensive levels of data
gathering, model construction, and model application
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have been employed to characterize the cause-and-
effect relationships more accurately, including the
impacts of specific Title IV controls.

The major goal of NAPAP’s integrated assessment is to
provide structured, technical information in a format
that enables decision makers to evaluate the effective-
ness of current public policy and provides a sound sci-
ence base for future policy decisions. It must be
credible, open, and communicated fully and responsi-
bly. Secondary goals are to further develop a process
for future assessments and to identify the near-term
monitoring, research, and modeling needs leading to
the 2000 assessment. 

The NAPAP assessment process builds upon the
experience and lessons of the first 15 ye a rs of the
p ro g ram. It uses appropriate data and re s u l ts fro m
the NAPAP State of Science and Te c h n o l ogy Re p o r t s,2 a n d
1990 Integrated Assessment Re p o r t3 and subsequent
p e e r - rev i ewed litera t u re, as well as lessons learned
f rom other assessment activities in the United Sta t e s
and other countries. To enable the assessment to
evo l ve and to be technically sound and policy re l e-
vant, the assessment team pursued the fo l l ow i n g
o b j e c t i ve s :

■ Define the policy-relevant questions.

■ Adhere to the scientific method, including peer
review.

■ Treat assumptions and caveats.

■ Synthesize multidisciplinary information at all
relevant scales.

■ Consider feedback mechanisms.

■ Use technically sound ex t rapolation pro c e d u re s.

■ Set confidence intervals on all conclusions and
consider uncertainties.

■ Consider how to link outputs from one discipline
as inputs to another discipline.

■ Use only nonproprietary data and models.

■ Encourage open and easy access to data.

■ Consider the marginal, cumulative, episodic, and
c h ronic consequences of acid deposition.

■ Consider integration among affected natural
resources and socioeconomic values.

■ Include flexible approaches to address chang-
ing knowledge, emphases, and policy needs.

■ E n c o u rage the use of multiple appro a c h e s, mod-
e l s, and valuation schemes.

N A PAP fo l l owed four broad steps to conduct this assess-
ment and communicate the re s u l ts to sta ke h o l d e rs.

1. Define the scope of the assessment. 

2. Collect and synthesize issue-specific scientific
data and information pertaining to the policy-
relevant questions stated in the 1990 Clean Air
Act Amendments.

3. Integrate and assess the scientific data and
information in a format that facilitates address-
ing the policy-relevant questions.

4. Communicate the results effectively.

Scope of the Assessment

In order to match assessment re q u i re m e n ts with NAPA P
a g e n cy re s o u rc e s, org a n i zational roles and re s p o n s i b i l-
ities we re established. This was done through a series
of wo r kshops and meetings held between 1992 and
1995 to define the scope of the assessment and build
the org a n i zational structure needed to conduct the
assessment. Beginning with the two main questions
posed by Congress in the Amendments, a list of key
p o l i cy - re l evant questions we re developed with input
f rom ex p e r ts within the NAPAP agencies, academia, the
p r i vate secto r, nonprofit org a n i za t i o n s, enviro n m e n ta l
g ro u p s, industry gro u p s, and congressional staff. At
t wo wo r kshops held in October 1995, these policy - re l-
evant questions we re given realistic bounds within the
time frame of the report. The smaller, specific issues
we re identified along with the end points, sources of
i n formation, and tools needed to address them. All of
the issues we re ex p ressed as questions that seve ra l
re s e a rch synthesis teams we re charged with answe r i n g
and that serve as the structure for this report (see
N A PAP Assessment Questions text box ) .

Subsequent to the workshops, the NAPAP Interagency
Committee refined the scope of the assessment with
guidance from the Air Quality Research Subcommittee

8 • N A PAP Biennial Report to Congre s s
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NAPAP Assessment Questions

What is the status of implementation, the effectiveness, and the costs and
benefits of Title IV of the 1990 Clean Air Act Amendments?
A. What is the status of implementation (compared to the legislated requirements)?
B. What emission reductions have been achieved?

1. How do the actual reductions (1990–1995) compare with the Title IV benchmark projections (i.e.,
compared to the expected emissions under Title IV and the projections made in 1990 if Title IV wer e
not implemented)?

2. What are the reasons for these emission reductions?
C. How have air concentrations and levels of deposition been affected by these emission reductions and how

do the new levels compare to the benchmark projections (i.e., with and without Title IV)?
D. As measured by compliance costs, how effective is the market-based approach to emission control com -

pared to a command-and-control approach (e.g., benchmark projections)?
1. What are the factors affecting participation in the banking and trading program?
2. What market innovations have been achieved?

E. What are the benefits of Title IV within the United States (in the following effects areas)?

F. Address the following economic benefits questions in relation to the effects areas listed under E, above:
1. For each of these is there a well-identified end point that affects human welfare?
2. If so, for which of these does economics (methodology) contribute to an understanding of the

impact? Also, recognize that other criteria exist.
3. For which of these is there relative confidence within economics (existing data)?
4. For each of these, how are the end points linked to Title IV?

G. The following effectiveness questions should be addressed sequentially:
1. What are the cur rent physical, chemical, or biological characteristics/states of the sensitive receptors?
2. What roles do these receptors play in maintaining ecosystems?
3. How have these states changed since 1980 and what are the trends in these changes?
4. What is the role of acid deposition controls in these trends?
5. What is the difference between cur rent conditions (i.e., with implementation of Title IV) and bench -

mark scenarios (i.e., with and without Title IV)? 
H. What have been the values of the benefits of the emission reductions compared to benchmark projections

(monetary and nonmonetary)?
1. What are the consequences of emission allowance trading and banking on the environment?
2. What have been the monetary and nonmonetary values of the benefits of implementation compared

to benchmark projections?
I. Where are the significant research gaps in the valuation of benefits, costs, upstream effects (in the path -

ways), and relative importance of how it affects our ability to evaluate benefits and costs?

What are the reductions in deposition rates that are needed in order to prevent
adverse ecological effects?
A. What are cur rent deposition rates and what are their variabilities in time?
B. How do we address the issue of “adverse” over time?
C. Are there resources whose responses are unique enough to be identified as specific indicators of changes

in acid deposition?
D. What are the dose-response relationships (observed and modeled for sulfur and nitrogen deposition in

the effects areas of interest (see Question E, above))?
1. What is the regional extent and magnitude of these responses?
2. How are these key ecological responses generally related to and influenced by other factors (e.g., cli -

mate change, ozone, land-use changes, and the carbon cycle)?
E. How might effects be reduced if deposition were reduced further?
F. What levels of deposition and associated effects (if any) will remain after implementation of Title IV?

1. aquatic ecosystems
2. forest ecosystems

3 . materials and cultural r e s o u rc e s
4. visibility

5. human health



of the Committee on Environment and Natura l
Resources under the President’s National Science and
Technology Council. The Interagency Committee rec-
ommended, for several reasons, an abbreviated report
be produced for 1996 and a more comprehensive
assessment be conducted in 2000. Since 1995 was the
first year of implementation of Title IV, it would be too
early to observe the changes in most effects areas
resulting from a single year of emission reductions.
Weather variability and its impact on dispersion,
transport, and deposition of pollution would con-
tribute to the uncertainty in identifying a response of
ambient concentrations and visibility to emission
reductions over the brief span of time after Title IV
took effect. The scope of the issues addressed in this
assessment is conceptualized in Figure 1. 

As a result, this assessment of the costs, benefits, and
effectiveness of Title IV focuses on the observed
regional changes in emissions, deposition, and effects
for the period 1980–1995. Additional analyses are pro-
vided on areas of special interest (e.g., Adirondack
Mountains of New York) where information is avail-
able. Because of the inherent danger in extrapolation
from a one-year period of record, this report contains
no projections. Its approach to answering the question
about any needed deposition reductions is to describe
the ecosystem responses to reductions along a contin-
uum, thereby allowing decision makers to determine
the level of acceptable risk. 

An abbreviated report was also necessary because of
the limited time and resources available. No new
research was to be conducted for the assessment; it

was to be based on existing peer-reviewed data, infor-
mation, and published federal agency reports. This
revised scope of the assessment was presented at a
workshop with the research synthesis teams in Sep-
tember 1996.

Synthesis and Evaluation

Seven research synthesis teams composed of NAPAP
agency scientists and contractors with extensive expe-
rience in the acid rain issue were responsible for col-
lecting, synthesizing, and updating the scientific data
and information necessary to answer their particular
questions. The NAPAP State of Science and Technology
Reports and 1990 Integrated Assessment Report were used
as a baseline. The data were synthesized and made
available to the integration and assessment team in
question-and-answer format.

Integration and Review Process

The integration and assessment team, with the sup-
port of the leaders of each of the research synthesis
teams, integrated the synthesized data into the report
format by addressing the linkages and relationships
among the many disciplines.

The independent experts who reviewed this report
were made aware of the policy-oriented nature of the
work and the need for high-quality science. Most of
them were asked to review those portions of the report
that pertained to their areas of expertise and the inte-
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N A PA P ’ s
C o n c e p t u a l
Framework 

This framework out-
lines the issues
a d d ressed in this
assessment and
o rders them along
their causal chain.
This illustrates the
re l a t i o n s h i p
between the various
components of the
acid deposition
i s s u e .



grative aspect of the assessment. Three experts were
tasked with evaluating the entire report, from a multi-
disciplinary, integrated viewpoint. The integration and
assessment team incorporated their comments and
suggestions into the report for agency review.

Communication of Results

The primary method of communicating the results of
NAPAP assessments is through publishing the reports
to Congress. It is the responsibility of NAPAP, through
the Office of the Director, to inform stakeholders of the
re s u l ts of assessments and re c e i ve feedback. To
expand the availability of the report beyond those that
will receive the printed version and to improve dia-
logue with interested parties, NAPAP will place the
report on the World Wide Web. In addition, the
research synthesis teams have been encouraged to
publish their individual synthesis and analyses in the
open literature.

Organization of This Report

This report is directed to Congress but provides valu-
able economic and scientific information to all public
officials who are responsible for setting air quality pol-
icy. It attempts to present highly technical information

that addresses current public policy issues in a format
that can be understood by the nonscientific reader. The
report is organized in a series of sections that gener-
ally follow the causal chain of events: utility emissions
and compliance costs, air concentrations and deposi-
tion, effects, and economic valuation of benefits.
Where more scientific or economic detail is desired,
references are denoted in the text with superscripts
and provided at the end of the report.

The status of implementation of Title IV by EPA and the
affected utilities and the costs of compliance are pre-
sented first, fo l l owed by an analysis of the observe d
c h a n g e s, both past and present, in emissions of acid
rain pre c u rs o rs, air concentra t i o n s, and deposition of
acidic species. The impact of acid deposition on aquatic
and terrestrial ecosys t e m s, visibility, materials and cul-
t u ral re s o u rc e s, and human health is presented along
with the observed and modeled responses by sensitive
re c e p to rs. The responses are addressed in terms of
reductions to physical injury and economic va l u a t i o n
as a result of emission changes. The next section
a d d resses the effectiveness of Title IV, a marke t - b a s e d
a p p roach to enviro n m e n tal regulation, re l a t i ve to the
m o re traditional command-and-control approach to
regulation. Finally, an outlook to what can be ex p e c t e d
in NAPA P ’s 2000 assessment is presented, including
the monitoring, re s e a rch, and modeling activities that
must be completed for the assessment.

I n t ro d u c t i o n • 11



Implementation 
and Costs of Title IV

T itle IV of the 1990 Clean Air Act Amendments requires the reduction of acid
rain precursors—namely, emissions of sulfur dioxide (SO2) and nitrogen oxides
(NOX) from electric utilities. This section discusses the status of the Acid Depo-

sition Control Program as required under Title IV of the 1990 Clean Air Act Amend-
ments, as well as the compliance costs associated with Title IV. The results of the
emission reduction program are discussed in the next chapter (Changes in Emis-
sions, Concentrations, and Deposition). 

The Acid Deposition Control Program is being implemented in two phases (see Fig-
ure 2) and has two major goals.

1. Reduction of total SO2 emissions by 10 million tons below 1980 levels by
2010.

2. Reduction of NOX emissions from coal-fired boilers that will contribute to
the overall target of a 2-million-ton reduction below 1980 levels by 2000.

Under the SO2 emission reduction program, utility emissions will be capped at 8.95
million tons per year in 2010. Nonutility industrial emissions are capped at 5.6 mil-
lion tons per year beginning in 1995. There is no national cap on NOX emissions.

What is the status 
of implementation?

SO2 Implementation Program

The SO2 emission reduction pro g ram started on schedule, which reflects the
c o o p e ration by participating electric utilities and the U.S. Env i ronmental Pro t e c-
tion Ag e n cy (EPA). Phase I was initiated in January 1995; Phase II begins in 20 0 0 .

In 1995, there were a total of 445 electric utility units under Phase I of the SO2
implementation program: the original 263 highest emitting utility units in the coun-
try, plus 182 substitution and compensating units that voluntarily chose to comply
with Phase I requirements early. Phase I utility units reduced SO2 emissions signif-
icantly below the allocated allowable levels. SO2 emissions in 1995 were 39%
below the 8.7-million-ton allowable level; in 1996, SO2 emissions were 35% below
the target of 8.3 million tons.4

NOX Implementation Program

The first phase of the NOX emission reduction pro g ram began in January 1996,
one year later than originally scheduled due to a U.S. court action re g a rding lan-



guage describing affected sources in the initial
E PA rule. Phase II becomes effective in 20 0 0 .

The 1990 Clean Air Act Amendments require the 2-
million-ton reduction in NOX emissions to be achieved
by a combination of measures from stationary and
mobile sources, as specified under Titles I, II, and IV.
Title IV, which covers coal-fired electric utility boilers,
will contribute a large amount toward the overall emis-

sion reduction goal. In 1996, the first year of imple-
mentation, Group 1 units (dry-bottom, wall-fired, and
tangentially fired boilers) reduced emissions by 33%
below 1990 levels.4

Beginning in the year 2000, NOX emissions from
Group 1 boilers are expected to be reduced by approx-
imately 1,170,000 tons annually. Group 2 units (wet-
b o t tom boilers, cyc l o n e s, cell-burner boilers, and
vertically fired boilers) will provide additional NOX
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Figure 2

Electric Utility
Units Af f e c t e d
by Phases I
and II of T i t l e
I V

The Acid Deposition
C o n t rol Program is
being implemented
in two phases under
Title IV. Phase I
began in 1995 for
S O2 and in 1996 for
N OX and will con-
tinue through 1999.
In the first year of
the SO2 c o n t ro l
p rogram, 445 elec-
tric utility units
located primarily in
the eastern United
States were re q u i re d
to reduce their
emissions. Phase II,
which begins in
2000 and will be
completed by 2010,
re q u i res re d u c t i o n s
in both pollutants
f rom more than
2,000 units acro s s
the country.

Phase I Plants

Phase II Plants

S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 4



reductions of 890,000 tons per year, thereby decreas-
ing total NOX emissions by more than 2 million tons
annually.

However, because there is no national cap, NOX emis-
sions are expected to rise again after the full-scale
reductions take effect in 2000 under Phase II. To meet
the expected growth in electricity generation, existing
units will be used more, even though their emission
rates are limited, and new units, which are not
required to offset their emissions, will be built and
operated. NOX emissions from mobile sources and
some industrial sources are also expected to rise
within the next 10 years.5

How well have utilities
complied with the 
provisions under Title IV?

All Phase I units have met their emission re d u c t i o n
o b l i g a t i o n s. Th e re has been an unpre c e d e n t e d
l evel of accura cy and compliance by utilities in
reporting emissions due to installation of continu-
ous emission monitors on all affected units.

A l l owance trading, a unique aspect of Title IV, has
significantly increased since the first trades we re
re c o rded in March 1994 and serves as a model fo r
other emission reduction pro g ra m s.

Significant milestones have already been achieved
under Title IV. The first year of compliance for Phase I

units was marked by a sharp decline in SO2 emissions.
In addition, all 445 Phase I units met their compliance
o b l i g a t i o n s. In the first annual reconciliation of
allowances and emissions, SO2 allowances matched or
exceeded SO2 emissions generated in 1995 at each of
the Phase I units. No excess emissions were reported.
A total of 3.4 million tons of unused 1995 vintage SO2
allowances were “banked” for future use. (See the
Allowance Trading text box for further discussion.)

The volume of allowance tra n s f e rs has doubled annu-
ally since the first transactions we re re c o rded in 1994.
By the end of 1996, over 3,100 transactions invo l v i n g
m o re than 51 million allowances had occurred. Of
these 51 million allowa n c e s, over 34 million we re
t ra n s f e r red by private parties; the remainder we re
t ra n s f e rs from EPA to private parties under va r i o u s
p rovisions of the Clean Air Act. Approximately 20% of
the allowances tra n s f e r red by private parties to date
h ave occurred among org a n i zations or companies
that have no direct economic link; the number of
t ra n s f e rs increased from 1.9 million in 1995 to 4.4
million in 1996. About half of these tra n s f e rs invo l ve d
utilities acquiring allowances from bro ke rs, fuel com-
p a n i e s, or other electric utilities. More than 25% of all
utilities and 50% of Phase I affected utilities have
engaged in these allowance tra n s f e rs. Utilities in 33
d i f f e rent states participated in these types of tra n s a c-
t i o n s.6 The majority of activity in EPA’s electro n i c
A l l owance Tracking System, howeve r, continues to
i n vo l ve the shifting or redistribution of allowa n c e s
within one utility’s (or group of utilities’) holdings—
i . e., for the purpose of covering emissions from indi-
vidual generating units or for allowance accounting
p u r p o s e s. 
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Allowance Trading

A llowance trading is a unique feature of Title IV of the 1990 Clean Air Act Amendments. Under this sys -
tem, emission allowances are allocated to affected utility units based on their historic fuel consumption

and a specific emission rate. Each allowance permits a unit to emit one ton of SO 2 during or after a specified
year, known as the vintage year. However, emissions may not violate other program or permit conditions
under the Clean Air Act, even if the utility units have the allowances to cover the emissions. Once allocated,
allowances are fully marketable. They may be bought, sold, or banked for future use. Sources can also secur e
allowances through EP A’s annual public auction and through EPA awards of special program allowances. The
allowance system gives companies the flexibility to transfer allowances and achieve cost savings by coordinat -
ing compliance strategies among their various utility units. For example, if a company believes that it will cost
more to control a ton of emissions in five years than it will today, it will reduce its emissions more today and
bank the allowances for future years. 



T h rough 1996, a to tal of 775,000 allowances we re sold
at four public auctions. In addition, EPA awa rded more
than 18,000 allowances from the Conservation and
Re n ewable Energy Re s e r ve to utilities that reduced their
emissions through energ y - e f f i c i e n cy and re n ewa b l e -
e n e rgy pro j e c ts befo re the emission reduction deadlines.
This growth in awa rds re f l e c ts the increased cumulative
number of energy efficiency and re n ewa b l e - e n e rg y
m e a s u res installed since 1992, the first year for which
utilities can ta ke credit for measures that earn bonus
a l l owances based on energy savings or re n ewable gen-
e ra t i o n .7 The 1990 Amendments also established a pro-
g ram to assist small diesel re f i n e rs in defraying the
c a p i tal costs of installing desulfurization equipment at
their refineries by providing SO2 a l l owances based on
the amount of diesel fuel pro d u c e d .

In another program initiative, in 1996 EPA awarded
allowances to two industrial sources voluntarily enter-
ing the Acid Deposition Control Program. Promulgated
in May 1995, the “opt-in” program allows additional
combustion sources (e.g., fossil fuel-fired boilers, tur-
bines, or internal combustion engines) not already
affected by the program to create allowances through
emission reductions. Opting in will be profitable if the
revenue from selling allowances exceeds the combined
cost of the emission reductions and of participating in
the opt-in program. 

The effectiveness of the allowance trading program
has inspired consideration of its application for other
emission reduction programs, such as for controlling
greenhouse gases and nitrogen oxides. (See Appendix
B for more information on pollution trading programs.)

What are the 
compliance costs of 
Title IV, and how do they
compare to projections?

Emission reductions have been achieved at a
l ower cost than estimated by many studies.

Estimates of total costs of Title IV continue to be
revised downward. Much of the cost savings associ-
ated with more recent analyses can be linked to reduc-
tions in costs and improved performance of scrubbers.
In addition, competition between different compliance
options and the integration of the allowance and fuel
markets may have a downward impact on compliance
costs.8,9 Anecdotal evidence suggests that technology

innovation is leading to cost savings.10,11 Allowance
prices are also considerably lower than many experts
predicted.12,13 These prices have been influenced by
developments in the low-sulfur coal market, particu-
larly greater compatibility than expected of western,
sub-bituminous coals with eastern boilers designed for
bituminous coals, reduced rail rates for delivering
western low-sulfur coal to some utilities in the mid-
western United States, and lower-than-expected future
costs of scrubbers for Phase II of Title IV.11,14 Incentive
or bonus allowances that encouraged retrofit flue gas
desulfurization on Phase I units led to the building of
flue gas desulfurization technologies, which has kept
the marginal costs of compliance so far in Phase I,
lower than estimated by prior projections. Also, initial
over-estimates of costs led to an overestimate in
scrubbers and resulted in excess allowances and lower
allowance prices.

The significance of these lower costs is twofold. First,
they show that it is often difficult to estimate future
technological improvements and the more efficient use
of existing technologies. For example, significant cost
reductions in renewable and energy-efficient end-use
technologies are expected in the coming years, but the
overall contribution of these technologies to reductions
in future environmental compliance costs is difficult to
estimate. Economic models that do not estimate these
factors may overstate compliance costs for environ-
mental programs. Second, these lower costs again
illustrate the benefits of a flexible approach to compli-
ance that allows different technologies and fuels to
compete against each other, and rewards firms for
finding cost-effective measures that exceed emission
reduction targets.

Methods of Compliance

S O2 emission reductions in 1995 we re achieved by
an almost equal split between scrubbing and fuel
s w i t c h i n g .

Table 1 pairs estimated emission reductions at Phase I
units with the method of emission control used; where
the method was switching, the table lists the source of
the lower-sulfur coal. These figures represent the dif-
ference between actual 1995 emissions and what the
emissions would have been without Title IV (approxi-
mately 3.9 million tons). In the aggregate, slightly
more than half of the reduction came from switching to
lower-sulfur coals, but the contribution from scrubbers
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was significant. Twenty-six units installed scrubbers
under Phase I; these units accounted for 45% of the
reduction accomplished in 1995,15 and for 62% of the
net surplus of allowances banked in 1995.14

Low-sulfur western coal from the Powder River Basin
continued to play an important role in reducing SO2
e m i s s i o n s, but the main contribution to reducing emis-
sions by fuel switching in 1995 came from the bitumi-
nous coal-producing re g i o n s, mostly in Centra l
Appalachia. Although switching is often seen as chang-
ing the source of the coal from a high-sulfur region to
a geographically distinct low-sulfur region, much of the
reduction occurring in 1995 resulted from fuel switc h e s
within a region. This phenomenon was observed in all
re g i o n s, including the predominantly high-sulfur coal-
p roducing regions of North Appalachia and the Mid-
west, where the coal was typically mid-sulfur ra t h e r
than the conventional low-sulfur coal.

Associated Costs of Compliance

Preliminary results from a retrospective analysis show
the total annualized cost of the 3.9-million-ton reduc-
tion of SO2 in 1995 was about $726 million,15 which is
at the lower bound of earlier predictions (Table 2). In
particular, the observed cost of compliance by scrub-
bing has been markedly lower than expected. This
experience is influencing today’s allowance prices,
which are more closely related to marginal compliance

costs, rather than average
c o s ts that include the
capital costs of flue gas
desulfurization. 

Table 3 compares the ex-
pected SO2 removal cost
for a representative retro-
fitted unit (as projected
by ICF in 199016 and EPRI
in 1993), with actual SO2
re m oval costs for the
scrubbed units that were
fully operational in 1995
(as reported by Ellerman
et al. in 1997).1 5 By 1995,
Phase I scrubbers we re
re m oving sulfur at an
average total cost of $282
per ton, or about 40%
less than what had been
predicted by earlier esti-

mates of average total overall cost. The cost savings
arise from two factors: lower operating and mainte-
nance costs, particularly fixed costs, and more inten-
sive utilization of generating units with scrubbers
(83% capacity factor in 1995 versus 65% as assumed
in most earlier studies). 

No attempt was made in Table 3 to quantify emissions
reduced through demand-side energy-efficiency pro-
grams. However, some companies and state public
utility commissions have analyzed the impacts of these
programs on emissions and compliance strategies, and
others have analyzed how the value of SO2 emissions
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Table 1

SO2 Emission Reduction Methods at Phase I Units in 1995

Method/Region Tons of SO 2 Removed % of Total
(in thousands of tons)

Scrubbing Total 1,754 45.1%
New Title IV Scrubbers 1,734 44.6%
Other Scrubbers 21 0.5%

Switching Total 2,133 54.9%
North Appalachia 205 5.3%
Central Appalachia 756 19.5%
South Appalachia 60 1.5%
Midwestern 406 10.4%
Powder River Basin 518 13.3%
Other Western Coal 146 3.8%
Imported Coal 22 0.6%
Natural Gas 20 0.5%

To t a l 3 , 8 8 7 1 0 0 . 0 %

Source: Massachusetts Institute of Technology15

Table 2

Estimates of Phase I Compliance Costs

Study Total Annual Cost
(in millions of 1995 dollars)

ICF 1989 (low, constrained) $871

ICF 1989 (low, flexible) $599

ICF 1990 (low, flexible) $573

EPRI 1993 $1,338

GAO 1994 $1,163

EPRI 1995 $894

Actual 1995 (Ellerman et al., 1997) $726

Source: Massachusetts Institute of Technology15



avoided by energy-efficiency and renewable-energy
programs improve the cost-effectiveness of these tech-
nologies.7,17

Lower-than-expected fixed operating costs appear to
be a result of reduced personnel costs due to greatly
improved instrumentation and controls on new scrub-
bers. Increased competition in the industry has also
added to pressures to reduce these costs. Lower vari-
able costs appear to be due to reduced requirements
for power to run scrubbers as a result of better con-
trols. Utilities have also used some innovative sludge
disposal techniques to reduce these costs.15

Since enactment, the pro-
jected cost of compliance
with the SO2 e m i s s i o n
reductions has declined
with each analys i s. In
1990, EPA estimated the
a n n u a l i zed cost of the
SO2 reductions to be $4
billion by the year 2010,
assuming full inter-utility
trading. For its Regulatory
Impact Analysis in 1992,
EPA estimated the annu-
alized cost in 2010 at $3.7
b i l l i o n .1 8 In 1993, the
Electric Power Re s e a rc h
Institute estimated Phase

II costs with full inter-utility trading to be $2.2 billion.
In 1994, the General Accounting Office estimated that
with full inter-utility trading the annualized cost in
2010 should be less than $2.0 billion.

Allowance prices have reflected these declining esti-
mates of control costs. The price of an allowance has
dropped from an estimated $500-600 per ton when the
Clean Air Act Amendments were passed to a low of $68
per ton at the March 1996 allowance auction; the price
at the end of 1996 was about $90 per ton (Figure 3). A
number of hypotheses have been offered as to why
allowance prices are so much lower than expected. 
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Table 3

Scrubber Costs per Ton of SO 2 Removed (in 1994 dollars)

Types of Costs (per ton SO2) ICF 1990 EPRI 1993 a Actual 1995 b

Capital Charge $285 $262 $203

Fixed Operation & Maintenance $66 $83 $14

Variable Operation & Maintenance $104 $129 $65

Total Cost $ 4 5 5 $ 4 7 4 $ 2 8 2

a The representative retrofitted unit used in EPRI 1993 is a 300-megawatt unit with a retrofit difficulty
factor of 1.27. The unit is assumed to remove 90% of the sulfur from a 3.97-lb coal and to be operating
at a 65% capacity factor and a gross heat rate of 9,722 Btu/kWh.
b Data are from an MIT questionnaire given to affected utilities, as reported in Ellerman et al., 1997.
Source: Massachusetts Institute of Technology15

Figure 3

A l l o w a n c e
Price 
Tre n d s

C a n t o r – F i t z g e r a l d
and Emissions
Exchange are two
b rokerage serv i c e s
that provide esti-
mates of allowance
prices (in dollars).
The price estimates
a re based on their
judgment of the
sulfur dioxide
allowance market as
a whole at a given
point in time, tak-
ing into considera-
tion recent trades.

S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 4



■ The low price and widespread availability of
low-sulfur fuel reduces allowance prices. More-
over, lower rail costs have made low-cost coal
from the Powder River Basin available to mid-
western utilities that are “on the margin” in
choosing their compliance strategies.

■ Scrubber costs, particularly variable costs, are
much lower than expected. This has lead utili-
ties to run units with scrubbers at high utiliza-
tion rates, as long as the value of the extra
allowances generated is greater than the vari-
able costs of scrubbing. 

■ Projected future costs of scrubbing for Phase II
could be lower than current costs.

■ Costs incurred through fuel switching or scrub-
bing in Phase II, when the full effect of emission
reductions will be realized, should be dis-
counted by the rate of interest for comparison
with current period allowance prices.

■ The lead time for large capital expenditures on
scrubbers required utilities to estimate future
compliance costs and allowance prices. How-
ever, expectations in the early 1990s were that
the marginal costs of compliance and allowance
prices would be considerably higher than their
actual leve l s, leading to ove r i n vestment in
s c r u b b e rs, ove rc o n t rol of emissions, exc e s s
allowances, and lower allowance prices.

■ Competition between compliance options (e.g.,
low-sulfur fuels, more intensive utilization of
scrubbers, and bundling of higher-sulfur fuels
with allowances) has led to lower marginal
costs and allowance prices.

■ Bonus allowances and regulatory incentives for
scrubbing have led to excess allowances and
lower allowance prices.

■ Substitution and compensating units depress
allowance prices because they have lower mar-
ginal costs for compliance.

■ The Title IV auction design artificially depresses
allowance prices.

■ Uncertainty about possible future environmen-
tal regulations reduces the demand for allow-
ances.

■ State public utility commission policies and reg-
ulations are a disincentive to allowance trading
and depress allowance prices.

These hypotheses are not mutually exclusive. They
can be grouped into two categories: (1) hypotheses
that assume that low costs are due to underlying mar-
ket fundamentals (the first five listed), and (2)
hypotheses that assume regulatory or other distortions
of the market. While most observers agree with at least
some of the hypotheses in the first category, there is
more debate about hypotheses in the second category.
Further discussion about several of these hypotheses
appears later in this chapter in the banking and trad-
ing section.

Market-Based System

The market-based approach in Title IV has
achieved significant savings when compared to
a command-and-control regulatory approach. 

A particularly notable feature of Title IV is the cap on
utility emissions and the choice of fully tradable emis-
sion permits to achieve the environmental objective.
The appeal and promise of such market-based instru-
ments is a lower cost of compliance than would be
achieved under an equivalent command-and-control
instrument. Earlier studies of compliance costs with
Title IV have provided estimates of the potential sav-
ings, derived by both the differences in predicted costs
between scenarios that assumed more and less trad-
ing, and variations among these studies in the amount
of assumed emissions trading and in the correspond-
ing costs:

■ I C F ’s 1989 analysis predicted the cost sav i n g s
for limited trading among utilities within the
same state to be approximately $225 million
(in 1988 dollars), about 33% of the pre d i c t e d
cost of compliance in the “less tra d i n g ”
c a s e.1 9 [ I C F ’s 1990 analysis does not prov i d e
a comparable estimate of cost savings fro m
emissions trading because it assumed flex i b l e
i m p l e m e n tation (“trading to the fullest ex t e n t
permitted”) for both the higher- and lowe r -
g rowth scenarios modeled.] In addition, ICF89
estimated that banking provisions might
result in an additional annual reduction of
emissions in Phase I of between 0.8 and 1.2
million to n s, resulting in a pre s e n t - value cost
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s avings of $150 million—about a third of the
p redicted cost of avoided Phase II emission
re d u c t i o n s. 

■ EPA’s 1992 Regulatory Impact Analysis pre-
dicted cost savings of 40%, or $400 million (in
1990 dollars), from a “national SO2 trading pro-
gram” as compared with a “traditional SO2 con-
trol program.”

■ The 1994 GAO report provided an estimate
from intra-utility trading only, because very lit-
tle inter-utility trading was expected: $230 mil-
lion (in 1992 dollars), or 18% of the predicted
cost of compliance under a “traditional com-
mand-and-control” approach.

Most recently, MIT has made a preliminary estimate of
the cost savings, in 1995 dollars, of $225–375 million,
or about 25–34% of the cost of abatement for the
same emissions reduction in the absence of trading.15

Several studies have estimated the cost savings from
the allowance trading program as compared to a com-
mand-and-control approach for Phase II of Title IV.
One study estimates the annualized cost of compliance
with the Phase II SO2 emissions cap in 2010 with full
inter-utility trading to be less than $2 billion, com-
pared to an annualized cost of compliance without
trading of $4.9 billion.13

Technology Innovations

Increased technology efficiency and innovation
h ave been achieved from the marke t - b a s e d
approach.

Recent studies have highlighted the efficiency and
i n n ovation in pollution controls that have accompa-
nied implementation of Title IV.10 , 11 For exa m p l e,
scrubber costs have declined dramatically in the past
six ye a rs and are now 40% or more below 1989 lev-
e l s. At the same time, scrubber sulfur re m oval effi-
ciencies have improved from 90–92% in 1988 to
95% or more in re t rof i ts to utility units affected by
Phase I.

There have also been innovations in blending of high-
and low-sulfur coals. In the past, it was assumed that
blending would cause problems for utility boilers, but
technical difficulties have been largely worked out

through experimentation prompted at least in part by
Title IV compliance requirements and flexibility.

Banking and Trading Program

The SO2 a l l owance market has become more
a c t i ve and has begun to take on some of the attrib-
utes of a more established commodity marke t .
H oweve r, there is still debate about the scope and
magnitude of opportunities for further tra d i n g .

The sulfur dioxide allowance market is becoming an
effective private market for trading allowances, and
many of the early doubts about the emergence of
active allowance trading have not been realized. A
wide cross-section of electric utilities has engaged in
allowance trading. Nearly half of the 1995 allowance
issuance has been traded through time or space, which
indicates that electric utilities are availing themselves
of the opportunities for cost savings created by the
emissions trading provisions of Title IV. On the other
hand, there is still some dispute about whether there
are barriers preventing even wider development of the
market and additional cost savings.

Some analysts contend that state public utility regula-
tions and policies have had an adverse effect on elec-
tric utilities’ decisions to trade. Advocates of this
position note that uncertainty about how commissions
will treat the recovery of allowance costs may dissuade
utilities from allowance trading. Moreover, where Pub-
lic Utility Commission policies prevent utilities from
keeping the profits from allowance trades, there is a
reduced incentive to trade. However, one analysis
argues that there is little evidence of such adverse
effects.20 As of January 1996, only 15 state Public Util-
ity Commissions (out of the 35 states where trading
has occurred) had explicitly addressed the subject of
allowance trading through the issuance of a formal
generic order and/or an informal guideline. Trading
does not appear to have been impeded in the 20 states
where state commissions have yet to address the rate-
making treatment for allowances.

Another possible barrier to allowance trading is the
design of the Title IV auction. Some observe rs have
asserted that the price-discriminating auction design
has depressed allowance prices and has there by dis-
c o u raged utilities from tra d i n g .1 3 , 21 , 2 2 H oweve r, a
m o re recent analysis argued that re g a rdless of
whether the design of the auction was optimal, there
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is little evidence that it harmed the allowance marke t .
In fact, the early auctions we re probably a more
a c c u rate reflection of the underlying costs of SO2
c o n t rol than we re the projections of most analys ts.2 3

The broader question raised by these debates about
market barriers is whether all cost-effective trades are
taking place. Some analysts have estimated that the
full cost-saving potential of allowance trading is not
being reached. 10,13 Others have argued that the rela-
tively active allowance market provides evidence of
cost-effective trades.23

The Title IV compliance data for 1995 provide an exact
accounting of vintage allowances, and in particular, of
how many allowances were traded. The 8.69 million
1995 vintage allowances can be divided into three cat-
egories of use: (1) 4.77 million were used to cover
emissions by generating units that we re issued
allowances equal to or greater than this number; (2)
0.53 million were used by almost 100 Phase I affected
units (about 20%) to cover emissions in excess of the
allowance issuance to each unit; and (3) 3.39 million
allowances were not used in 1995, but were reserved
for compliance in future years. The second use cate-
gory corresponds to the minimum amount of spatial
trading, and the third corresponds to inter-temporal
trading or “banking.” These two uses of vintage 1995
allowances, accounting for a total of 45%, provide the
statistics concerning the effectiveness of Title IV’s
tradable permit program.

S eve ral estimates have been made, based on tra n s a c-
tions in EPA’s allowance tracking system, of ove ra l l
a l l owance trading levels (i.e., not just 1995
a l l owances used for compliance in 1995). For exa m-
p l e, one estimate shows that at least 6.7 million
a l l owances we re traded as of March 1996.2 3 Using a
slightly different estimation technique, EPA has esti-
mated that at least 7.2 million allowances we re tra d e d
as of the end of 1996. EPA’s estimate includes
a l l owance tra n s f e rs between utilities, between bro ke rs
or tra d e rs and utilities, between fuel companies and
u t i l i t i e s, between different bro ke rs and tra d e rs, and
s eve ral other types of tra n s f e rs.2 4 The Electric Powe r
Re s e a rch Institute has estimated that through 1996,

6.8 million allowances have been traded between dif-
f e rent companies in about 960 re c o rded tra n s a c-
t i o n s.1 4 Of cours e, both of these estimates are
l ower-bound estimates because only those tra d e s
e n t e red into EPA’s Allowance Tracking System are
included. The real level of trading is higher, since
m a ny trades are reportedly not entered into the tra c k-
ing system until they are needed for compliance.1 4 , 1 5

Administrative Costs

G overnment administra t i ve costs for Title IV
implementation have been lower than under more
t raditional appro a c h e s.

The fundamentally different approach to air pollution
c o n t rol embodied by the allowance trading pro g ram can
m i n i m i ze many administra t i ve costs associated with
c o m m a n d - a n d - c o n t rol and previous trading pro g ra m s.
For exa m p l e, Title IV’s performance-based appro a c h
eliminates the need to devise source-specific emission
l i m i ts and to rev i ew control technologies and deta i l e d
compliance schedules. In addition, eliminating case-by -
case rev i ew and approval of each trade (including deter-
mining the “useful life” of equipment, the intent of the
s o u rces re g a rding future emission and activity leve l s,
and “real” emission reductions achieved), gre a t l y
reduces the administra t i ve and transaction costs associ-
ated with emissions trading pro g ra m s.2 5

The program’s administrative costs of approximately
$12 million per year translate into a cost of about
$1.50 per ton of pollution reduced. Most of these
administrative costs are associated with operating the
emission monitoring and reporting components of the
program. To put these expenditures into context, dur-
ing the first five years of the program, government
spending to set up and operate the SO2 allowance pro-
gram totaled less than $60 million out of a total $3.5
billion estimated government expenditure for air pollu-
tion control. Thus, the Acid Deposition Control Pro-
gram is achieving 40% of the emission reductions
under the Clean Air Act with only about 2% of the staff
and other resources.25
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Changes in Emissions,
C o n c e n t ra t i o n s, and Deposition

There is no universally accepted method for measuring long-term trends in key
air pollutants. Intensive ambient air monitoring networks operated by EPA and
the states are currently focused on urban and surrounding areas where ambi-

ent air concentrations mainly reflect local emissions and where human exposure
may be greatest for many air pollutants. Besides representing the inhalation expo-
sure of humans, air concentrations play a significant role in visibility, the reflection
of incoming solar radiation (radiative transfer), and the deposition of the pollutants
concerned. Air concentrations in rural areas are monitored by agencies, such as
the National Oceanic and Atmospheric Administration, EPA, and the National Park
Service, and are discussed under the section on air concentrations.

Examination of monitoring sites related to ecosystem effects and regionally repre-
sentative deposition and visibility data is also included in this assessment. Analy-
sis is based, for the most part, on direct observational evidence. A clear distinction
is made between observed emissions data and model calculations (see text box on
Emission Monitoring). In addition, a distinction is made between the contribution
to total atmospheric emissions of SO2 and NOX by utilities, both Phase I and II, and
by other sources.

This section examines changes in acid deposition patterns and relates them to
changes in emissions of precursor pollutants. Current and historical emissions of
relevant pollutants are presented along with the resulting air concentrations and
deposition at specific receptor locations. Quality-controlled emissions and deposi-
tion data through 1995 were available for this assessment. Year-end, quality-
controlled emissions data for 1996 were not released in time to be incorporated
into this assessment, but the data are inserted in footnotes where appropriate.

What emission reductions 
have been achieved?

Although SO2 control provisions of Title IV only began in January 1995, dramatic
emission reductions that year provide a unique opportunity to place some signifi-
cance on the analysis of just one year of data. This cannot be said for NOX provi-
sions, since they were not implemented until January 1996, which was too late for
a meaningful analysis of Title IV effectiveness regarding NOX. Discussion of SO2
and NOX emissions in this section is further divided into two categories of sources:
electric utilities and all other sources.

SO2 Emissions 

The United States has already achieved a large portion of the SO2 emission re d u c-
tion goals mandated under Title IV. Significant emission reductions have been
a c h i eved by midwestern states and in other areas that have electric utilities with
historically high emission ra t e s. 



S O2 emissions have been declining slowly since the early
1 9 70s when the Clean Air Act was first passed. In 1980,
the baseline year for Title IV, to tal emissions from all
s o u rces of man-made SO2 we re about 26 million to n s. By
1995, to tal SO2 emissions had dropped to 18.3 million
to n s, with utilities contributing about 12 million to n s
( F i g u re 4). There was a dramatic decrease in emissions
in 1995, illustrating the first year of compliance under
Title IV. The reduction of SO2 emissions from 1994 to
1995 was approximately 19%, all of which can be attrib-
uted to reductions from Phase I utilities. In 1995, Phase I
u n i ts achieved an ove rall reduction of 5.6 million to n s
f rom 1980 leve l s, which is a 51% drop in emissions. 

There have been major emission reductions in some of
the largest, highest-emitting areas of the country. This

outcome is important for two reasons. First, underly-
ing Title IV was the understanding that emissions in
the Midwest are a significant cause of deposition in the
northeastern United States and eastern Canada. The
intent of Congress was to reduce these emissions
through the 1990 Clean Air Act Amendments, which is
now being realized. Second, reductions in these high-
emitting areas support a fundamental premise of Title
IV’s market-based approach–that the highest-emitting
plants have an incentive to make deep reductions in
SO2 emissions because they often face a lower cost per
ton of SO2 reduced due to compliance flexibility. So far,
concerns expressed at the time Title IV was enacted
that the highest emitters of SO2 would simply buy
allowances and continue to emit have proven to be
unwarranted. Electric utilities have the flexibility to use
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Emission Monitoring

The advent of Title IV brought about a change in the method for tracking trends in cur rent emissions. T o
ensure compliance, the statute required each affected combustion unit (boiler or turbine) to install a con -

tinuous emission monitoring system—or for oil and gas units, an approved alternate measurement method—
to record the concentration and mass of emissions on an hourly basis. Prior to 1994–1995, emissions wer e
estimated primarily from emission factors and information filed with the Department of Energy’s Energy
Information Administration.

With the cur rent system, emissions data are collected directly from the continuous emission monitors, which
are maintained according to rigorous quality assurance standards of accuracy. The data are then electroni -
cally transfer red into EP A’s Electronic Tracking System, ensuring the quality of the data and eliminating a
source of er rors potentially caused by repeated data entr y. EPA then annually reconciles the data with the
unit’s SO 2 allowance holdings to ensure that the SO 2 emissions are equal to or lower than the allowances
held.

Any change in measurement methodologies will raise questions about whether observed differences in emis -
sion trends are due to the new method or to actual emission reductions. How continuous emission monitor -
ing compares to the methodology for calculating historical emissions is still under investigation. However, for
the 263 original Phase I units, there is continuous emission monitoring data before Phase I began (1994) and
for the first year of Phase I (1995). Between 1994 and 1995, these 263 units reduced their SO 2 emissions by
40% (almost 3 million tons).

Continuous emission monitors must undergo a relative accuracy test. The test ensures that the installed mon -
itor measures the “true” value of the pollutant by comparing the monitor to a reference method, which is
used to measure the pollutant in the stack gas concur rently with the monitor. Thus far, the continuous emis -
sion monitoring data collected under the Acid Deposition Control Program are remarkably accurate.
Although there was some concern that the Phase II utilities (generally smaller companies than those in Phase
I) might not achieve the same rigorous quality assurance standards as their Phase I counterparts, 98% of the
almost 5,000 monitors tested for the Acid Deposition Control Program passed the required 10% relative
accuracy standard. 4

The operational record for the continuous emission monitors is excellent. The monitors only require mainte -
nance a few days a year. Over half of all monitors used to report data for the Acid Deposition Control Pr o-
gram were up and running for more then 98% of the last year, and 92% of all monitors were running for
more than 90% of the last year .4



banked allowances, which has spurred early reduction
in emissions.

Market-based mechanisms, such as emissions trading,
are often thought to be designed entirely for cost-
saving purposes. However, the banking provision in
Title IV illustrates that a properly designed market-
based mechanism may have clear near-term environ-
mental benefits when compared to a more traditional
method of regulation.

Of course, the banking provision is also projected to
extend the time for achieving the ultimate emission
reduction ta rget—the 8.95-million-ton cap. Most
banked allowances are expected to be used between
the years 2000 and 2009, after the more stringent
emission limits of Phase II of the Acid Deposition Con-
trol Program take effect. Further research is needed to
determine whether there is a net environmental or
health benefit from the large early emission reductions
spurred by the banking provision, compared to a sce-
nario with no early reductions but full achievement of
the cap in the year 2000.

Electric Utilities

As of 1995, electric utilities reduced their SO2

emissions significantly beyond the level re q u i re d ;
total utility SO2 emissions dropped to 11.9 million
t o n s, which was 31% below 1980 levels and
within 3 million tons of the 8.95-million-ton cap.

In 1995, the first year of compliance, the allowa b l e
l evel of SO2 emissions from Phase I electric utilities
was 8.7 million to n s. Howeve r, only 5.3 million to n s
of SO2 we re emitted, which was 3.4 million to n s
(39%) lower than the level re q u i red (Figure 5) (see
footnote). These unprecedented early emission
reductions are largely believed to be a direct result of
t wo key features of the banking provision in Title IV.
F i rst, Title IV provides a performance-based, ra t h e r
than a technology-based, sta n d a rd for reducing pol-
lution. It gives each unit a performance ta rget in the
form of an emission allowance allocation or budget,
but does not re q u i re the unit to use a specific tech-
nology to reach this ta rget. Second, the banking pro-
vision of the allowance trading system give s
companies the flexibility to control emissions beyo n d
their performance sta n d a rd s, in effect saving part of
their emission budget for future ye a rs. Many compa-
nies have adopted this strategy of ove rc o n t ro l l i n g
their emissions during Phase I and are banking their
ex t ra allowances to meet the more stringent re q u i re-
m e n ts of Phase II.1 5

As shown in Figure 6 on pages 26 and 27, SO2 e m i s s i o n s
h ave decreased from 1980 levels in most of the 21 sta t e s
c o n taining Phase I units.2 6 In 1995, Ohio, Missouri, Indi-
ana, Illinois, and Tennessee had the largest ove ra l l
decline in emissions (3.4 million tons) from 1980 leve l s.
S O2 emissions increased in a few sta t e s, including
Texa s, North Dako ta, Louisiana, and Oklahoma, which
h ave no Phase I units; these states built new coal-fire d
p ower plants that came on-line after 1980.
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EPA reports that in 1996 these units emitted 5.4 million tons of SO2, which was 2.9 million tons (35%) below the 8.3-million-ton allowable level for 1996.
All participating units were in compliance.

Figure 4

National SO 2
E m i s s i o n s
( 1 9 8 0 – 1 9 9 5 )
(in millions of tons)

National annual
emissions of sulfur
dioxide by all
s o u rces. The larg e s t
emission re d u c t i o n s
in 1995 were fro m
Phase I units under
Title IV.

S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 5



T h e re is general consensus that the large reduction of
S O2 emissions in 1995 was a direct result of the Clean
Air Act Amendments. A more difficult question is what
led to reductions of SO2 in the early part of the 1990s.
A n s wering this question re q u i res estimating SO2
emission levels in the absence of Title IV. This estima-
tion is fraught with uncertainty because it re q u i re s
making difficult assumptions about how coal marke ts
and electric utilities respond to a variety of interd e-
pendent economic and re g u l a tory fo rc e s, and whether
the effo r ts to pass legislation in the late 1980s had
a ny effect on fuel supplies and purc h a s e s. Perhaps a
m o re important aspect of this question is that it indi-
rectly highlights the compliance flexibility inherent in
Title IV, allowing electric utilities to ta ke adva n tage of
m a r ket fo rces and the changes in the re l a t i ve prices of
compliance options.10 E ven if some of Title IV’s com-
pliance cost savings had accrued without the 1990
A m e n d m e n ts—because of changes in the ra i l ro a d
industry and low-sulfur coal marke ts or state acid ra i n
regulations—these hypothetical cost savings might
not have materialized under a more traditional re g u-
l a tory structure (e.g., mandatory scrubbers at all util-
ity units). 

C e r tainly a major impact on Title IV costs and SO2
emissions was the change in the economics of choos-
ing low-sulfur coal. Ra i l road deregulation during the
1980s introduced competition into the tra n s p o r tation of
l ow-sulfur coal from the Powder River Basin (Wyo m i n g
and parts of Montana) and led to large pro d u c t i v i t y
i m p rove m e n ts in rail tra n s p o r tation. The result has
been continually lower rail rates that have made dista n t

western coals more
c o m p e t i t i ve in midwe s t-
ern marke ts on a pure l y
Btu basis (heat content),
without re g a rd to the
significant difference in
sulfur content. As a
result, the frontier fo r
western, low-sulfur coal
has advanced steadily
e a s t wa rd to the disad-
va n tage of local, higher-
sulfur midwestern coals. 

Much of the emission
reductions between 1985
and 1993 may have oc-
c u r red even without Title
I V, as declining costs fo r
l ow-sulfur coal wo u l d

h ave made fuel switching attra c t i ve to midwestern elec-
tric utilities for purely economic re a s o n s.2 7 One study
estimates that the economics of coal choice explains a
significantly larger share of SO2 reductions during this
period than such fa c to rs as early compliance by electric
utilities or state acid rain pro g ra m s.2 7

Perhaps anticipation of impending Clean Air Act legis-
lation in the 1980s led western low-sulfur coal pro-
ducers to invest in new low-sulfur coal properties and
expanded existing low-sulfur coal mines.11 This fore-
sight helped them avoid upward pressure on low-sul-
fur coal prices in the early 1990s. On the other hand,
some of this expansion of low-sulfur coal production
in the West could have been spurred by the 1977
amendments to the Clean Air Act.

Anticipation of new legislation may also have
s p u r red ex p e r i m e n tation with boiler modification
and coal-blending techniques that ultimately
a l l owed electric utilities to burn different types of
coal at lower costs than ex p e c t e d .10 For Phase I units
that used flue gas desulfurization technologies,
emissions we re reduced by 2.0 million tons below
their allowance allocation in 1995, while most of the
remainder of the reductions we re achieved by coal
s w i tching or blending.1 4

Ascertaining how much of an emission reduction
would have happened if there had been no Title IV is a
necessary step to estimate Title IV’s costs and benefits.
To the extent that some level of emission reductions
may have occurred without the 1990 Clean Air Act
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Figure 5

A n n u a l S O2
Emissions fr o m
Phase I
U t i l i t i e s
( 1 9 8 0 – 1 9 9 5 )
(in millions of tons)

Sulfur dioxide emis-
sions from the 445
Phase I electric util-
ity units have been
d e c reasing since
1980. In 1995, SO2
emissions were 39%
below the 8.7 mil-
lion tons allowed
that year under Ti t l e
I V.
S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 4



Amendments, cost estimates should be revised down-
ward to reflect “no cost” reductions. Benefits directly
attributable to Title IV would also be less.

Table 4 provides estimates from a variety of studies of
1995 Phase I electric utility SO2 emission re d u c t i o n s
that are directly attributable to Title IV, as opposed to

those that would have occurred even without Title IV.
Most of these estimates we re developed befo re the
end of 1995, but this table provides a snapshot of the
range of projections that we re made re g a rding Title
I V ’s effectiveness in reducing emissions. Actual data
a re now available for some of the modeling va r i-
ables—such as actual electricity demand for 1995—
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Figure 6

G e o g r a p h i c
Distribution 
of Annual SO 2
Emissions fr o m
Electric Utilities
(in tons)

Statewide distribu-
tion of sulfur diox-
ide emissions in
five-year incre m e n t s
f rom 1980 to 1995.

S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 2 6

Table 4

Projected SO 2 Emission Reductions Attributable to Title IV (in millions of tons)

Title IV Scenarios NAPAP ICF 1989 ICF 1989 ICF 1990 EPRI EPRI MIT 
1990 (constrained) (flexible) (flexible) 1993 1995 1997

Emissions without Title IV 19.31 16.64 16.64 16.64 16.29 14.65 15.70

Emissions with Title IV 13.62 13.08 13.32 13.52 11.93 11.47 12.02

Title IV Emission Reductions 5 . 6 9 3 . 5 6 3 . 3 2 3 . 1 2 4 . 3 6 3 . 1 8 3 . 6 8

Source: NAPAP 19903; ICF 198919; ICF 199016; EPRI 19938; EPRI 19959; MIT 199715



that we re only estimated for most of these studies.
T h e re fo re, the emission rates assumed in the “without
Title IV” case are now the key variables in estimating
the 1995 emission reductions attributable to Title IV.
By varying the emission ra t e, a range of estimates can
be developed that differs slightly from those in Table 4
but benefits from our actual knowledge of utiliza t i o n
in 1995. This new range has 3.12 million tons as the
l ower bound (assumes none of the reduction in emis-
sion rates for 1985–1995 is attributable to Title IV)
and 5.69 million tons as the upper bound (assumes a l l
of the reduction in emission rates is attributable to
Title IV).1 5

Other Sources

Total SO2 emissions from nonutility sources we re
2.1 million tons below 1980 leve l s, which exc e e d s
the Title IV reduction goal of 1.5 million tons.

For every predicted scenario,
t h e re we re substantial re d u c-
tions in SO2 b e t ween 1990 and
1995, when compared with
Title IV benchmark pro j e c-
t i o n s. 

An estimated 8.4 million tons of SO2
we re emitted from all other sourc e s—
industrial, residential, commerc i a l ,
and tra n s p o r tation—in 1980. The
largest contributors were industrial
fuel combustion and metals process-
ing, which contributed about 2.9 and
1.8 million tons of SO2, respectively.
N A PAP estimated 1985 emissions
from nonutility sources to be 6.1 mil-
lion tons, with 3.3 million tons from
fossil fuel combustion.28 Emissions
from nonutility sources were esti-
mated to be 5.7 million tons in 1990,
with industrial combustion making
up 3.1 million tons and metals pro-
cessing 663,000 tons. In 1995, emis-
sions from these nonutility source
categories were on the order of 6.3
million tons; industrial combustion
accounted for 3.0 million tons; and
m e tals processing accounted fo r
692,000 tons.

NOX Emissions

In 1980, the baseline year for Title IV, to tal emissions
f rom all sources of man-made NOX we re about 23.3
million to n s. By 1995, to tal NOX emissions amounted to
about 21.8 million tons (Figure 7). The 1990 Clean Air
Act Amendments re q u i re NOX emissions from coal-fire d
b o i l e rs to be reduced by 2 million tons below 1980 lev-
els by 2010; there is no national cap for NOX e m i s s i o n s. 

Electric Utilities

Annual NOX emissions from electric utilities have
d e c reased by 800,000 tons from 1980 leve l s.

Only a modest decrease in NOX emissions from elec-
tric utilities has occurred between 1980 and 1995. The
Phase I requirements for NOX reductions became effec-
tive after this time period in January 1996. NOX emis-
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sions from utilities were about 6.2 million tons in 1995,
or approximately 11% below 1980 levels and 17%
below 1990 levels (see footnote). This recorded decline
in emissions is thought to be due to several factors,
including early installation of Title IV NOX controls at
some facilities, installation of NOX controls in the
northeastern United States to meet Reasonably Avail-
able Control Technology standards under Title I, and a
change in NOX monitoring and estimation techniques
between 1994 and 1995. 

Other Sources

All other sources of NOX emissions were estimated to
be about 16.3 million tons in 1980. The largest nonu-
tility contributors were on-road vehicles and industrial
fuel combustion, contributing about 8.6 and 3.6 mil-
lion tons of NOX, respectively. In 1995, emissions from
all nonutility source categories were estimated to be
about 15.5 million tons, with 7.6 million tons coming
from on-road vehicles and 3.1 million tons from indus-
trial combustion. 

How have air concentrations
been affected by these
emission reductions?

Given the reduction in emissions discussed above, the
question becomes whether there was a sequential
reduction in the concentration of the pollutants in the
air. This is the next step in the causal chain leading to
acid deposition. Figure 8 depicts the processes related
to acid deposition and its effects.

Sulfur

Emission reductions have caused a decrease in air
c o n c e n t rations of SO2. This decrease is most ev i-
dent in the Northeast where emissions are most
c o n c e n t rated, but apparently extends across the
e n t i re region east of the Mississippi Rive r. 

Reductions in concentrations of particulate sulfa t e
a re also widespread, but are less striking. At a few
l o c a t i o n s, particulate sulfate concentra t i o n s
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Figure 7

National NO x
Emissions fr o m
H u m a n
A c t i v i t i e s
( 1 9 8 0 – 1 9 9 5 )
(in millions of tons)

National annual
emissions of nitro-
gen oxides fro m
man-made sourc e s .

S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 5

In 1996, the first year of implementation, Phase I utility units reduced emissions by 33% (340,000 tons) below 1990 levels. These units demonstrated an
average of 18% overcompliance with required emission rate levels.
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Figure 8

P ro c e s s e s
Involved 
in Acid
D e p o s i t i o n

The phenome-
non of acid
deposition can
be described as
a collection of
the following
p ro c e s s e s .

Photo altered for
illustrative purposes.

1 The primary anthro p o g e n i c
cause of acid deposition is the
b u rning of fossil fuels. Coal-fire d
electric utilities and industry emit
gaseous sulfur dioxide and nitro-
gen oxides into the atmosphere .

2 Automobiles and other mobile
s o u rces contribute significant
amounts of nitrogen oxides in
urban are a s .

3 Volatile organic compounds,
which are constituents in acid
p recipitation and ozone-form i n g
p rocesses, have many small
human-induced sources as well as
natural sources (e.g., fore s t s ) .

4 As these primary pollutants are
t r a n s p o rted by the wind over
sometimes long distances, they
a re slowly transformed through a
variety of reactions to secondary
pollutants, such as fine part i c u l a t e
sulfate and nitrate, sulfuric and
nitric acid aerosols, and ozone.

5 These atmospheric pollutants
can remain suspended, impairing
visibility and air quality, or can be
deposited directly onto surf a c e s
(called dry deposition).

6 If dissolved in water dro p l e t s
(clouds or fog), these pollutants
can be deposited to earth in rain
or snow (called wet deposition),
p a rtly in the form of sulfate,
nitrate, and hydrogen ions. Acid
deposition, or total deposition, is
c o n s i d e red the sum of wet and
d ry deposition. The area aff e c t e d
by the emission sources is deter-
mined to a large extent by the
time that pollutants stay in the
a t m o s p h e re before re m o v a l
t h rough deposition.

7 Besides the direct effects of
wet and dry deposition of pollu-
tants onto buildings, plants, and
soils, surface waters are indire c t l y
a ffected by storm water ru n o ff .



appear to have increased when decreases wo u l d
h ave been expected; the reasons remain obscure,
and the data re c o rd is too short to provide insight
to this apparent inconsistency. 

Urban monitoring data reveal a steady decrease in
ambient air concentrations of SO2 over the approx i-
mately 10 ye a rs prior to implementation of Phase I
and a more pronounced decrease the year fo l l ow i n g
i m p l e m e n tation (Figure 9). These data we re obta i n e d
f rom observations of air quality at 473 sites acro s s
the United Sta t e s. The sites are generally located in
urban areas as part of a re g u l a tory network used to
m o n i tor six polluta n ts (including SO2 and NO2) cov-
e red by the National Ambient Air Quality Sta n d a rd s
under Title I of the Clean Air Act. Between 1986 and
1995, national SO2 c o n c e n t rations decreased 37%;
S O2 emissions decreased 18%. Between 1994 and
1995, national SO2 c o n c e n t rations decreased 17%,
while emissions decreased 13%.2 9 H ow these
d e c reases in concentrations are readily associated
with emission reductions is not yet known and will
re q u i re additional ye a rs of data to draw a more defin-
i t i ve conclusion. 

What is known is that although air pollutant concen-
trations can only be reduced over time by decreasing
pollutant emissions, changes in pollutant concentra-
tions do not always track changes in pollutant emis-
sions resulting from human activities. There are four
primary reasons for this observed difference. First,
most monitors are in urban areas and track urban
emissions, which are mostly from mobile sources,

while most stationary sources, such as power plants,
are located in rural areas. Second, emissions for some
pollutants are calculated or measured in a form (e.g.,
NOX) different from that of the primary air pollutant
(e.g., NO2). Third, chemical reactions occur in the
atmosphere during the time it takes the pollutants to
travel from its source to the monitoring station. Fourth,
meteorological conditions often control the formation
and buildup of pollutants in the ambient air.29

Regional monitoring data provide evidence that emis-
sion reductions are having a positive effect on reduc-
ing air concentrations. The air concentration records
are obtained from sampling stations operated by the
two major monitoring networks addressing dry depo-
sition and concentrations in surface air—the EPA
Clean Air Status and Trends Network (CASTNet) and
the NOAA Atmospheric Integrated Research Monitor-
ing Network (AIRMoN). Both of these networks are
composed of sites almost entirely in nonurban areas
and are not part of the aforementioned regulatory net-
work (see the Monitoring Networks text box on page
35). The reductions are most evident in SO2 concen-
tration data obtained in the region most affected by
acid deposition—the corridor downwind of the Ohio
River Valley and its surrounding area, mainly the
northeastern United States where emissions are most
concentrated. However, the length of record is cur-
rently too short to report with confidence that the
effects are as widespread or as large as has been pre-
dicted. Data are still being collected and analyzed. The
p resent conclusions re p resent only a pre l i m i n a r y
interpretation of a complicated data record in which
year-to-year variability is a strong factor.
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Figure 9

Ambient Air
C o n c e n t r a t i o n s
o f S O2
( 1 9 86– 1 9 9 5 )
(in parts per million)

Ambient air concen-
trations of sulfur
dioxide (annual
arithmetic mean).

S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 2 9



Figure 10 shows long-term records of sulfur dioxide,
sulfate, and nitric acid vapor concentrations in surface
air derived at the AIRMoN-dry site near State College,
Pennsylvania. The Pennsylvania record is used here as
an example because it appears to be representative of
the Northeast region as a whole (for sulfur species but
not necessarily for nitrogen, as will be discussed later)
and also because there are nearby long-term wet
deposition records suitable for comparison against dry
deposition data. The strong seasonality of both the SO2
and the sulfate concentrations is clearly ev i d e n t ,
though there are significant phase differences in the
timing of the annual peaks. SO2 concentrations peak
during the winter, while sulfate peaks regularly during
the summer.

The time series of Figure 10 shows that 1995 does indi-
cate a dow nwa rd trend in SO2 c o n c e n t ra t i o n s. Howeve r,
with the ye a r - to - year variation (due to meteoro l o g y
and other fa c to rs) in the annual behav i o r, a clear sta t e-
ment about how much the emission reductions of 1995
h ave influenced air concentrations is not easily derive d .
M o re data are re q u i red befo re the effects of the ye a r - to -
year variability can be ta ken into account. For the pre-
sent, the 1989–1995 reduction in the to tal sulfur
p resent in airborne SO2 and particulate sulfate derive d
f rom the data in Figure 10 for the State College site
a m o u n ts to 23%. An independent examination of
CASTNet data30 re s u l ts in much the same conclusion. 

A third network, the Intera g e n cy Monitoring of Pro-
tected Visual Enviro n m e n ts (IMPROVE) network, also
of f e rs useful data on mounta i n - top enviro n m e n ts
w h e re many sensitive ecosystems exist, although the
d a ta are not adjusted for meteoro l o g y. The three net-
wo r ks (CASTNet, AIRMoN-dry, and IMPROVE) opera t e
with different sampling systems and pro to c o l s, re f l e c t-
ing their different purposes and design criteria. An
a n a l ysis of 1984–1994 data at the two eastern sites in
the IMPROVE network is displayed in Figure 11 .31 , 3 2 T h i s
a n a l ysis reveals an upwa rd trend in sulfate concentra-
tions in summer at the site in the Shenandoah National
Park. The data from the Great Smoky Mountains site do
not reveal an increase as great as that from Shenan-
doah, and there is no trend evident in the winter data. 

A spatial picture of the extent of the 1989–1995 re d u c-
tion in to tal sulfur concentrations is derived from the
CASTNet data set, which did consider meteoro l o g i c a l
fa c to rs in its analysis (Figure 12). Statistical models of
the observed concentration data at each site we re deve l-
oped to provide emission-related trend estimates of to ta l
ambient sulfur. Nonlinear models we re used because of

the nonlinear trend in emissions and the nonlinear
dependence on meteorological variables that many of
the CASTNet variables exhibit. In addition, another sta-
tistical approach was applied to the CASTNet data set to
identify groupings of sites that display similar tempora l
b e h avior and climato l o g y. The extent to which these
sites are re p re s e n ta t i ve of these broad regional scales
remains an open re s e a rch issue. Algebraic means of the
site data we re used to calculate the regional estimates.
Annual ave rages we re used to provide a measure of per-
c e n tage change over the entire monitoring period
(1989–1995). It is clear that the reduction is a truly
regional phenomenon, with annual ave rage decreases in
c o n c e n t rations of more than 30% at many locations in
the eastern United Sta t e s. It is tempting to point to the
emission reductions of the same period and to claim
them as the sole reason for the lower concentra t i o n s.
While it is certain that the emission reductions did
i m p rove regional air quality, it is not yet clear how
closely the two correspond. It is evident that meteoro l-
ogy—if not regional climatology—needs to be consid-
e red befo re final conclusions are reached about how
well air concentrations track emission re d u c t i o n s.
Re g a rdless of the ye a r - to - year va r i a b i l i t y, the CASTNet
d a ta indicate that the 1995 reduction in airborne to ta l
sulfur (re l a t i ve to 1989) is truly widespread. 

Nitrogen

There are many nitrogen compounds in air resulting
from the initial NOX emissions that are susceptible to
control. The chemical end products of these emissions
are nitric acid vapor and various nitrates. From the
p e rs p e c t i ve of acid deposition, the key chemical
species is nitric acid vapor, of which the dry deposition
programs now have an extensive record.

For nitric acid vapor in air, regional concentra t i o n s
s h ow evidence of a similarly widespread re d u c t i o n
as for sulfur species, although of markedly smaller
magnitude and with some variation among sites.
C o n t rol of NOX emissions under Title IV was not
re q u i red until 1996.

In general, nitric acid concentrations display a less
uniform seasonality than sulfur concentrations, and
tend to maximize in the summer when the related
chemical reactions are most vigorous. Figure 10 shows
that nitric acid concentrations were slowly increasing
at the Pennsylvania site until 1993. However, this
upward trend is not representative of other stations in
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Figure 10

Ambient 
L o n g - Te r m Air
C o n c e n t r a t i o n s
f rom a Site
Near State
College, PA
( 1 9 8 6 – 1 9 9 5 )
(in micrograms per
cubic meter)

Long-term record
of sulfur dioxide
(SO2), sulfate
(SO4), and nitric
acid vapor (HNO3)
concentrations in
surface air derived
at the AIRMoN-dry
site near State Col -
lege, Pennsylvania.

S o u rce: National Oceanic
and Atmospheric
A d m i n i s t r a t i o n
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Figure 11

S e a s o n a l
Trends in 
F i n e - P a rt i c l e
S u l f u r
(in micrograms per
cubic meter)

Mean sulfate con-
c e n t r a t i o n s
i n c reased in the
summer at the
Shenandoah site, as
well as at the Gre a t
Smoky Mountains
site, although not as
much. The summer
data for a compos-
ite of 10 western
IMPROVE sites
showed no tre n d .
No trend was
detected in the win-
ter data for any of
the three are a s .

S o u rce: Adapted from Cahill
et al. 3 2
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Figure 12

D e c reases in
Ambient Air
C o n c e n t r a t i o n s
of Total Sulfur
( 1 9 8 9 – 1 9 9 5 )

P e rcent reduction in
total sulfur concen-
trations (derived
f rom CASTNet data)
for three re g i o n s
based on a model
that estimates the
yearly trend of
ambient air concen-
trations adjusted for
the effects of mete-
o rology and sea-
sonal cycles.

S o u rce: U.S. Enviro n m e n t a l
P rotection Agency 3 0



the Northeast, which show slight decreases. Any
increase in airborne nitric acid concentrations is of
concern because of the corresponding increase in
deposition. It is not clear whether the cause is associ-
ated with changes in the use of nitrogenous fertilizers
in the area, with difficulties in measuring nitric acid
vapor, or with some other reason not associated with
upwind point-source emissions. As in the case of sul-
fur, a longer record is needed before it is possible to
quantify the changes associated with Title IV of the
1990 Clean Air Act Amendments and its emission
reductions.

How have deposition 
rates been affected by 
the emission reductions?

Wet Deposition

Wet deposition monitoring results clearly and
o b j e c t i vely indicate a recent reduction in acid

deposition in the eastern United States. In 1995,
the concentration of sulfate in precipitation in the
East was 10–25% lower than during 1983–1994.
This may have been due wholly or in part to the
emission reductions of Phase I.

A critical step in assessing the effectiveness of emis-
sion reductions is to evaluate spatial and temporal
trends in sulfate, nitrate, and hydrogen ion (acidity)
concentrations in precipitation (rain and snow). The
repercussions of Phase I emission reductions on pre-
cipitation chemistry were explored by determining the
significance of the deviations of the 1995 bimonthly
o b s e r vations from estimates of 1995 pre c i p i ta t i o n
chemistry based on more than a decade of pre-1995
observations. A seasonal trend model was developed
to explain the historical trend of deposition monitoring
data from 1983 through 1994.33 The model was used
to ex t rapolate fo r wa rd one year to estimate t h e
expected precipitation chemistry in 1995. Allowing for
early compliance by some utilities, the 1983–1994
period could be considered prior to Title IV, and 1995

Changes in Emissions, Concentra t i o n s, and Deposition • 35

Monitoring Networks

Ambient air concentration data are collected in both urban and rural settings. The intensive ambient air
monitoring networks operated by the EPA and states—the National Air Monitoring System/State and

Local Air Monitoring System (NAMS/SLAMS) networks—are focused on urban areas where ambient air con -
centrations mainly reflect local emissions. Ambient air concentrations are also measured in rural areas wher e
they are a necessary part of dry deposition networks. This network was established to monitor the six pollu -
tants covered by the National Ambient Air Quality Standards.

Wet deposition data are obtained from a 191-site monitoring network initiated in the early 1980s to assess
the magnitude of the acid rain problem and to determine spatial and temporal trends in atmospheric chem -
istry and deposition. The National Atmospheric Deposition Program/National T rends Network (NADP/NTN)
is supported by more than 100 organizations including federal, state and local government agencies; univer -
sities; and industr y. It is the only long-term deposition monitoring program in the United States with national
coverage (Figure 13). NADP/NTN operates with two levels of sampling intensity: a large primary array of rou -
tine weekly sampling, and a smaller subnetwork of more intensive research sites with daily sampling. The
subnetwork is part of the NOAA Atmospheric Integrated Research Monitoring Network (AIRMoN-wet).

Dry deposition cannot be monitored directly by any known method, except at great expense and under spe -
cial circumstances. In existing monitoring operations, dry deposition is not directly measured. Instead, it is
infer red using directly measured air concentrations and model estimates of deposition velocity from which
the dry deposition rates are evaluated as the product of deposition velocity and air concentrations. Two net -
works have been established to monitor and study air concentrations and dry deposition of selected airborne
acidifying chemicals and their precursors: AIRMoN-dry and CASTNet. CASTNet has broad coverage, providing
information across an array of spatially distributed sites; it is also used for model development and testing.
AIRMoN-dry operates as a research program, developing dry deposition methodologies for use in CASTNet
and other applications. 



could be considered to be under Title IV. In effect, if all
other factors were equal, then the difference between
the 1995 observations and the 1995 estimate is the dif-
ference in precipitation chemistry between Title IV and
no Title IV, respectively. Results indicated that the
observed 1995 chemistry data were different from the
estimated chemistry at deposition monitoring sites
located in the eastern United States.

A n a l ysis of the 1995 wet deposition monitoring data
d e m o n s t rates that the 1995 reduction in SO2 e m i s-
sions in the midwestern and northeastern United
S tates resulted in a substantial reduction of the acid-
ity (as re p resented by hyd rogen ion concentra t i o n )
and sulfate concentration of pre c i p i tation in those
regions (see text box on Monitoring Netwo r ks). Figure
14 displays changes in pre c i p i tation chemistry ove r
the eastern United States for 1995.3 4 The maps illus-
t rate the departures of o b s e r ved s u l fa t e, nitra t e, and
hyd rogen ion concentrations (in percent) from the
estimated seasonal trends for 1995. This type of analy-
sis is used to assess the changes in wet deposition
that occurred in 1995 due to emissions changes in
1995. Reductions occurred in the Ohio River Va l l ey
region where many of the Title IV Phase I units are
located, as well as to the east of this re g i o n — a c ro s s
the Mid–Atlantic region and north through Maine. The
spatial pattern of hyd rogen ion decreases in the East
c o r related well with the pattern of sulfate decre a s e s,
although the magnitude of the hyd rogen ion concen-

t ration and perc e n tage decreases was even larger than
the sulfate decre a s e s.

Observed sulfate and hydrogen ion concentrations in
1995 were 89% and 79% of the estimated concentra-
tions for northeastern and southeastern sites, respec-
tively. Overall, measured sulfate concentrations in the
eastern states were about 10% less than estimates and
as much as 25% less in areas in the Upper Northeast,
Mid–Atlantic, and Ohio Valley. In contrast, at sites
west of the Mississippi River, 1995 sulfate concentra-
tions averaged higher than the estimates. These sites
are upwind of virtually all of the Phase I units and
therefore did not benefit from those units’ emission
reductions.

Unlike sulfate and hydrogen ion concentrations, nitrate
concentrations in 1995 were greater than estimated
concentrations at most of the sites in the eastern and
western regions of the country. This is not unexpected,
since implementation of Title IV NOX reductions only
began in January 1996. Approximately 61% of the
eastern sites and 57% of the western sites recorded
higher nitrate concentrations in 1995 than estimated.
Nitrate concentrations in 1995 were about 5% greater
than the estimates in the eastern part of the country
(Figure 14), and about 4% greater in the western part.
Unlike sulfate concentrations, there was no evidence of
sharp decreases in nitrate concentrations recorded in
the Northeast. 
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Figure 13

N A D P / N T N
Wet Deposition
M o n i t o r i n g
S i t e s

The National
Atmospheric Depo-
sition Pro g r a m /
National Trends 
Network (NADP/NTN)
is the only long-
t e rm wet deposition
monitoring network
in the United States
with national cover-
age. The network is
s u p p o rted by fed-
eral, state, and local
agencies; universi-
ties; and the private
s e c t o r.
S o u rce: National
Atmospheric Deposition
P ro g r a m 3 4



D e p a r t u res from the long-
term ave rage pre c i p i ta t i o n
amount (1983–1994) cannot
by themselves explain the
o b s e r ved decreases in sulfa t e
and hyd rogen ion concentra-
tions in pre c i p i tation chem-
istry in 1995. Reductions fo r
s u l fate and hyd rogen ion do
not correspond to natura l
variability driven by pre c i p i ta-
tion patterns. Smaller pre c i p i-
tation volumes are typically
associated with higher con-
c e n t ra t i o n s, and most of the
eastern states had below -
ave rage pre c i p i tation in 1995.
In fact, in 1995, the smaller
p re c i p i tation volumes re s u l t e d
in greater concentrations fo r
virtually all ions except sulfa t e
and hyd rogen. The nota b l e
exceptions are the lower Mis-
sissippi River basin, including
east Texa s, and an area fro m
Illinois to lower Michigan. In
these are a s, the increases in
both sulfate and nitrate ion
c o n c e n t rations are primarily
the result of below - ave ra g e
p rec i p i tation vo l u m e s. The
increases in concentrations at
a site in central Wisconsin
and another in south Florida
cannot be explained by de-
p a r t u res of pre c i p i tation fro m
the mean. Local sources may
be re s p o n s i b l e, but deta i l e d
emissions data we re not ava i l-
able for analys i s. The conclu-
sion is that sulfate and
hyd rogen ion concentra t i o n s
d e c reased independently of
p re c i p i tation volume in the
Ohio River Va l l ey and the
s tates located immediately
d ow nwind of this region in the
northern part of the Mid–
At l a n t i c, indicating a re d u c-
tion in acid pre c i p i tation in
1 9 9 5 .
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Figure 14

D i ff e r ences in
O b s e r ved and
E s t i m a t e d
C o n c e n t r a t i o n s

A seasonal tre n d
model of the
o b s e rved concentra-
tions in wet deposi-
tion data between
1983 and 1994
(prior to implemen-
tation of Title IV)
was used to esti-
mate concentra-
tions of sulfate,
nitrate, and hydro-
gen ion (acidity) in
1995. The diff e r-
ences between the
1995 estimate
(without Title IV)
and the 1995
o b s e rved concentra-
tions (with Title IV)
a re the basis for the
p e rcentages. Nega-
tive values indicate
a reduction in con-
centrations in 1995.

S o u rce: Lynch et al. 3 3

Nitrate Ion
Concentrations

Sulfate Ion
Concentrations

Hydrogen Ion
Concentrations
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Dry Deposition

In 1995, dry deposition rates of sulfur at State
C o l l e g e, Pe n n sy l vania, decreased to their lowe s t
l evel since 1986. Deposition rates of nitro g e n
compounds have slowly incre a s e d .

Current capabilities for understanding the processes
controlling dry deposition are still exploratory. Clear
answers cannot be given for the general areawide
deposition rates that affect sensitive ecosystems. With
this limitation, scientists have focused on some spe-
cific areas, where the chances of success are greatest
and where relevant information is most desired. 

Work conducted in the United States35 on the deposi-
tion of SO2 also indicates that the historic evaluations
of dry deposition of gaseous sulfur may underestimate
actual rates, perhaps by as much as 15–20%, depend-
ing on the site. The reason is complex, but involves the
d evelopment of a better unders tanding of the
processes controlling dry deposition and their repre-
sentation in analysis routines. Since any underesti-
mates apply universally across the entire data record,
they should not affect the trends in deposition.

Total Deposition: A Relevant Example

In 1995, total deposition rates of sulfur at State
C o l l e g e, Pe n n sy l vania, decreased to their lowe s t
l evel yet re c o rded. Deposition rates of nitro g e n
compounds remained near their historic leve l .

Data gathered at the research area near State College,
Pennsylvania, have been identified as a good example
of the sort of understanding that could be made avail-
able for the region as a whole, provided the scientific
research is appropriately targeted. Total deposition of
sulfur is the sum of measured wet deposition of sulfate
and estimated (through calculations) dry deposition of
sulfur dioxide and particulate sulfate. The data indi-
cate that annual dry deposition rates of sulfur are typ-
ically about the same as for wet deposition, with dry
exceeding wet for drought years (Figure 15). Average
total deposition rates of sulfur have been about 13–16
kg/ha/yr (an average of the last 10 years), with 1995
being somewhat lower (about 11 kg/ha/yr). It is not
clear how much of this drop in 1995 is properly attrib-
utable to emission reductions. All estimates of total
deposition are site specific.

For deposition of nitrogen compounds, the data indi-
cate a trend in the ratio of dry-to-wet deposition, from
about 0.2 in the mid–1980s to about 1.0 in 1995. The
reason is not clear, but several potential explanations
are currently being explored—all related to the fact
that dry deposition of nitric acid vapor is a more local
phenomenon than wet deposition of nitrogen as nitrate
and ammonium. First, local fa r m e rs could have
increased their use of nitrogenous fertilizers, which
would affect regional air quality. Second, regional
d e c reases in NOX emissions could decrease the
amount of wet deposition.

As expected, to tal nitrogen deposition data do not
indicate a sharp decline in 1995. The values appear to
be maintaining a to tal deposition rate of about 8
kg/ha/yr of nitrogen at State College. Again, this is
l i kely to be an underestimate due to current omission
of organic nitrogen contributions and of dry nitro g e n
species other than nitric acid va p o r. It is also possible,
h oweve r, that some of these causes for undere s t i m a-
tion may be of fset by the likely presence of ammo-
nium nitrate particles in the air. Ammonium nitrate is
not measured well by the apparatus used in the AIR-
MoN-dry pro g ram. A possible explanation for the time
t rends evident at State College is that local use of
n i t rogenous fertilize rs has increased, in which case
ammonium nitrate is quite likely to have been pre s e n t .
If so, then the methodologies reported here wo u l d
h ave ove restimated nitrate deposition. Clarifying this
situation is not within existing capabilities. More
studies are needed if the related questions are to be
a n s we red. 

What are current
deposition rates, and 
what is their variability?

P recipitation data show that widespre a d
declines in sulfate concentrations and acidity
(hydrogen ion) accompanied by decreases in
such cations as calcium, magnesium, potas-
sium, and sodium have occurred since about
1980. The most significant declines in sulfates
and hydrogen ion occurred in 1995. Nitrate and
ammonium concentrations showed considerable
variability.

The acidity (as measured by hydrogen ion) of
precipitation may not have declined as much
during 1983–1994 due to the simultaneous



decline in base cations in precipitation, which
act to buffer the acidity, and also to an increase
in nitrate. However, 1995 wet deposition data
show a substantial drop in acidity (hydrogen
ion) and an increase in pH commensurate with
the sulfur concentration reductions.

Deposition of ammonium, which along with
nitrate is a significant contributor to nitrogen
enrichment to ecosystems via atmospheric
deposition, generally increased throughout the
United States.

Based on NADP/NTN
data, nitrate concentra-
tions in precipitation did
not exhibit a consistent
spatial or temporal pat-
tern between 1983 and
1994, although the num-
ber of sites measuring
increases in nitrate ex-
ceeded the number where
d e c reases occurre d .3 3

The largest increases in
n i t rate concentra t i o n
occurred in the western
United Sta t e s. Ammo-
nium concentrations in-
creased at 80% of the
deposition monito r i n g
sites during 1983–1994,
for a total increase of
28%. Hyd rogen ion con-
centrations (acidity) de-
clined during the same
period, although a lack
of consistency between
the magnitude of sulfate
reductions and re d u c-
tion in free acidity sug-
g e s ts that the decline 
in acid-neutralizing ca-
tions may have of fs e t
some of the ex p e c t e d
decline in the acidity of
precipitation.

Widespread declines in
s u l fate concentra t i o n s
accompanied by de-
creases in base cations

have been measured since the late 1970s. The largest
declines occurred from 1979 to 1982, with continued
declines throughout the 1980s.36 Consistent with these
findings, an analysis of precipitation data33 found con-
centrations decreased more rapidly during the early
1980s and less rapidly thereafter until 1995, when sig-
nificant reductions were measured. Nitrate and ammo-
nium concentrations showed considerable variability.
The large decreases in the early 1980s were similar to
changes in SO2 e m i s s i o n s, which also decre a s e d
rapidly between 1980 and 1983, then remained nearly
constant in many states during the remainder of the
decade. Figure 16 shows the 1995 weighted mean pH
of precipitation and the 1995 wet deposition rates for
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Figure 15

A n n u a l
Deposition of
Sulfur and
N i t rogen at a
Site Near State
College, PA
(in kilograms per
h e c t a re per year)

Wet and dry deposi-
tion of sulfur and
n i t rogen during
1 9 8 6 – 1 9 9 5 .

S o u rce: National Oceanic
and Atmospheric
A d m i n i s t r a t i o n
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sulfate, nitrate, and total nitrogen (nitrate plus ammo-
nium, expressed as nitrogen).

A major fa c tor influencing the statistical depiction of
atmospheric deposition is the areal variability of the

signal. Wet deposition is largely a “spatially erg o d i c ”
p rocess—that is, a sample obtained at a selected
location is likely to be re p re s e n ta t i ve of the area as a
w h o l e. Dry deposition is substantially differe n t ,
because it is driven by surface properties that are site

Figure 16

1 9 9 5
G e o g r a p h i c
Distribution 
of Acid
P re c i p i t a t i o n

Average pH (acidity)
of pre c i p i t a t i o n ,
along with the total
wet deposition rates
(in kilograms per
h e c t a re) for sulfate,
nitrate, and total
n i t rogen (nitrate
plus ammonium).

Annual Mean
Hydrogen Ion
Concentrations

Total Wet
Deposition of
Sulfate IonS o u rce: National

Atmospheric Deposition
P ro g r a m 3 4
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s p e c i f i c. Deriving a spatial ave rage rate of dry depo-
sition from single-location information pre s e n ts a
challenge that is currently daunting. The capability to
m e a s u re dry deposition rates across selected are a s
(using highly advanced instrumentation on airc ra f t )
has been developed only very re c e n t l y. In the mean-

t i m e, the best contemporary numerical models use
grid cells that contain many land-use types. Compar-
ing model outputs for a selected grid cell against dry
deposition data obtained for a particular land-use
type within the same grid cell remains a difficult
p ro b l e m .3 7

Total Wet
Deposition of
Nitrate Ion

Total Wet Deposition
of Nitrogen from 
Nitrate and Ammonium



Benefits of 
Emission Reductions

A s the amount of sulfur and nitrogen oxides emitted into the atmosphere is
reduced, concentrations of pollutants in the air and deposition of acidic com-
pounds to the Earth’s surface should be reduced. Reducing the amount of acid

deposition is also expected to decrease the damage to ecosystems, materials, visi-
bility, and human health. The emission reductions under Title IV only began in Jan-
uary 1995, and the time frame of responses to those reductions varies (Figure 17).
Concentrations of pollutants in the air respond to these reductions within hours,
and these compounds are deposited to the earth’s surface usually within days to
weeks (e.g., during a rain event). Thus, receptors affected by air concentrations,
such as human health and visibility, will respond quickly (from hours to days).

The effects of deposition on sensitive re c e p to rs can range from days to centuries.
E c o systems are complex systems that are simultaneously responding to a variety of
i n p u ts, such as climate, land-use patterns, and other polluta n ts besides sulfur and
n i t rogen ox i d e s. These multiple stre s s o rs can result in chemical changes within the
e c o system, which can exhibit long lag times befo re manifesting a re s p o n s e. There-
fo re, in many effects are a s, responses to the Title IV emission reductions will not be
expected for many ye a rs. Monitoring the changes in the effects areas over time will
be necessary to determine whether the expected benefits are re a l i ze d .

Have changes in effects 
been observed (1980–1995)? 

NAPAP has focused on five effects areas for this assessment: aquatic ecosystems,
forest ecosystems, materials and cultural resources, visibility, and human health.
The following issues are addressed in each effects area:

■ effects of acid deposition on sensitive receptors over the period 1980–1995,

■ significant developments since the NAPAP 1990 Integrated Assessment Report,
and

■ dose-response relationships.

Highlights of the policy-relevant developments since 1990 are presented in Table 5.

Aquatic Ecosy s t e m s
Observed Effects

Although it is too early to detect specific changes in aquatic systems from emission
reductions under Title IV, significant progress has been made since the 1990 Inte-
grated Assessment Report3 in refining understanding of acidification processes and
quantifying dose-response relationships. This information improves model fore-
casts of anticipated change in aquatic systems due to reduced emissions. Particu-
lar areas include naturally occurring organic acidity, the depletion of base cation
reserves from soils, nitrogen dynamics in forested and alpine ecosystems, interac-



Aquatic Ecosys t e m s

tions between acid deposition and land use, and the
role of aluminum in fisheries re s p o n s e. These
advancements and observed trends in aquatic effects
are discussed below.

Sulfate and Nitrate Concentrations

La kes and streams in some areas of the United
States have experienced substantial decreases in
s u l fate and base cation concentrations in re s p o n s e
to reduced levels of atmospheric sulfur deposition.
H oweve r, acid neutralizing capacity and pH,
which can affect aquatic biota, show little consis-
tent change, particularly in the most sensitive
e c o sys t e m s. 

Monitoring data have been available since the early
1980s for many lakes and streams in acid-sensitive
areas of the United States. The concentration of sulfate
in surface waters has decreased in many of these lakes
and streams over the past 10–20 years. This decrease
has been caused by reductions in emissions and sub-
sequent decreases in atmospheric deposition of sulfur
on a regional basis throughout many parts of the
United States during that period. To some extent, these
changes may be partly related to implementation of
Title IV, but changes were also already occurring with-
out Title IV, most likely as a result of pollution controls,

including those in response to the 1970 Clean Air Act
and its 1977 Amendments.

In parts of the northeastern United States, approximate
reductions of 15% in sulfate concentrations of lakes
and streams have been measured in recent years, and
additional decreases undoubtedly occurred prior to
implementation of long-term monitoring programs.
Sulfate concentrations are expected to continue to
decline in the Northeast and many other areas. Exactly
how that will affect surface water acidity and biologi-
cal recovery is uncertain and will require continued
monitoring. On the other hand, lakes in New England
do appear to show statistically significant recoveries in
acid neutralizing capacity as a result of sulfate reduc-
tions.38 This is based on analyses of long-term moni-
toring data and is discussed in more detail under
Sensitive Receptors, following this Observed Effects
section. Future data analyses should focus on the
years following Title IV implementation to provide a
period of record long enough to determine trends. A
recent assessment of surface waters in the southern
Appalachians reports that the few long-term monitor-
ing sites in the region have been experiencing sulfate
concentration increases over the last 10–20 years, as
has been predicted by acidification models.39

Concurrent changes in the concentrations of other
chemical parameters have been generally less clear
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Figure 17

R e l a t i v e
R e s p o n s e
Times to
Changes in
E m i s s i o n s

The span between
the time emissions
of SO2 and NOX
f rom electric utility
units increase or
d e c rease and the
time when changes
in sensitive re c e p-
tors are detectable
can range fro m
hours to centuries.
In many eff e c t s
a reas, detectable
responses to Title IV
emission re d u c t i o n s
a re not expected for
many years.



and less consistent than for sulfate and base cations.
These other parameters are more strongly influenced
by factors other than atmospheric deposition. Another
consistent response of surface water chemistry to the
recent observed decrease in sulfate concentration in
lakes and streams has been a decrease of approxi-
mately the same magnitude in the concentration of

calcium and other base cations (see text box on Water
Chemistry). In most cases, pH, aluminum, and acid
neutralizing capacity have not responded in a large or
systematic fashion to changes in sulfate concentra-
tions. Examples of monitoring data from two sites are
shown in Figure 18. Seasonal and annual variability
tend to be large in relation to the overall trend.
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Table 5

W H AT’S NEW SINCE 1990 S I G N I F I C A N C E

Sulfur Concentration in Pr e c i p i t a t i o n

Aquatic Effects from Nitr o g e n

S u r face Water Tr e n d s

High-Elevation Spruce-Fir Dieback

Cultural Resour c e s

Fine Particle Impacts on Health

Valuation of Economic Benefits

Expected benefits are greater than previ-
ously thought, especially in the areas of
human health and visibility.

The magnitude of valued benefits in these
areas exceeds the costs of Title IV, indepen-
dent of benefit estimates for other areas.

New studies associate fine-particle (PM2.5)
exposure with premature mortality and
other health impacts.

Title IV controls on emissions of precursors
of fine sulfate and nitrate particles will
reduce ambient PM2.5 concentrations.

Dry deposition of SO2 and aerosols is now
thought to be more damaging to stone
than wet deposition.

The role of dry deposition and its relative
impact on benefits to cultural resources
must be reviewed.

Strong linkage was confirmed between acid
deposition and damage to high-elevation
spruce-fir forest ecosystems.

There is a higher likelihood of some short-
term benefits from controls of acid deposi-
tion precursors.

Concentrations of sulfate in lake and stream
waters have decreased in many areas, with
evidence of recovery from acidification in
New England. However, the majority of
Adirondack lakes have remained fairly con-
stant, while the sensitive Adirondack lakes
continue to acidify.

Reductions in sulfur deposition to date may
be insufficient in some areas to improve the
acid-base status of acidified surface waters.

Nitrogen is now recognized as playing a
greater role in watershed acidification.

There may be limited recovery in some sen-
sitive systems because NOX reductions
under Title IV may not be sufficient enough
to result in measurable improvements in
chemical or biological changes.

Sulfur concentration levels in wet deposition
d e c reased 10–25% over large areas of the
e a s t e rn United States in 1995, with the larg e s t
d e c reases in and downwind of the Ohio River
Va l l e y. Similar decreases were found in sulfur
concentrations in dry deposition. 

The significant drop in acid deposition (and
emissions) in 1995 provides a unique scien-
tific (and economic) opportunity to validate
atmospheric deposition models and dose-
response relationships.

Selected 
P o l i c y - R e l e v a n t
D e v e l o p m e n t s
Since 1990

This information
re p resents the signi-
ficant developments
since the NAPAP
1990 Integrated
Assessment Report.
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Figure 18

S u r face W a t e r
Trends at
L o n g - Te r m
M o n i t o r i n g
S i t e s

Monitoring data
f rom a stream site
and a lake site in
the eastern United
States show a de-
c rease (measured as
m i c ro - e q u i v a l e n t s
per liter) in sulfate
concentration, but a
c o rre s p o n d i n g
change in pH (acid-
ity) and acid neu-
tralizing capacity
has not been
detected; the con-
centration of base
cations at these two
sites has decre a s e d
s l i g h t l y. The figure
also illustrates the
l a rge seasonal and
annual variability
relative to the over-
all tre n d .

S o u rce: Based on long-term
monitoring data coord i n a t e d
by the U.S. EPA, Corv a l l i s ,
O R



Concentrations of key chemical parameters often vary
per season by more than can be accounted for (or
attributed to) acid deposition. For example, a decrease
in sulfate concentration in a lake or stream may not be
solely attributable to a decrease in acid deposition, but
may also be attributable to normal seasonal variability
of sulfate concentration in that lake or stream. Such
variability makes it difficult to quantify acidification
and re c overy re s p o n s e s, and also complicates
attempts to evaluate sensitivity to acidification based
solely on “index” chemistry (i.e., samples taken during
broad-scale synoptic surveys at a time when water
chemistry is expected to be relatively stable). Seasonal
variability is particularly problematic in determining
long-term trends. Continued monthly monitoring of
different types of lakes and streams located in sensitive
regions will provide much needed data on seasonal
variability. This will be especially important for evalu-
ating the possible need to reduce nitrogen deposition
in some regions during the winter/spring period prior
to snowmelt, in view of the apparent seasonal nature
of nitrogen impacts on water quality.

The observed changes in the concentration of nitrate in
some surface waters have most likely been due to a
variety of factors, including nitrogen deposition and
climate. In many areas of the northeastern United
States, nitrate concentrations in lakes and streams
increased during the latter part of the 1980s. This

trend was reversed in about 1990, however, despite
relatively constant levels of nitrogen deposition during
the past 10 years.40 This is because the amount of
nitrate that leaches through soils to drainage waters is
the result of a complex set of biological and hydrolog-
ical processes that include: nitrogen uptake by plants
and soil microbial communities, microbial transforma-
tions between different forms of inorganic and organic
nitrogen, rates of organic matter decomposition, the
amount of rain and snow received, and the amount
(and form) of nitrogen that enters the ecosystem as
atmospheric deposition. Most of these importa n t
processes are strongly influenced by climatic factors,
such as temperature, moisture, and snowpack devel-
opment. The end result is that nitrate concentrations
in surface wa t e rs, although clearly influenced by
atmospheric nitrogen deposition, respond to many
factors and can be difficult to predict.41

Episodic Acidification

N i t rogen is quantitatively as—or, in some cases,
m o re—important than sulfur as a cause of both
c h ronic and especially episodic acidification than
was understood in 1990. 

Biological effects on fish during acidic episodes
a re largely attributable to increased concentra-
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Effects on Water Chemistry

I f there is a change in the concentration of an anion contributed by acid deposition (e.g., sulfate or nitrate),
then other anion and/or cation concentrations must also change, such that the total concentration of anions

always equals the total concentration of cations in the surface water. This is called the principle of electr o n e u -
t r a l i t y , whereby positive and negative ions are found in equal amounts. Thus, if acid deposition causes sulfate
and nitrate concentrations to increase, then some or all of the following changes will also occur:

■ bicarbonate anion decreases, which causes a reduction in acid neutralizing capacity;

■ base cations (calcium, magnesium, sodium, potassium) increase, which prevent or minimize acidifica -
tion of drainage waters, but may deplete soil reserves and affect forest growth;

■ hydrogen cation increases (decreases pH), which can adversely affect aquatic biota; and

■ aluminum cation increases, which can negatively affect aquatic biota.

If a reduction in acid deposition causes sulfate and nitrate concentrations to decrease, then changes opposite
to those enumerated above will also occur. An increase in the concentration of base cations in drainage
waters as a consequence of acid deposition has both positive and negative connotations. Removal of base
cations from soils to balance sulfate or nitrate from acid deposition minimizes the extent of surface water
acidification. Over time, however, base cation reserves in the soils can become depleted if they are lost from
the soils faster than they are supplied from atmospheric inputs and weathering. This can delay acidification
recover y.
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tions of dissolved aluminum in stream wa t e r. Th i s
aluminum is transported from soils to streams by
short-term increases in acidity, which are larg e l y
associated with nitro g e n — s p e c i f i c a l l y, nitra t e
leaching. 

Episodic acidification is the process by which lakes
and streams experience short-term (hours to weeks)
decreases in acid neutralizing capacity and pH. Gener-
ally, these episodes occur during periods of high water
flow, such as storms or snowmelt, and often occurs at
the most biologically sensitive time of the year—spring
spawning. Typically, several chemical changes accom-
pany the decrease in acid neutralizing capacity that
occurs during episodes. In regions with the most
severe episodes, pH and calcium often decrease and
dissolved aluminum increases, creating more adverse
conditions for aquatic life.42

A review of episodic acidification of surface waters in
portions of the eastern United States43 clearly demon-
strated that (1) episodic events are a natural facet of
watershed processes, (2) nitrate attributable to atmos-
pheric deposition plays an important role in the
episodic acidification of some surface waters, and (3)
increased aluminum concentration has the greatest
impact on biota. EPA’s Episodic Response Project doc-
umented the occurrence of acidic episodes with a min-
imum pH of less than 5 and a high aluminum
concentration in the northern Appalachian region of
Pennsylvania and the Catskill and Adirondack Moun-
tains of New York.44 A regional assessment of the acid-
base status of native brook trout streams in the
mountains of Virginia included examination of the
relationship between the median acid neutralizing
capacity observed during spring and the minimum acid
neutralizing capacity observed during episodic acidifi-
cation. The results indicated that the extreme episodic
acid neutralizing capacity values were about 20%
lower than the median values.45

Episodic acidification has been found to be nearly
u b i q u i tous in drainage wa t e rs. Nearly all lakes and
s t reams that have been studied throughout the
United Sta t e s, Canada, and Europe experience loss of
acid neutralizing capacity during hyd rologic eve n ts.
Chemical changes during episodes are controlled by
a number of natural pro c e s s e s, including dilution of
base cation concentra t i o n s, nitrification, flushing of
o rganic acids from terrestrial to aquatic sys t e m s, and
the neutral salt effect. Acid deposition contributes to
episodic acidification, particularly via enhanced

n i t rate leaching. Under some conditions, episodes
can be partly caused by increased sulfate concentra-
t i o n s. There is also the likelihood that chronic acidi-
fication by acid deposition can precondition a
wa t e rshed, there by increasing the severity of episodic
a c i d i f i c a t i o n .

N i t rate is the principal acid anion in snowmelt in many
a reas of the United Sta t e s. Nitrate in snowmelt runof f
has been re c o g n i zed for some time as an importa n t
component of biological damage resulting from atmos-
pheric deposition. A number of fa c to rs can be invo l ve d
in controlling the loss of nitrogen from fo rested and
alpine wa t e rs h e d s, including atmospheric inputs, fo re s t
s tand age and condition, land use, soil nitrogen and car-
bon pools, and flow paths of percolation and melt wa t e r
within the wa t e rshed. Except in cases of exc e s s i ve nitro-
gen saturation, the effects of nitrogen deposition on sur-
face wa t e rs are expected to be primarily episodic.
H oweve r, data re q u i red to make regional assessments of
episodic effects are generally not ava i l a b l e. 

Organic Acidity

N a t u rally occurring organic acids are more impor-
tant components of surface water acid-base
chemistry (pH) and have more significant influ-
ences on the sensitivity of model projections of
acidification than was widely believed in 1990.
P redictions of the pH of sensitive lakes in the
Ad i ro n d a c ks have been revised accord i n g l y.

O rganic acids commonly exert a major influence on
s u r face water acid-base chemistry, particularly in
dilute wa t e rs having modera t e - to-high concentra t i o n s
of dissolved organic carbon. Some lakes and stre a m s
a re naturally acidic as a consequence of organic acids
in solution. Even naturally acidic surface wa t e rs can
be at risk of becoming further acidified, particularly
on an episodic basis. The presence of organic acids
also provides buffering to minimize pH changes in
response to changes in the amount of mineral acid
anions (e.g., sulfate and nitrate) in solution. Org a n i c
acids will most likely become more important compo-
n e n ts of acid-base chemistry as acid deposition con-
tinues to decline. 

Recently revised model simulations that included
o rganic acids4 6 , 4 7 s h owed improve m e n ts in the agre e-
ment between modeled and historic acidity inferre d
f rom diatoms of up to one full pH unit for individual
l a ke s. The revised Model of Acidification of Gro u n d-
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water in Catc h m e n ts (MAGIC) pre d i c ts less pH re c ov-
ery of Ad i rondack lakes by 2034 in response to
d e c reased sulfur deposition than the earlier ve rsion of
the model used as the basis for NAPA P ’s 1990 Inte-
grated Assessment Re p o r t .3 Other surface water chem-
istry indicato rs, such as acid neutralizing capacity, are
not affected to the same extent by organic acids. (See
Appendix A for further discussion of MAGIC model
i m p rove m e n ts. )

Base Cation Depletion

S e n s i t i ve wa t e rsheds in the Ad i rondack Mountains
h ave responded to atmospheric sulfur inputs pri-
marily by enhanced base cation leaching, espe-
cially calcium and magnesium. This means that
d rainage wa t e rs have been less acidified than wa s
earlier reported by NAPAP in 1991. Such a
response has also raised concerns about long-
term depletion of base cation re s e r ves from fo re s t
s o i l s, which could decrease future fo rest pro d u c-
tivity and the rate of wa t e rshed re c overy in
response to lower levels of sulfur deposition. 

Base cation depletion has been re c o g n i zed as an
i m p o r tant effect of acid deposition on soils for many
ye a rs. Howeve r, scientific appreciation of the impor-
tance of this response has increased with the re a l i za-
tion that many wa t e rsheds previously acidified by
acid deposition are not exhibiting acid neutra l i z i n g
capacity and pH re c overy in response to re c e n t
d e c reases in sulfur deposition. As sulfate concentra-
tions in lakes and streams have declined, so too have
the concentrations of calcium and other base cations
for seve ral re a s o n s. First, decreased movement of sul-
fate through wa t e rshed soils reduces leaching of base
cations from soil surfa c e s. Second, the atmospheric
deposition of base cations has decreased in re c e n t
d e c a d e s,4 8 p robably due to a combination of air pol-
lution controls that ta rgeted large particles, changes
in agricultural pra c t i c e s, and the paving of ro a d s. The
latter two of these fa c to rs generate dust that is rich in
base cations.3 6 Most of these reductions of dust
o c c u r red in the 1960s and 1970s; dust has re m a i n e d
fairly stable for the past 20 ye a rs. Third, soils in some
s e n s i t i ve areas have experienced prolonged base
cation leaching to such an extent that their base
cation re s e r ves have been depleted. Such depletion
p rolongs the acidification re c overy time of wa t e r-
sheds and may adve rsely impact fo rest pro d u c t i v-
i t y.4 9 , 50 (See the Fo rest Ecosystems section for further
discussion.) 

Nitrogen Cycling

Significant pro g ress has been made in under-
standing nitrogen cycling in fo rested and alpine
e c o sys t e m s, and the effects of nitrogen deposition
on nitrate leaching and consequent acidification of
s u r face wa t e rs. The ability to model nitro g e n
dynamics effectively on a regional basis is on the
immediate horizon. 

I n c reased atmospheric deposition of nitrogen does not
necessarily cause adve rse enviro n m e n tal impacts. In
some cases, nitrogen acts as a fertilizer and is ta ke n
up by terrestrial biota increasing fo rest pro d u c t i v i t y.51

H oweve r, in some are a s, especially at high eleva t i o n s,
t e r restrial ecosystems have become nitrogen satu-
rated, and high levels of deposition have raised the
l evels of nitrate in drainage wa t e rs.5 2 , 5 3 This enhanced
leaching of nitrate depletes calcium and other base
cations from fo rest soils and can cause acidification of
d rainage wa t e rs in base-poor soils. Nitrogen satura-
tion means that the input of nitrogen (e.g., nitra t e,
ammonium) to the ecosystem exceeds the re q u i re-
m e n ts of terrestrial biota (that is, more nitrogen comes
in than can be ta ken up by plants and micro o rg a n-
isms), and a substantial fraction of the incoming
n i t rogen leaches out of the ecosystem and into gro u n d
water and surface wa t e r. (Further discussion about
n i t rogen effects is presented in the section on Fo re s t
E c o sys t e m s. )

Prior to the mid–1980s, research on the effects of
atmospheric deposition focused almost exclusively on
sulfur. During the last 10 years, the research focus has
shifted more to nitrogen. Although some high-quality
research has been conducted in the United States on
the environmental effects of atmospheric nitrogen
deposition since 1990, such work has been conducted
to a far greater extent in Europe.

In Euro p e, direct ecosys t e m - l evel data have been
o b tained on nitrogen saturation from atmospheric
deposition and subsequent ecosystem re c ove r y.
Re s u l ts from ex p e r i m e n tal manipulations and other
studies have shown that nitrogen generally leaches
i n to drainage wa t e rs in European fo re s ts only
w h e re atmospheric deposition of nitrogen is gre a t e r
than about 10 kilograms per hecta re per ye a r
( kg/ha/yr). Other important fa c to rs contro l l i n g
n i t rogen leaching include the ratio of carbon to
n i t rogen in the fo rest floor and soils, the age of the
fo rest, and past fo rest management practices and
d i s t u r b a n c e s.
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C h ronically high nitrate concentrations in lake or stre a m
wa t e r, indicative of ecosystem nitrogen saturation, have
been found in recent ye a rs at a variety of locations in the
western and eastern United Sta t e s, including the San
B e r n a rdino and San Gabriel Mountains within the Lo s
Angeles air basin,5 4 the Front Range of Colora d o ,5 5 , 5 6 t h e
A l l e g h e ny Mountains of West Virg i n i a ,5 7 the Catskill Moun-
tains of New Yo r k ,5 3 , 5 8 and the Great Smoky Mountains in
Te n n e s s e e.5 9 N i t rogen saturation is occurring thro u g h o u t
h i g h - e l evation wa t e rsheds of the Colorado Front Ra n g e.5 6

To tal nitrogen deposition in high-elevation wa t e rs h e d s
of the Colorado Front Range is about 4 kg / h a / y r, which
is about double that in most other mountainous are a s
of the West and approaching the deposition leve l s
found in some parts of the East. It is much lowe r, how-
eve r, than the 10 kg/ha/yr threshold value for nitro g e n
leaching found in Euro p e. The observed high concen-
t rations of nitrate in lakes and streams of the Fro n t
Range are likely due to leaching from tundra, ex p o s e d
b e d rock, and talus areas at high eleva t i o n s. In the
alpine areas of Colorado, about 50% of the nitrogen is
deposited in the snowpack and released with the spring
t h aw. This large release of nitrogen moves through the
wa t e rshed, re m oving base cations and reducing the
acid neutralizing capacity of lakes and stre a m s.5 6

A comparison was recently made for 37 wa t e rsheds in
the United States and Canada to examine the re l a t i o n-
ship between atmospheric nitrogen deposition inputs
and nitrogen outputs in drainage wa t e rs. Over one-
t h i rd of the wa t e rsheds that re c e i ve nitrogen deposition
higher than about 6 kg/ha/yr are leaching appre c i a b l e
a m o u n ts of nitrogen (more than about 2 kg / h a / y r ) .6 0

The highest inputs and outputs of nitrogen we re fo u n d
at the Fe r n ow Experimental Fo rest in West Virg i n i a .

Re s u l ts from an ex p e r i m e n tal manipulation site in
Maine illustrate the rapidity with which some fo re s t e d
wa t e rsheds in the northeastern United States may move
towa rd nitrogen saturation in response to incre a s e d
n i t rogen loadings. The fo rest ecosystem continued to
accumulate nitrogen, but the rate of accumulation
d e c reased steadily with the ex p e r i m e n tal tre a t m e n t .61

Land Use

Human land-use activities, especially disturbance
of soils and fo rest management, have important
effects on the responses of terrestrial and aquatic
e c o systems to the atmospheric inputs of sulfur
and, especially, nitro g e n .

In the northeastern United Sta t e s, land-use practices and
resulting ve g e tation patterns have changed some are a s
f rom fo re s ts to agriculture and back to fo re s ts more or
less continuously for about the past 250 ye a rs. These
changes in human activity, and consequent changes in
fo rest structure and dynamics, can influence the re s p o n s e
of fo rested ecosystems to external stre s s o rs, such as
atmospheric deposition of sulfur or nitrogen, ex p o s u re to
o zo n e, natural disturbance fa c to rs (e.g., wind and fire ) ,
and climatic changes. Some landscape processes con-
tribute to the acidification of soil and surface wa t e rs or
reduce the base cation saturation of the soils, there by
i n c reasing their sensitivity to acid deposition. Acid depo-
sition is only one of many fa c to rs that affects acidity sta-
t u s, although in acid-sensitive regions it remains one of
the primary fa c to rs influencing the health of ecosys t e m s. 

Disturbances such as logging, blowdown, and fire
affect surface water pH and acid neutralizing capacity.
When they occur within a watershed, these distur-
bances disrupt the normal flow of water. In some
cases, they cause increased contact between runoff
water and soil surfaces, and often lead to increased
base cation concentration and acid neutralizing capac-
ity in surface waters. In most cases, recovery from dis-
turbance will lead to a decrease in pH and acid
neutralizing capacity, as the system returns to predis-
turbance conditions. Such acidification can be erro-
neously attributed to acid deposition. 

The removal or cutting of forests has immediate effects
on the chemistry of drainage water. Dry deposition of
sulfur and nitrogen to the site is reduced. Leaching of
nitrate increases and, in some cases, causes a pulse of
surface water acidification, and base cations are lost
from the soils.

The subsequent regrowth of the forest following defor-
estation also affects drainage water chemistry. Young,
fast-growing forests are considerably more acidifying
to the soil than older forests because young trees take
up more of the base cations from the soil, leaving less
to neutralize any acidic inputs. In contrast, old-growth
forests need less nitrogen to sustain growth and, there-
fore, may be more susceptible to nitrate leaching into
nearby surface waters.

Lake water acidification in the Adirondacks has been
c o r related with widespread changes in landscape
cover that occurred in response to massive logging
operations and fires around the turn of the 20th cen-
tury and unprecedented forest blowdown during a
large wind storm in 1950.62 Although such changes—
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particularly forest regrowth—have not been shown on
their own to cause lakes to become acidic, they can
cause decreases in the base saturation of soils, thereby
predisposing sensitive watersheds to subsequent acid-
ification from acid deposition. The importance of these
landscape changes has not been widely recognized. 

Modeling studies and calculations performed fo r
selected wa t e rsheds in Europe have suggested that acid
deposition and landscape processes are of approx i-
mately equal importance as re g u l a to rs of surface wa t e r
acid-base chemistry within the wa t e rsheds inve s t i-
g a t e d .6 3 , 6 4 In the United Sta t e s, howeve r, the importa n c e
of landscape processes in influencing surface wa t e r
acid-base chemistry and the response of surface wa t e rs
to atmospheric deposition of sulfur and nitrogen have
not been well studied. For simplicity, early modeling
i n ve s t i g a t i o n s3 of the response of acid-sensitive wa t e r-
sheds in the United States did not consider landscape
p ro c e s s e s. Such omission may have biased model pro-
jections towa rd less acidification and/or quicker re c ov-
ery of surface wa t e rs in response to changing levels of
sulfur deposition. It may be responsible—at least in
p a r t — for the observed tendency for MAGIC model hind-
c a s ts of historical acidification to exceed diato m - i n f e r-
ences of acidification of some Ad i rondack Mounta i n
l a ke s. The need to include land use in modeling effo r ts
will most likely increase as effo r ts shift more to model-
based assessments of nitrogen effects. This is because
n i t rate leaching from fo rested wa t e rsheds is largely con-
t rolled by age-dependent fo rest nitrogen upta ke
p rocesses as well as atmospheric deposition of nitrogen. 

Fu t u re studies to address the quantita t i ve response of
s u r face water pH and acid neutralizing capacity to
changing levels of sulfur or nitrogen inputs should
include the influence of landscape changes on key
wa t e rshed pro c e s s e s. This will re q u i re the collection of
d e tailed, wa t e rshed-specific information on past, cur-
rent, and future fo rest management and the occurre n c e
of major landscape disturbances. In addition, re s e a rc h
is needed on wa t e rsheds that contain multiple land
u s e s — e.g., fo re s ts, agriculture, and urban are a s. Con-
s i d e ration of the cumulative impact of all major
p rocesses that influence the acid-base chemistry of
d rainage wa t e rs will be re q u i red to improve model pro-
jections of future dose-response re l a t i o n s h i p s. 

Biological Response to Deacidification

Biological re c overy of previously acidified lake s
can be a slower process than chemical re c ove r y.

Studies in both the United States and Canada have
provided new understanding of the feasibility and
c o m p l exity of biological re c overy in response to
chronic deacidification. The rate of biological recovery
can be slower because of several factors: (1) other
environmental stresses, such as metal contamination
(e.g., as in Sudbury, Ontario);65-70 (2) barriers imposed
by water drainage patterns between lakes, hindering
recolonization by some fish species;67 (3) the influence
of predation by fish species that are not identified as
acid-sensitive on the recovery of zooplankton and
macroinvertebrate communities;68 and (4) predation
on tributary-spawned young trout when they move
downstream into lakes inhabited by predatory fish and
birds.71

Re s u l ts from a liming study in the Ad i ro n d a c ks indi-
cated that re e s tablishment of tributa r y - s p aw n i n g
populations of brook trout may be possible with
f u t u re reductions in acid deposition. Howeve r,
re s to ration of tributa r y - s p awning habitat may not be
sufficient to produce self-sustaining populations
because of high rates of predation on young tro u t
after they move dow n s t ream into lake s.71 Woods La ke
continues to be examined as part of the Ad i ro n d a c k
Lo n g - Term Monitoring Project to evaluate the effec-
t i veness of liming to provide a self-sustaining bro o k
t rout population.

Sensitive Receptors

Several types of aquatic systems and/or regions are
particularly sensitive to acid deposition. The focus of
this report is on four sensitive receptors: Adirondack
and New England lakes, high-elevation western lakes,
aquatic biota, and estuaries and near-coastal waters.

O ve rall, lakes and streams in areas of the United
States that have experienced significant re c e n t
d e c reases in sulfur deposition have show n
d e c reases in sulfate and base cation concentra-
tions of approximately similar magnitudes. Other
ions have been less affected by the changes in
deposition. 

Adirondack Mountains and New England 

In the Adirondack Mountains, where acid deposition
has recently been considerable, the acid neutralizing
capacity of the majority of lakes has remained fairly
constant, but has continued to decline in the sensitive
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lakes (i.e., acidification has increased) despite rela-
tively large decreases in sulfate concentrations in lake
water. As a result, the recovery anticipated in 1990 has
not been realized.3

In contrast, lakes in New England, especially those
c o n s i d e red highly sensitive to acid deposition, have
s h own statistically significant re c overies in acid neu-
t ralizing capacity, based on analyses of long-term
m o n i toring data .3 8 Although the precise reasons fo r
these differences are not known, it is believed that the
extent to which base cation re s e r ves in the soil have
been depleted by acid deposition is an important fa c-
to r. Monitoring of acid-sensitive wa t e rs should con-
tinue in order to identify the processes of re c ove r y
and to improve the models used to predict re c ove r y
t i m e s.

High-Elevation Western Lakes

Episodic acidification associated with nitro g e n
deposition may be occurring to a significant
d e g ree in the wa t e rsheds of many high-eleva t i o n
western lake s. These systems may be pre d i s p o s e d
to episodic eve n t s. 

Based on existing data, many high-elevation lakes in
the West are currently experiencing nitrogen deposi-
tion sufficiently high to cause chronic nitrate leaching
( i . e., nitrate concentrations in lakes and stre a m s
remain high, greater than 10µeq/L, throughout the
year), and associated chronic and episodic acidifica-
tion, albeit small in magnitude.

A number of factors predispose western systems to
potential episodic effects, including:

■ The abundance of dilute to ultra-dilute lakes,
exhibiting very low concentrations of base
cations and, therefore, acid neutralizing capac-
ity, throughout the year.

■ Large snowpack accumulations at high eleva-
tions, causing substantial episodic acidification
via the natural process of base cation dilution.

■ Short retention times for many of the high-eleva-
tion drainage lake s, enabling snowmelt to ra p i d l y
flush lake basins with highly dilute melt wa t e r. 

Lakes and streams in the Sierra Nevada, Cascade, and
Rocky Mountains are highly sensitive to the potential

effects of acid deposition because of the predominance
of granitic bedrock, thin acidic soils, large amounts of
precipitation, coniferous vegetation, and extremely
dilute waters. Although, there are no data to suggest
that lakes in these areas have experienced chronic
acidification to any significant degree, episodic effects
could be occurring under current deposition regimes,
and nitrate concentrations could be causing a small
loss of acid neutralizing capacity on a chronic basis at
some high-elevation sites. Unfortunately, the data that
would be needed for such determinations have not
been collected to a sufficient degree in acid-sensitive
areas of the West to permit any regional assessment of
either episodic or chronic nitrogen-driven acidifica-
tion. 

Aquatic Biota

Acid deposition can cause long-term adve rs e
effects on fish populations and other aquatic
o rganisms in both lakes and stre a m s. The migra-
tion of fish dow n s t ream to less acidic water may
reduce some effects, but not long-term impacts on
species composition. 

New information is available on adverse effects on fish
populations and communities in chronically acidified
streams in Shenandoah National Park (Virginia). Fish
species richness, population density, condition factor,
age distribution, size, and bioassay survival were all
reduced in streams with low acid neutralizing capac-
ity, as compared to those with intermediate and high
acid neutralizing capacities.72-74

A study of 13 streams in the Ad i rondack and Cats k i l l
M o u n tains in New York and the northern
Appalachian Plateau in Pe n n sy l vania showed long-
term adve rse episodic effects on fish populations.
S t reams with suitable chemistry during low flow, but
l ow pH and high aluminum levels during high flow,
had substantially lower numbers and biomass
( weight) of brook trout than we re found in nonacidic
s t re a m s. Streams having acidic episodes showed sig-
nificant fish morta l i t y. Some brook trout avo i d e d
ex p o s u re to stressful chemical conditions during
episodes by moving dow n s t ream or into areas with
higher pH and lower aluminum. This migration of
b rook trout only partly mitigated the adve rse effects
of episodic acidification, howeve r, and was not suffi-
cient to sustain fish biomass or species composition
at levels that would be expected in the absence of
acidic episodes. 
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These findings indicate that stream assessments based
solely on chemical measurements during low-flow
conditions will not accurately predict the status of fish
populations and communities in small mounta i n
streams.44,75,76 A study of coastal plain streams indi-
cated that larval mortality of river herring due to
episodic acidification may be substantial during wet
years, which exhibit more frequent and more severe
episodes.77 Based on lake chemistry from the Adiron-
dack Long-Term Monitoring Project, episodic acidifica-
tion may also be biologically relevant to certain kinds
of lakes, depending on the magnitude and duration of
the spring snowmelt period. In 1993, 1994, and 1996,
approximately 50% of the highly and moderately sen-
sitive lake classes in this study became acidic during
the snowmelt period. Additional research is needed to
determine the impacts on the populations of sensitive
fish species that inhabit these waters.

Ra i n b ow trout are sensitive to acidification not
because of acidity itself, but because of elevated alu-
minum concentrations due to low pH levels (lower
than 5.0). Aluminum accumulates on gills and disrupts
gill ion transport and respiratory function.78

Some organisms can serve as specific indicators of
changes in acid deposition. In aquatic ecosystems,
loons are effective “bioindicators,” linking recovery
from lake acidification to higher trophic levels (fish). If
loons nest on acidic lakes, their reproductive success
is lower, in part due to the reduced survival of their
young. This reduced survival is presumably linked to
reduced fish biomass.79 Thus, loons are less likely to
nest on acidic lakes.

Estuaries and Near-Coastal Waters

Changes in atmospheric deposition of nitro g e n
can have significant impacts on the biology and
chemistry of estuaries and near-coastal wa t e rs.

Through a combination of monitoring, experimental
research, and modeling, scientists better understand
how atmospheric deposition of nitrogen—in the form
of nitrate and ammonium—to both water surfaces and
watersheds is affecting the biological and chemical
status of estuaries and near-coastal waters. Nitrogen
is the limiting nutrient for the growth of algae in many
estuaries and near-coastal systems, rather than phos-
phorus, which typically limits algal growth in freshwa-
ter systems.

Defined as one of the United States’ “Great Waters,”
Chesapeake Bay is the nation’s largest estuarine sys-
tem with a watershed of almost 64,000 square miles
encompassing one-sixth of the Eastern Seaboard. The
Bay has an important fish and shellfish industry and
serves as a nursery for marine commercial and sport
fish. There has been considerable research and moni-
toring on the effects of nitrogen and phosphorus load-
ing to Chesapeake Bay. Changes in atmospheric
nitrogen deposition can have significant impacts on
aquatic biology. Excess nitrogen entering the Bay pro-
duces algal blooms that block sunlight needed for sub-
merged aquatic grasses, and the decomposition of
excess algae depletes life-sustaining oxygen needed by
invertebrates inhabiting bottom waters. The best esti-
mates of atmospheric nitrogen loads to Chesapeake
Bay and other estuaries along the Atlantic and Gulf
Coasts range from 10% to 45% of the total nitrogen
inputs from all sources. Additional research is needed
to quantify the current effects and the expected bene-
fits from reducing nitrogen deposition on estuary sys-
tems.

Dose-Response Relationships

Chemical effects in surface wa t e rs due to changes
in atmospheric deposition can exhibit lag times of
one to many ye a rs. Lags in measurable effects on
aquatic biota can be even longer. Continued mon-
itoring of surface water chemistry into the future
will be re q u i red to assess potential improve m e n t s
that may occur as a consequence of emission
reductions already re a l i zed. 

Re s e a rc h e rs must be cautious in interpreting the
observed surface water chemistry as a direct response
to estimated changes in sulfur and/or nitrogen deposi-
tion. Some effects of changing deposition can take
years before the ecosystem comes into balance with
the changed or cumulative amount of sulfur and nitro-
gen inputs. For example, certain watershed soils—e.g.,
those that are sulfur saturated—may continue to
release sulfur at a higher rate for an extended period of
time subsequent to a decrease in atmospheric sulfur
loading. Thus, sulfate concentrations in surface waters
may continue to decrease in the future as a conse-
quence of deposition changes that have alre a d y
occurred. Also, if the soil’s acid neutralizing base
cation reserves continue to be depleted by long-term
sulfur deposition, base cation concentrations in some
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surface waters could continue to decrease, causing
additional acidification, irrespective of any further
changes in sulfate concentrations.

Quantitative dose-response relationships for sulfur
have been determined, using a variety of approaches
in a number of regions in North America and Europe.
Such studies have included, for example, measured
changes in water chemistry during periods when sul-
fur deposition changed appreciably, regional paleolim-
nological investigations (e.g., diatom-inferred change
in pH and acid neutralizing capacity), wa t e rs h e d
manipulation studies, and intensive process modeling. 

Measured changes in surface water chemistry in areas
that have experienced short-term (less than 20 years)
changes in chemical constituents in response to
changes in mineral acid inputs are available from a
number of sources. Proportional changes in acid neu-
tralizing capacity, base cations, and inorganic alu-
minum relative to changes in sulfate or sulfate plus
nitrate concentrations have been documented for sev-
eral lakes and streams,80 including lakes in the Sud-
bury region of Ontario; the Galloway Lakes area of
Scotland; a stream site at Hubbard Brook, New Hamp-
shire; and catchment manipulation experiments in
Norway and Wisconsin. Most of the observed changes
are coincident with decreased acid deposition, but it is
unclear whether acidification and recovery are sym-
metrical.

In most cases, the largest response to the change in
dose (sulfate plus nitrate concentration) has been a
concomitant change in base cation concentrations.
The measured base cation response has typically been
in the range of 50–90%, although values as low as
35% have been found for highly sensitive watersheds
made up largely of exposed bedrock. The acid neutral-
izing capacity response is usually smaller (10–50%),
as is the aluminum response (0–15%).

C o n s i d e rable ex p e r i m e n tal re s e a rch has been con-
ducted over the past seve ral ye a rs to quantify the
e n v i ro n m e n tal effects of atmospheric deposition,
especially of nitrogen. This re s e a rch has been initi-
ated almost exc l u s i vely in Europe; little compara b l e
work has been conducted in the United Sta t e s. The
ex p e r i m e n tal approach has shifted heavily into the
a rea of broad, whole-ecosystem manipulations acro s s
g ra d i e n ts of atmospheric deposition, climate, and
other enviro n m e n tal fa c to rs. This holistic approach is
used to evaluate key processes in the broader contex t

of ecosystem structure and function, rather than as
isolated process studies. The re s e a rch needs to be
s u s tained over an extended time to unders tand the
long-term impacts of atmospheric polluta n ts and
other fa c to rs.

The whole-ecosystem manipulation experiments in
Europe have been augmented by a number of detailed,
process-level studies at the various manipulation sites.
Key aspects include stable isotope tracer studies to
quantify the partitioning of nitrogen into va r i o u s
ecosystem pools (e.g., soil, litter, trees, ground vegeta-
tion) and to measure changes in the quantities of
stored nitrogen in these pools. Other studies focus on
quantifying the rates of important ecosys t e m
p ro c e s s e s, including the nitrogen conve rs i o n
processes, nitrification, and mineralization. 

Results of both the broad-scale and detailed studies
are being used to build and test mathematical models
that simulate nitrogen processing, nutrient cycling,
and water regulation in coniferous forest ecosystems
under varying depositional and climatic regimes. Ulti-
mately, these models will be used to predict nitrogen
saturation, estimate the critical loads of nitrogen for
forests, and specify emission controls needed to pro-
tect forests from the detrimental effects of excess nitro-
gen deposition. 

The effects of other ecosystem stre s s o rs must also be
c o n s i d e red in quantifying ecosystem effects attribut-
able to acid deposition. Climatic fluctuations, espe-
cially pre c i p i tation input and its effects on wa t e r
ava i l a b i l i t y, act sy n e rgistically with a variety of indi-
rect effects of acid deposition. The effects of climatic
variability make it particularly difficult to pre d i c t
acidification or deacidification re s p o n s e s. The obvi-
ous linkages between short-term climatic fluctuation
and anthropogenic sources of nitrogen and sulfur are
i n c o r p o rated into the ex p e r i m e n tal approach fo l-
l owed by the European EXMAN pro g ra m .81 B o t h
d rought and nitrogen-plus-sulfur inputs are eva l u-
ated alone and in combination under a variety of
c o n d i t i o n s. The linkage with climatic change is ta ke n
further still in the European CLIMEX project, which
e n tails simultaneous whole-ecosystem manipulation
of tempera t u re, atmospheric carbon diox i d e, and acid
d e p o s i t i o n .8 2 Long-term climatic trends will also
affect ecosystem responses to acid deposition, and
atmospheric concentrations of sulfur oxides have
been linked with regional or global impacts on tem-
p e ra t u re.
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Fo rest Ecosy s t e m s

At present, the mortality and decline of red spruce
at high elevations in the Northeast and observe d
reductions in red spruce growth rates in the south-
ern Appalachians are the only cases of significant
fo rest damage in the United States for which there
is strong scientific evidence that acid deposition is
a primary cause.

The interaction of acid deposition with natura l
s t ress fa c t o rs has adve rse effects on certain fo re s t
e c o sys t e m s. These effects include:

– I n c reased mortality of red spruce in the mountains
of the Northeast. This mortality is due in part to
ex p o s u re to acid cloud wa t e r, which has re d u c e d
the cold tolerance of these red spruce, resulting in
f requent winter injury and loss of fo l i a g e.

– Reduced growth and/or vitality of red spruce
a c ross the high-elevation portion of its ra n g e.

– D e c reased supplies of certain nutrients in soils
to levels at or below those re q u i red for healthy
g row t h .

Although fo rest ecosystems other than high-eleva-
tion spruce-fir are not currently manifesting dam-
ages directly attributable to acid deposition, less
s e n s i t i ve fo rests throughout much of the United
States are experiencing gradual losses of base
cation nutrients due to acid deposition, which in
m a ny cases will reduce the quality of fo rest nutri-
tion over the long term (decades).

N i t rogen deposition is now re c o g n i zed with sulfur
as an important contributor to effects on fo rests in
some ecosys t e m s, which occurs through dire c t
impacts via increased foliar susceptibility to win-
ter damage, foliar leaching, leaching of soil nutri-
e n t s, elevation of soil aluminum leve l s, and/or
c reation of nutrient imbalances. An exc e s s i ve
amount of nitrogen causes negative impacts on
soil chemistry similar to those caused by sulfur
deposition in certain sensitive high-eleva t i o n
e c o sys t e m s, and is a potential contributor to these
impacts in some low - e l evation fo re s t s. 

Responses of forest ecosystems to emission reductions
will depend on the relationship between the location of
the reductions in SO2 and NOX and the location of sen-
sitive receptors (soils and forests types) and other fac-
tors, such as elevation. Some of the most sensitive soils
and vegetation are at high-elevation sites in the east-
ern United Sta t e s, where regional emissions are
already high and have been so for decades. The fre-
quent occurrence of acidic cloud water approximately
doubles the exposures at these sites, compared to
exposure levels typically encountered at lower eleva-
tions. In these sensitive high-elevation ecosystems,
nitrogen deposition can be of equal or greater impor-
tance than sulfur deposition in causing adverse effects.
In contrast, in many forests throughout the United
States, where nitrogen is deficient, nitrogen deposition
may actually be beneficial.

Because sensitive forest receptors exhibit both a short-
term and a long-term response to changes in deposi-
tion, the timing of those changes needs to be
estimated. But during the 1990s, there has been no
systematic attempt to monitor the changes in forest
condition or in the chemistry of forest soils in response
to changes in acid deposition, although such monitor-
ing at a few individual locations has occurred. The
scarce data that are available from specific sites are
not regionally representative and do not cover the
1990–1996 period. 

Observed Effects

G e o g raphic regions of the United States—and the
fo rest ecosystems within those re g i o n s — vary in
their current status and their sensitivity to effects
f rom the deposition of nitrogen and sulfur. Va r i a-
tions in potential future fo rest response and/or
sensitivity result in part from differences in (1)
deposition of sulfur and nitrogen, (2) sensitivities
of ecosystems to sulfur and nitrogen, and (3)
responses of soils to inputs of sulfur and nitrogen. 

The response of ecosystems to sulfur and nitrogen
deposition is frequently an indirect response in which
soil chemistry plays a potential role. Research results
on soil and plant responses to sulfur and nitrogen
additions in greenhouse, laboratory, controlled-expo-
sure, and field studies indicate that negative responses
will occur in nutrient-depleted soils. These negative
responses include: (1) plant nutrient deficiencies, par-
ticularly of base cation nutrients like calcium, magne-
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sium, and potassium; (2) elevated levels of aluminum
and calcium/aluminum ratios in soil water that inter-
fere with plant uptake of these nutrients; and (3) ele-
vated levels of aluminum that are directly toxic to plant
roots. The last is the least common of the three
because it requires particularly high levels of alu-
minum for most forest species.

Soil sensitivity to deposition varies based on differen-
tial ability of soils to retain the deposited sulfur and
nitrogen. Soils with a low sensitivity have high capac-
ity to adsorb sulfur and have plants and microbes that
are low in nitrogen and readily take up and use
deposited nitrogen. The sensitivity of soils is also
determined by the size of their stores of base cation
nutrients. Sensitive soils, which cannot retain much
additional sulfur and/or nitrogen (i.e., are saturated)
lose these base cation nutrients as sulfur and nitrogen
in soil water pass through the forest and into streams.
When soil base cation stores become low, naturally
occurring but potentially toxic soil aluminum begins to
replace the cations in soil water. Differences in ecosys-
tem sensitivity are also tied to a number of plant char-
a c t e r i s t i c s, including the sensitivity of individual
species to direct effects of deposition, and the nutrient
requirements and growth rates of those species. The
latter affect a plant’s ability to use deposited nitrogen
or to respond to nutrient losses.

In addition to the broad geographic patterns of deposi-
tion, increases in elevation can cause large increases in
both sulfur and nitrogen deposition. Not only do ra i n-
fall and wind speed incre a s e, and tempera t u re and
other natural stresses change with elevation, but both
cloud water and dry deposition also increase dra m a t i-
c a l l y. On ave ra g e, concentrations of sulfur, nitro g e n ,
and acidity in cloud water are two to five times higher
than in ra i n fall. Acidic cloud wa t e r, plus high winds on
m o u n ta i n tops and the efficient collection of cloud wa t e r
by tree needles, make deposition to high-elevation sites
s eve ra l - fold higher than nearby low - e l evation sites.

Sensitive Receptors

For purposes of discussion of fo rest ecosystem effects
in this assessment, the United States has been divided
i n to four very broad regions based on their differe n t i a l
sensitivities in general and the differential amounts of
deposition re c e i ved (Figure 19 and Table 6). In addi-
tion, these regions have differing aesthetic, re c re-
ational, and economic characteristics that need to be
c o n s i d e red when evaluating impacts from acid depo-
sition. Three regions are east of the Great Plains:
h i g h - e l evation spruce-fir fo re s ts; southern pine and
p i n e - h a rd wood fo re s ts; and hard wood (deciduous)
fo re s ts of the Midwest and the Northeast, which
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Figure 19

F o rest Regions
Used for This
I n t e g r a t e d
A s s e s s m e n t

Four broad fore s t
regions were
selected for this
assessment, based
on their general
sensitivities and
levels of acid
d e p o s i t i o n .

We s t e r n 
C o n i f e r s

H i g h - E l e v a t i o n
S p ru c e - F i r

S o u t h e r n Pine 
and Pine-Har d w o o d

E a s t e r n
H a rd w o o d s

S o u t h e rn Californ i a
urban fore s t

Colorado alpine
m e a d o w s

H i g h - E l e v a t i o n
S p ru c e - F i r

E a s t e r n
H a rd w o o d s

S o u t h e r n Pine 
and Pine-Har d w o o d

Identified as a sensitive
ecosystem and subject
to high deposition rates.



include areas of low - e l evation conifer fo re s ts, espe-
cially in the northernmost portions of the eastern
United Sta t e s. The fourth broad region, which
includes all the ecosystems west of the Great Plains,
encompasses a wide variety of plant communities;
h oweve r, the significant impacts of acid deposition
h ave only been detected on a limited area. Most of
these western ecosystems are re l a t i vely unaffected
either because they re c e i ve limited amounts of sulfur
and nitrogen, or because they are re l a t i vely we l l
b u f f e red against their effects, or both. A summary of
the observed effects on each of these four types of fo r-
est ecosystems fo l l ows.

High-Elevation Spruce-Fir Forests

High-elevation spruce-fir ecosystems in the eastern
United States epitomize sensitive soil systems. Base
cation stores are generally very low, and soils are near
or past their capacity to retain more sulfur or nitrogen.
Deposited sulfur and nitrogen, therefore, pass directly
into soil water, which leaches soil aluminum and min-
imal amounts of calcium, magnesium, and other base
cations out of the root zone. The low availability of
these base cation nutrients, coupled with the high lev-
els of aluminum that interfere with roots taking up
these nutrients, can result in plants not having suffi-
cient nutrients to maintain good growth and health. 

Exposure to acidic clouds and acid deposition has
reduced the cold tolerance of red spruce in the North-
east,89-91 resulting in frequent winter injury of current-
year foliage during the period 1960–1985. Repeated

loss of foliage due to winter injury caused crown dete-
rioration and contributed to high levels of red spruce
mortality in the Adirondack Mountains of New York,
the Green Mountains of Vermont, and the White
Mountains of New Hampshire.92,93 However, there is
uncertainty about the relative importance of sulfur,
nitrogen, and acidity in causing this decline in cold tol-
erance.

Acid deposition has contributed to a regional decline in
the availability of soil calcium and other base cations
in high-elevation and mid-elevation spruce-fir forests
of New York and New England and the southern
Appalachians through two mechanisms: leaching of
base cations from foliage and from the primary rooting
zone, and the mobilization of labile aluminum.93,94 The
role of nitrogen deposition in this deterioration of soil
base cation availability is greater than previously real-
ized.

Changes in soil chemistry and red spruce nutrition
over the past few decades may have contributed to
both growth declines and deterioration of crown con-
dition in the Northeast and at the higher elevations of
the southern Appalachians, based on phys i o l o g y
changes induced by acid deposition in field and labo-
ra tory studies.9 4 While red spruce in the southern
Appalachians has not shown are awide incre a s e d
m o r tality in recent decades,9 5 a p p roximately a two- to
t h re e fold increase in significant crown deterioration at
upper elevations was observed between 1985 and
1989. The re l a t i ve roles of acid deposition and seve re
winter weather on red spruce crown deterioration in
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Table 6

Characteristics for Assessing the Effects of Acid Deposition on Forest Ecosystems

Characteristics were used to select forest ecosystems for assessing the regional effects of acid deposition.
Predominant characteristics appear in most forests of that ecosystem type. Variable characteristics appear in
some forests of that ecosystem type, but not in others.

TYPE OF FOREST ECOSYSTEM

C H A R A C T E R I S T I C S High-Elevation S o u t h e r n Pine/ E a s t e r n We s t e r n 
S p ru c e - F i r Pine Har d w o o d H a rd w o o d C o n i f e r s

Sensitive Ecosystem Predominant Variable

Sensitive Soils Predominant Predominant Variable

High Regional Deposition Predominant Variable

High Local Deposition Predominant Variable Predominant

Aesthetic or Recreational Va l u e Predominant Variable Predominant Predominant

Economic Value Predominant Predominant Variable
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the southern Appalachians are unclear.9 5 While ice
damage has been associated with loss of canopy
integrity in the Black Mounta i n s,9 6 it should be noted
that significant loss of canopy integrity also occurre d
in the Smoky Mounta i n s, where significant ice dam-
age was not observe d .9 7 Foliar calcium levels and soil
and root calcium/aluminum ratios are considered low
to deficient over most of the southern spruce-fir
region and portions of the northern re g i o n .8 3 , 9 8

Changes in soil chemistry, trends in wood chemistry,
and changes in lake water chemistry suggest that a
significant loss of calcium has occurred during re c e n t
decades from the organic soil laye rs, which is the pri-
mary rooting zone for red spruce.9 9 , 10 0 Both tre e
u p ta ke and sto rage of calcium and acid leaching
losses are responsible for these losses from the soil.9 8

Fe r t i l i zation ex p e r i m e n ts in the southern Appalachi-
ans show positive growth responses and positive leaf
p hysiological responses to additions of calcium.9 4 , 101

S t ress in red spruce in the Northeast is indicated by
an increase in the biochemical stress marke r
p u t rescine in red spruce needles from areas of high
acid deposition and low soil calcium/aluminum
ra t i o s.10 2 , 10 0 N e g a t i ve physiological responses have
also been observed at highly polluted sites in the
S o u t h103 and in the North.10 4

Recent evidence indicates that most southern
Appalachian spruce-fir ecosystems are near or at
n i t rogen saturation. Nitrogen saturation is of t e n
defined as a condition of the terrestrial ecosys t e m
w h e re outputs from the system equal or exc e e d
i n p u ts, resulting in elevated levels of nitrogen in soil
s o l u t i o n s, ground wa t e r, and streams draining the ter-
restrial system (see the Aquatics section, under the
N i t rogen Cycling subheading). For these satura t e d
sys t e m s, high nitrogen deposition is tra n s m i t t e d
t h rough the ecosystem and re s u l ts in base cation and
aluminum leaching from soils, elevated aluminum in
soil wa t e r, which reduces base cation nutrient up-
ta ke, and elevated nitrate and aluminum levels in
s t re a m s.9 8 , 105

Southern Pines and Pine-Hardwood Forests

Significant impacts of acid deposition on forest health
have not been detected in the southern pine and pine-
hardwood region. However, acid deposition is a major
contributor to the depletion of base cations in many
poorly buffered soils supporting southern pines and
will most likely, over the long term (decades), impede
productivity. Short-term positive effects on growth are
expected for some nitrogen-deficient soils, while neg-

ative effects are expected to be limited to the most
acidic, base-depleted soils.

A synthesis of studies that originated as a part of
N A PAP to evaluate the sensitivity of southern pines to
acid deposition and ozone has now been com-
p l e t e d .10 6 In chamber studies, saplings of the thre e
principal commercial pine species (loblolly, shortleaf,
and slash pine) we re exposed to simulated acid ra i n-
fall and ozo n e. Maximum annual growth reductions in
saplings due to ambient ozone we re quite small
(2–5%), but the yield could be significantly re d u c e d
over longer time fra m e s.107 G rowth rates of saplings
typically responded positively to ambient levels of
acid ra i n fall. Howeve r, longer-term ex p o s u res are
expected to have cumulative negative effects on soil
nutrition. Curre n t l y, an estimated 59% of the pine
fo re s ts of the Southeast have soils that are low enough
in base cations to be susceptible to acidification by
cation leaching due to acid deposition, and 10% of the
soils are considered ex t remely acidic.8 8 , 10 8 An esti-
mated 10–15% of the commercial pine fo re s ts in the
South may be limited by availability of these nutri-
e n ts.10 9 T h u s, additional leaching may further limit
pine growth on these soils. While these impacts will
most likely have negative long-term consequences,
the inputs of atmospheric sources of nitrogen to many
soils with low nitrogen re s e r ve s, which currently sup-
port southern pine fo re s ts, should have small cumula-
t i ve positive effects on productivity for as long as
d e c a d e s.10 9 - 111

Eastern Hardwood Forests

Studies have shown that acid deposition has caused
i n c reased cation leaching from some hard wo o d
ecosystems, and this leaching may affect the health of
those systems.57,112-117 Although sulfate is the primary
anion causing base cation leaching, nitrate is a s i g n i f-
icant contributor in wa t e rsheds that are nearly nitro g e n -
saturated as a result of acid deposition,60 and studies
indicate that some hardwood ecosystems are close to
nitrogen saturation.118 Nevertheless, in general, the
health of eastern hardwood forests has not been
shown to be adversely affected by acid deposition.
However, broad-scale monitoring has not been con-
ducted to confirm this finding. 

The compositional properties of foliage may also be
altered by acid deposition, resulting in changes in
organic matter turnover and nutrient cycling.119 The
sensitivity of hardwood soils to acid deposition is
largely controlled by inherent properties, climate, and
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land use.113 However, tools to assess present condi-
tions or susceptibility to nutrient depletion are not
readily available or widely applicable.120

Western Forests

While most of the forest ecosystems in the western
United States do not show significant impacts from
acid deposition, certain areas appear to be affected
negatively, especially by high rates of nitrogen deposi-
tion. Forested sites near urban areas in southern Cali-
fornia and alpine meadows of the Front Range in
Colorado have been exposed to high levels of nitrogen
and sulfur deposition for the last 40 years.121,122 Many
of these sites are showing signs of nitrogen saturation,
which include elevated levels of nitrogen in streams
(see the previous section on Aquatics) and changes in
the cycling of nitrogen and carbon. Continued nitrogen
deposition may also lead to shifts in species composi-
tion and biodiversity.

In southern California, ozone exposure and nitrogen
and sulfur deposition occur coincidenta l l y. Ozo n e
exposure and acid deposition are greatest near Los
Angeles, and decrease along a gradient running to the
east/northeast toward the San Bernardino and San
Gabriel Mountains.123 The greatest exposure to all pol-
lutants occurs in the summer, when these forests are
also subject to drought stress.124 These multiple stres-
sors weaken trees, making them vulnerable to bark
beetle attack, which ultimately causes mortality.125 In
addition, ozone causes premature leaf abscission, and
nitrogen deposition has a major impact on soil and
forest floor processes. These factors combined can
lead to changes in patterns of nitrogen and carbon
cycling.126

In the alpine areas of Colorado, nitrogen deposition
occurs during summer and winter.127 Nitrogen addi-
tions to alpine meadows also change the cycling of
nitrogen and carbon. Nitrous oxide emissions from soil
increase and rates of methane oxidation decrease.128

Methane is a greenhouse gas, and its removal from the
atmosphere by oxidation is an important function of
natural systems.128 In addition, sites with high nitrogen
deposition have decreased surface water quality due to
elevated nitrate levels.

Regional Dose-Response Relationships

Models predict that recent reductions in sulfur
deposition will rapidly improve some aspects of

soil chemistry related to intensity fa c t o rs (see tex t
b ox on Sensitive Fo rest Components) in sensitive
fo rests (i.e., immediate but brief increases in the
c o n c e n t rations of base cations in solution and/or
reductions in aluminum concentrations), but full
re c overy of these soils and fo rests from prev i o u s
impacts will be quite slow (decades to centuries).
Full re c overy would re q u i re: (1) re g rowth of dead
s t a n d s, (2) return to historical growth rates fo r
species like red spruce, and (3) replenishment of
lost cation nutrient store s.

N i t rogen deposition is of approximately equal
importance to sulfur deposition in causing
changes to occur in sensitive fo rest ecosys t e m s.
Such systems should rapidly show partial re c ov-
ery in response to significant reductions in nitro-
gen deposition.

When evaluating how forests respond to changes in
the levels of acid deposition, it is important to take into
account specific soil and forest responses (see the Soil-
and Forest-Related Effects text box). Following are
descriptions of the different responses of va r i o u s
regions.

High-Elevation Spruce-Fir Forests

Reductions in ambient concentrations of acid deposi-
tion and cloud water should rapidly reduce the sus-
ceptibility of red spruce to winter injury. Howeve r,
d a ta are not available to provide the specific re d u c t i o n
l evels of various compounds (sulfa t e, nitra t e, or acid-
ity) that are re q u i red to fully protect foliage from past
i n c reases in susceptibility to freezing injury. A linear
d o s e - response relationship ex i s ts between the acid
dose from cloud water and the freezing injury1 30 - 1 3 2

both in the Northeast8 9 and in the southern
A p p a l a c h i a n s.1 3 3 - 1 3 5 While increased fre q u e n cy of
damage to red spruce foliage has been notable at high
e l evations in the North, only a very mild form of win-
ter damage has been observed in the South,1 3 6 p ro b a-
bly because ex t remely low tempera t u res occur less
f requently at southern high eleva t i o n s.

While high-elevation spruce-fir forests should experi-
ence some immediate improvements in health with
reductions in sulfur and/or nitrogen deposition, their
growth and vitality will probably be limited by the
availability of certain nutrients for decades. Results of
modeling effo r ts using a nutrient cycling model

58 • N A PAP Biennial Report to Congre s s



Forest Ecosys t e m s

Benefits of Emission Re d u c t i o n s • 59

Sensitive Forest Components

P redicting changes in the health or function of forest ecosystems in response to changes in the levels of
acid deposition requires identifying ecosystem components that are affected by acid deposition and that

also affect the function of forest ecosystems. One forest component that has become more prominently rec -
ognized as a valuable indicator of ecosystem change is foliar nutrient concentration. 83

Foliar Nutrient Concentration 
Both the store of nutrients in the foliage and the immediately available store of nutrients in the soils can be
quite small and potentially susceptible to large depletion caused by acid deposition. There is increasing evi -
dence that reduced availability of calcium, both from short-term increased foliar leaching 84 and long-ter m
reduced soil supply, may alter photosynthesis to respiration ratios and cause reductions in carbon fixation
rates and whole-plant growth rates in red spruce. 85

Foliar calcium plays a key role in a wide variety of critical plant processes, including cell division, cell wall synthe-
sis, disease resistance, cold acclimatization, and plant senescence. Changes in calcium content in the soil caused
by acid deposition make both foliar calcium-leaching losses and reduced calcium availability in soils of incr e a s i n g
i n t e r est in understanding the ability of forest ecosystems to respond to other environmental str e s s e s .

Forest Soils
These can also be critical and sensitive ecosystem components. In examining the response of soils to acid
deposition, it is important to make a distinction between short-term response (from changes in intensity fac -
tors) and longer-term response (from changes in capacity factors). 86 Intensity factors refer to the concentra -
tion of a chemical in soil water, whereas capacity factors refer to the total content of bases, aluminum, and
iron stored in the soil itself. The soil represents a large chemical pool compared to the chemicals in soil water .
Changes in intensity factors result from significant and rapid shifts in certain small chemical pools in the soil
and vegetation. Because the chemical pool size of capacity factors is large relative to changes caused by acid
deposition or other natural processes, changes in capacity factors in the short term are typically small. 

Changes in intensity factors can have a rapid impact on the chemistry of soil solutions. Increases in amounts
of sulfur or nitrogen in acid deposition can cause immediate increases in acidity and mobilization of alu -
minum in soil solutions. Increased concentrations of aluminum and an increase in the ratio of calcium-to-alu -
minum in soil solution have been linked to significantly reduced plant availability of essential base cations,
increased plant respiration, and increased biochemical stress indicators. 

Changes in capacity factors are the result of many processes acting over long time periods. For example, the
base cation content of soils is the result of inputs of base cations (calcium, magnesium, sodium, potassium)
from atmospheric deposition, vegetative decomposition, geologic weathering, and losses due to plant uptake
and leaching. Increased leaching of base cations caused by acid deposition may result in nutrient deficiencies
in soils if other inputs of base cations (e.g., atmospheric deposition, geologic weathering) cannot resupply
these losses at the same rate. This appears to be the case in many sensitive forest ecosystems in the United
States, especially since the atmospheric deposition of base cations has declined markedly since 1980 (see ear -
lier section on Emissions, Concentrations, and Deposition) and geologic weathering rates are very slow in
many ecosystems. The situation is also complicated by the removal of base cations from forest soils by tree
uptake and incorporation in plant material. 87 Subsequent harvest removal of base cations is generally of the
same magnitude as leaching due to acid deposition.

Even though acid deposition causes cation nutrient depletion in soils, the nitrogen in acid deposition may
stimulate tree growth in certain areas. In many forest ecosystems, nitrogen is the primary nutrient that limits
growth. 88 Thus, positive impacts (nitrogen fertilization) and negative impacts (cation leaching from soils)
may be operating at the same time in the same system. The relative importance of these two impacts must
be assessed to understand the level and timing of responses of forest ecosystems to emission reductions.

The intensity and capacity characteristics of forest ecosystems are significant because they highlight the
importance of interactions between deposition of strong anions (sulfate and nitrate) and natural factors that
influence soil acidity and, hence, the sizes and sensitivities of nutrient pools. These characteristics are impor -
tant in evaluating forest effects in the context of the different soil types, stages of stand development, and
forest management practices in relation to acid deposition levels.



(NuCM) for a highly acidic spruce-fir forest in the
southern Appalachians predicts that significant reduc-
tions in sulfur or nitrogen deposition would result in
some rapid improvement in the amount of calcium
available for uptake137 and small improvements in the
calcium/aluminum ratio. While this model predicts

significant improvements in the short-term supplies of
calcium and other base cations, the recovery of long-
term storage capacity will be limited because (1) exist-
ing high levels of aluminum saturation reduce the
ability to store calcium introduced by atmospheric
deposition, weathering, or decomposition of litter;99,138
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Soil- and Forest-Related Effects of Acid Deposition

Soil-Related Effects

In sensitive soils—ones where base cation stores are very low and the ability of the ecosystems to retain sul -
fur or nitrogen is minimal—the response to changes in sulfur or nitrogen doses can be quite rapid. As levels
of sulfur and nitrogen compounds in soil water decline, both aluminum and base cation levels decline as well,
but aluminum levels decline slightly more rapidly. The opposite occurs as concentrations of sulfur and nitr o-
gen compounds increase; aluminum increases more rapidly than base cations. Responses—both up and
down—are particularly sensitive to changes in nitrogen inputs because in nitrogen-saturated ecosystems
nitrate passes quickly into soil water and on to streams. Sulfur compounds are more likely to be retained by
various reactions in the soil. While some rapid changes in soil water chemistry will occur, full replenishment
of base cation stores will be a slow process.

The response of less sensitive ecosystems is considerably slower. These systems either still have adequate
stores of base cation nutrients and/or still maintain considerable capacity to retain the sulfur and nitrogen
deposited on them. Most forest ecosystems in the United States, such as southeastern pine plantations, are in
this less sensitive categor y, and most are slowly losing base cations and slowly reaching their capacity to
retain sulfur and nitrogen. However, in some systems, virtually all sulfur and/or nitrogen deposited is either
adsorbed on the soil or used by growing vegetation or microbes. Much of this sulfur and especially nitrogen
may be later removed by forest harvesting. These systems are not negatively affected by increases in sulfur
and nitrogen deposition, and even may respond with more rapid growth. 

Forest-Related Effects

Understanding how sensitive forest ecosystems respond to changes in acid deposition has significantly
improved since NAPAP’ s 1990 Integrated Assessment Report.3 For discussion of general concepts, high-elevation
spruce-fir forests are used as a model. In general, other forest ecosystems in the United States are not cur -
rently experiencing the same effects in mortality and growth as the spruce-fir ecosystem. However, the
process of base cation leaching and a trend toward more acidic, aluminum-dominated soils is occurring
slowly in many of these forested ecosystems. Figure 20 illustrates the general dose-response relationship for
nutrient limitations associated with increasing soil and deposition acidity .

The availability of calcium is increasingly recognized as important to forest health. 94 In studies of spruce-fir
forests, calcium deficiency symptoms increased in red spruce saplings at high-elevation sites with increased
exposure to acid deposition. Low calcium availability was well cor related with high levels of soil aluminum.
Acidic mists can reduce the efficiency of carbon assimilation in foliage, cause reduced growth, leach foliar cal -
cium, and alter patterns of root growth. Fertilizer experiments in the field have now substantiated that foliar
calcium levels at high-elevation sites are low enough to reduce growth of both red spruce saplings 129 and
mature trees. 101

Changes in foliar nutrient content, soil nutrient content, and the availability of calcium are involved in the
observed responses of red spruce to acid deposition. While some rapid reduction in base cation leaching can
be expected in response to reduction in emissions, at present there is not a solid basis for evaluating the rela -
tive importance of such intensity factors and longer-term, soil-based capacity factors. Hence, accurate quanti -
tative projections of response rates to emission reductions are not possible. 
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and (2) decreased atmospheric deposition of base
cations will limit inputs.112 (See The Calcium/Alu-
minum Ratio as a Forest Ecosystem Indicator text box.)

The future health of spruce-fir ecosystems may also be
quite sensitive to increased tempera t u res due to global
wa r m i n g .1 3 9 , 1 4 0 H i g h - e l evation spruce-fir soils are par-
ticularly vulnerable to increased acidification by their

release of sto red nitro-
gen as a result of wa r m-
ing. These soils typically
h ave very large sto res of
n i t rogen in their org a n i c
m a t t e r.9 8 , 1 41 , 1 4 2 Rates of
n i t rogen minera l i za t i o n ,
n i t rate re l e a s e, nitra t e
leaching, and nitrogen in
s t reams are already ve r y
high in these ecosys-
t e m s.9 8 , 1 4 3 I n c reases in
n i t rate resulting fro m
soil warming have been
o b s e r ved in field stud-
i e s.11 8 , 1 4 4 Warmer tem-
p e ra t u res will i n c re a s e
foliar re s p i ration, an

effect that has also been stimulated by calcium defi-
c i e n cy and increasing ex p o s u re of red spruce to acid
deposition in the southern Appalachians.103 A n a l yses of
t ree-ring data from mature high-elevation red spruce
t rees in the southern Appalachians show that grow t h
e f f e c ts associated with warmer tempera t u res and
higher ra i n fall have become increasingly negative dur-
ing the past three decades.1 4 0
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The Calcium/Aluminum Ratio as a Forest Ecosystem Indicator

The health of forests can be assessed by monitoring such indicators of stress as crown condition, growth,
mortality, and basal area. The calcium/aluminum ratio of the soil solution is a possible ecological indicator

for identifying approximate thresholds at which the risk of forest damage (tree mortality or reduced growth)
from aluminum stress and nutrient imbalances increases. 83 This ratio can also be used to assess forest ecosys -
tem changes over time in response to acid deposition as well as to forest harvesting and other processes con -
tributing to acid soil infertility. This ratio may not be a reliable indicator of stress in (1) areas with both high
atmospheric deposition of ammonium and magnesium deficiency via antagonism involving ammonium rather
than aluminum, and (2) areas with soil solutions of calcium concentrations greater than 500 micromoles per
liter .

■ If the calcium/aluminum ratio is 1.0, then forests have a 50% risk of adverse impacts.

■ If the ratio is 0.5, then the risk is 75%.

■ If the ratio is 0.2, then the risk is nearly 100%.

The overall uncertainty of the calcium/aluminum ratio associated with a given probability estimate is ±50%.
Cronan and Grigal (1995) 83 suggest four sequential indices to cor roborate the calcium/aluminum ratio of the
soil solution.

■ Soil base saturation less than 15% of effective cation exchange capacity .150,151

■ Soil solution calcium/aluminum molar ratio less than 1.0 for 50% risk.

■ Fine root tissue calcium/aluminum molar ratio less than 0.2 for 50% risk.

■ Foliar tissue calcium/aluminum molar ratio less than 12.5 for 50% risk.

Figure 20

R e l a t i o n s h i p
Between Soil
Acidity and
N u t r i e n t s

As soil and deposi-
tion acidity incre a s e ,
nutrients such as
base cations are
leached from the
soil and are not
available for plant
g ro w t h .



Southern Pines and Pine-Hardwood Forests

The productivity of southern pines is expected to be
more limited by ambient ozone levels than by ambient
levels of acid deposition. Short-term (one- to three-
year) experiments to evaluate the interactive effects of
acid deposition and ozone on seedlings and saplings
have indicated that ambient levels of acid deposition
have not exacerbated the negative effects of ozone on
growth.145 Studies on older trees in acid soils are
needed to evaluate the long-term impacts.

Ad ve rse effects of ozone on growth have typically
been associated with reduced carbon gain in photo-
synthesis and pre m a t u re loss of fo l i a g e. Estimated
annual effects of ozone on seedlings under ambient
ex p o s u res are typically small (2–5%) and difficult to
detect sta t i s t i c a l l y, but are a basis of concern fo r
longer-term, cumulative effects on grow t h .107 In addi-
tion, studies with mature loblolly pine trees have
d e m o n s t rated short-term reductions in stem grow t h
at ambient ozone levels that we re amplified by both
m o i s t u re stress and high air tempera t u re s.1 4 6 , 1 4 7 T h e
latter study suggests that future ozone effects may be
amplified if global change produces a wa r m e r, drier
c l i m a t e.

In some cation-deficient soils, potentially positive
short-term growth responses to deposited nitrogen
may be followed by longer-term negative influences of
acid deposition due to continued leaching of base
cations.88,145,148 Predictions of growth responses across
the region are not available yet, however, because the
effects have not been quantified.

Reducing the levels of acid deposition will reduce the
rate of cation depletion of southern pine forests. How-
ever, recovery of soil cations by natural processes is
expected to be slow because both mineral weathering
and cation recycling are very low.88 Since neither
growth losses from past acid deposition levels nor
growth enhancement from nitrogen fertilization have
been quantified to date, it is not possible to estimate
either the direction or the rate of change in these
forests in response to emission reductions.

Eastern Hardwood Forests

Hardwood soils are known to be sensitive to acid
deposition, but the dose-response relationships have
not been determined. The sensitivity is expressed in
terms of low buffering capacity (i.e., low resistance),
but low levels of acidic input can cause nitrogen satu-
ration and base cation depletion. Changes in atmos-

pheric deposition may cause rapid changes (months to
years) in the chemical properties of soils in hardwood
forests. Models may be useful in assessing dose-
response relationships, but they must be tested and
validated.

Lack of specific dose-response relationships or model-
ing tools to assess sensitivities or thresholds precludes
large-scale assessments of hardwood forest responses
to altered levels of acid deposition. Wa t e rs h e d s
exposed to chronic, low-level acidic inputs have shown
symptoms of nitrogen saturation and base cation
depletion, and experimental additions of nitrogen and
sulfur have shown that nitrogen saturation can be
induced in a short period (i.e., three years).115 Assess-
ment of ecosystem responses to dosed additions of
nitrogen and sulfur is further complicated by the expo-
sure history of the site or watershed, land-use history,
natural disturbance regime, and climate. Models have
been useful in evaluating acidification processes and
cation leaching;137 however, further model develop-
ment and validation are needed. 

Western Forests

Several sensitive areas in the western forests are
becoming nitrogen saturated due to chronic nitrogen
deposition. Pine forests in the San Bernardino Moun-
tains of southern California receiving high levels of
nitrogen deposition (~25 kg/ha/yr) are already nitro-
gen saturated, while those receiving moderate levels
(6–16 kg/ha/yr) show evidence of approaching satura-
tion.121 Exposure to high levels of sulfur, nitrogen, and
ozone, along with drought stress, weakens the trees
and leads to premature mortality.

Alpine meadows along the Colorado Front Range are
also showing signs of nitrogen saturation, but at lower
levels of nitrogen input (3–5 kg/ha/yr) than those in
southern California.127 The increase in nitrogen depo-
sition at sites in Colorado has coincided with climatic
changes, including decreased mean annual tempera-
ture, increased annual precipitation, and decreased
daily solar radiation. The increase in precipitation
accounts for about 50% of the increase in nitrogen
deposition. These changes in climate are driven by
local conditions and may not be related to regional and
global climate trends.122 In the alpine areas of Col-
orado, about half of the nitrogen is deposited in snow-
pack and then is released with the spring thaw. This
large release of nitrogen leaches through the soil,
removes base cations from the soil, and degrades the
quality of streams and lakes.149
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Ag r i c u l t u re

Based on crop-effects research conducted by NAPAP
and other research programs in the 1980s, acid depo-
sition at ambient levels in the United States was not
found to be responsible for regional crop yield reduc-
tion. In fact, sulfur and nitrogen deposition in precipi-
tation can provide a portion of the crop requirement
for these elements essential for plant grow t h .1 5 2

Ozone, on the other hand, represents a significant
stress factor in agricultural production in the United
States. NOX reductions under Title IV should decrease
the creation of ozone and its subsequent damage to
agriculture. However, data on changes in ozone result-
ing from Title IV are not currently available.

Materials and Cultural Re s o u rc e s

A p p roximately 900,000 properties of aesthetic
and historic value in the United States are poten-
tially at risk for damage by air pollution, including
s u l fa t e s, other particulate matter, and ozo n e. Th i s
f i g u re does not include the 10 – 30 million tomb-
stones and grave site memorials. The value at risk
of such cultural assets (e.g., statues, monuments)
is greater than that for purely opera t i o n a l
re s o u rces (e.g., buildings, fences, bridges) because
the value of cultural re s o u rces is mainly in their
a p p e a ra n c e, which is particularly vulnera b l e, and
because of the emotional capital attached to such
p roperties by an extended population. 

S t r u c t u res made of limestone and marble are par-
ticularly sensitive to acid deposition. The salts
p roduced on stone surfaces as the result of acid
deposition are now considered to be potentially
m o re damaging than are the dissolution effects of
the actual acid delive red to the stone. While the
i n c remental erosion of calcareous stone due to
acid rain is generally a small fraction of the back-
g round erosion by clean rain (clean rain effect),
the soiling effects and the loss of structura l
integrity of the stone associated with salt deposi-
tion generally re p resent the most deleterious
e f f e c t s.

Observed Effects

Acid deposition, particularly dry deposition of fine-
sulfate aerosols153 and fine particulate matter, dam-

ages materials used both for operational assets and for
cultural resources, potentially affecting their structural
and aesthetic values. While the reduction of sulfur
dioxide emissions associated with Title IV is expected
to decrease the rate of deterioration of materials, the
effects of such a reduction may not be currently visible
because latent incre m e n tal effects often re q u i re
decades to appear above the natural soiling and
weathering effects.

An implicit assumption by NAPAP of materials effects
research is that the benefits of Title IV’s pollution
reduction for cultural materials greatly exceed those
for purely operational assets. The value at risk is
greater for cultural resources because such resources
are mainly valued for their unique character and his-
toric significance. These attributes are normally asso-
ciated with the surface appearance and morphology of
the construction materials, rather than with their bulk
properties. In contrast, the preservation value of purely
operational assets is not significantly affected by pol-
lution because their utility is normally associated with
the bulk properties of the materials used for their con-
struction (shelter, strength, etc.). It follows that pollu-
tion compromises the general utility of cultura l
resources in less time than it diminishes the utility of
purely operational assets. However, there is no pro-
gram for systematically monitoring the condition of
cultural properties for potential damage from air pol-
lution. More ove r, while the impact on cultura l
resources is not generally reversible, any negative
impact of pollution on operational assets (e.g., paint
on a bridge) can be reversed because replacement is a
viable option.

Most benefit-assessment research has focused on the
materials that are predominately used for cultural
re s o u rc e s. Such materials include gra n i t e, calcitic
sandstone (i.e., sandstone cemented with calcite rather
than silicate minerals), bronze, mortar, limestone, and
many types of marble. Calcareous stone, which is the
stone type used for many cultural resources, has
received precedence in materials effects research and,
thus, is the focus of discussion in this report.

Studies of marble tombstone weathering in North
America demonstrate that air pollution (probably sul-
fur dioxide) has been responsible for more deteriora-
tion of carbonate building stone and statuary than
other weathering processes.154 Indeed, most studies
have focused more on the effects of sulfates than on
the effects of nitrates because the products of nitrate
deposition have not been found to be as pervasive as
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sulfates in stone deterioration processes and the rela-
tionship between NOX emissions and ozone-damaged
materials is not well understood.

The interactions between polluta n ts and calcare o u s
s tone are complex and invo l ve multiple processes that
a re highly interdependent. La b o ra tory and field stud-
ies of the degradation mechanisms have demonstra t e d
that salts resulting from the wet and dry deposition of
acids and the deposition of particulate matter are
m o re damaging to calcareous stone than the dissolu-
tion effects of the actual acids delive red to the sto n e.
Because the dissolution due to acid is genera l l y
insignificant re l a t i ve to the dissolution effect of clean
rain, the focus of re s e a rch on stone deterioration has
shifted to an unders tanding of alteration effects that
d e g rade the aesthetic and structural qualities of the
re s o u rc e. Geographic location and the natural envi-
ronment of the re s o u rce also affect the extent and
magnitude of damage. For exa m p l e, stone degra d a t i o n
rates are negligible in dry are a s, such as the south-
western United Sta t e s. Degradation processes for we t
and dry deposition are discussed in the accompany-
ing text box .

In a recent re i n t e r p re tation of the NAPA P - s p o n s o re d
l a b o ra tory and field observations of materials effects,
the most conspicuous dynamics of stone decay we re
c o d i f i e d .1 5 6 An elementary System-wide Unified
Reduced Form (SURF) model was developed to show
the dominant processes of stone erosion and soiling
( F i g u re 21). The SURF model is not intended to re p re-
sent a conclusive unders tanding of stone decay, but
rather to serve as an operational fra m ework that pro-
vides pers p e c t i ve on the impact of enviro n m e n ta l
s t resses on exposed materials. Under actual field
c o n d i t i o n s, stone weathering invo l ves intera c t i o n s
b e t ween ever-changing meteorological va r i a b l e s —
such as rain, wind, tempera t u re, humidity, and other
fa c to rs—and continually changing complex sto n e
s u r fa c e s. 

Some interactions occur at the microscale, while oth-
ers are affected by the macro properties of the stone’s
surface. These interactions are not independent. When
they positively reinforce each other, the system can be
driven to failure. For example, the way water flows over
a carved stone surface (a macroscale variable) influ-
ences the mobilization of salts and particulate materi-
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Deposition Effects on Stone

Wet Deposition

The direct effects of wet deposition (acid delivered in rain water) on calcareous stone are relatively inconse -
quential. This is because once the stone is wet, the dissolution effect of pure water generates chemical
species (OH - and HCO 3

-) that neutralize the acid in the rain before it can attack the stone’s surface. The acid
neutralizing capacity of the moisture layer on the stone depends on the pattern of rain deliver y, the contact
time of water on the stone, and the flow of water on the surface of the stone. The complete neutralization of
acid delivered in the rain is feasible because the contact time of water on the stone can be many hours and
because water, the species actually dissolving the stone, is never depleted from the solution in contact with
the stone.

Dry Deposition

Sulfur dioxide deposited between rain events (dry deposition) forms gypsum deposits, 155 which can deterio -
rate and weaken the stone. When the stone is damp (from dew, condensation, etc.), the dissolution effect of
pure water increases the acid neutralizing capacity of the moisture layer facilitating the dry deposition of sul -
fur dioxide on the damp surface by enhancing the solubility of the gas. The gypsum deposits generally dimin -
ish the aesthetic value of the resource by trapping particulate material and by forming darkened soiling
patterns in areas that are unwashed by rain. In some cases, catastrophic failure of the stone is the final result.
An accurate quantitative assessment of the effects is not possible at this time because the deterioration
mechanisms generally are driven by the action of flowing water over the stone. The intricacies of the water
flow pattern over the stone are exceedingly sensitive to the water delivery pattern, stone morphology, and
surface conditions of the stone. Cur rently, techniques are not available to model the processes that are driven
by water flow, even for the simplest systems.



Materials and Cultural Re s o u r c e s

als on the surface and can change the stone’s chem-
istry and porosity (microscale variables). A slight
change in the overall shape of the surface, either due
to weathering or by design, may change the way water
flows over the surface and could radically influence the
erosion and soiling patterns.

Sensitive Receptors

Both cultural materials and operational materials are
sensitive receptors at risk to damage by acid deposi-
tion. Cultural properties are considered to be the most
at risk to damage from acid deposition because of the
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Figure 21

Model 
of Stone
D e t e r i o r a t i o n
P ro c e s s e s

An integral feature
of this model is the
multiplicity of feed-
back loops that
couple the stone
variables and the
d e t e r i o r a t i o n
p rocesses. For
example, a physio-
chemical change
may affect the
s t o n e ’s physical
condition, which
subsequently aff e c t s
the physiochemical
p rocesses. 

The importance of
feedback to the
operation of the
system cannot be
o v e restimated. If
the feedback loops
a re negative, the
state of the system
tends to adapt to
changes in the
input variables and
to resist changing
its rate of deteriora-
tion. If the feedback
loops are positive,
the state of the sys-
tem tends to move
t o w a rd a part i c u l a r
limit. Extre m e
examples of such
limits include highly
e n c rusted soiled
stone, well-washed
v i rgin clean stone,
and complete
mechanical failure
of the stone.

S o u rce: Mossotti et al. 1 5 6



greater value placed on the potential loss of these
resources, as was previously discussed. Some of the
specific materials used for cultural properties include
granite, calcitic sandstone, bronze, mortar, limestone,
and many types of marble. As previously stated, the
focus of most of the research has been on calcareous
stone (limestone and marble).

Dose-Response Relationships

A dose-response relationship has been used to partition
the effects of natural and anthropogenic acidity on gal-
va n i zed steel.1 5 7 , 1 5 8 The model has been used to pre d i c t
regional corrosion rates of fencing, wire, and flat plates
in eastern North America. Field studies on we l l - c h a ra c-
t e r i zed calcareous stone have been used to develop pre-
liminary dose-response re l a t i o n s h i p s.1 5 9 - 1 61 La b o ra to r y
studies in controlled enviro n m e n ts have provided quan-
t i ta t i ve measure m e n ts of sulfur dioxide deposition to
c a l c a reous sto n e.1 6 2 , 1 6 3 Although these basic field and
l a b o ra tory data on materials effects have been sys t e m-
atically collected over the past 15 ye a rs, there have been
m a ny difficulties with reconciling observations fro m
poorly controlled field ex p e r i m e n ts with re s u l ts fro m
highly sanitized labora tory ex p e r i m e n ts.

A preliminary damage function for marble has been
d eveloped based on studies of the effects of air pollution
on grave s tones in North America.1 5 4 H oweve r, this linear
damage function does not ta ke geographic location into
c o n s i d e ration. The slope of the damage function will
differ for those areas with less pollution and more ra i n .
Weathering rates for heavily polluted urban areas may
be greater than measured because many badly we a t h-
e red grave s tones may have been bro ken or re m ove d .
Other improve m e n ts to the damage function may arise
f rom better modeling of historic sulfur dioxide concen-
t rations at more locations throughout the United Sta t e s.

V i s i b i l i t y

Particulate sulfate formed in the atmosphere by
the conve rsion of SO2 is responsible for 40–65% of
the haze in the eastern United States, based on a
combination of measurements and calculations.
Reduced SO2 emissions under Title IV are
expected to decrease sulfate concentrations and
their contribution to haze. 

In 1995, sulfate concentrations we re 15% lowe r
than previous ye a rs at sites in the eastern United

S t a t e s. Although this decrease was predicted to
i m p rove visibility by 8%, there was no measura b l e
d i f f e rence at the seven eastern sites that dire c t l y
m e a s u re visibility. The re l a t i ve influences of emis-
sion re d u c t i o n s, meteorological va r i a t i o n s, and
changes in nonsulfate particulate concentra t i o n s
in the observed visibility are currently not we l l
u n d e rstood. 

S O2 emissions have an indirect effect on visibility (see the
Visibility Impairment text box on page 69). Some of the
S O2 emitted is converted in the atmosphere to sulfa t e
a e rosol, which is responsible for a large share of the
h a ze in the eastern United Sta t e s. Visibility levels can be
d i rectly measured at sites where optical instruments are
used. At other locations, where only aerosol composition
d a ta are ava i l a b l e, calculations can be made of visibility
l evels and the contribution of the five major aero s o l
species (sulfa t e s, nitra t e s, organic carbon, elemental car-
bon, and crustal elements) to reduced visibility.

Observed Effects

The Intera g e n cy Monitoring of Protected Visual Envi-
ro n m e n ts (IMPROVE) network is the principal source of
a e rosol and visibility info r m a t i o n .31 Thirteen of the
I M P ROVE sites, are located in the East, where emission
changes under Title IV are expected to be the gre a t e s t
( F i g u re 22). Twe l ve of those sites are in rural are a s. At
least three of the 13 eastern sites have been opera t i o n a l
continuously since 1988: Acadia National Park, Maine;
Shenandoah National Park, Virginia; and Great Smoky
M o u n tains National Park, Te n n e s s e e. The Shenandoah
and Great Smoky sites actually have data beginning in
1983, prior to the establishment of the IMPROVE net-
work. Ten additional aerosol monitoring sites we re ini-
tiated during 1992 and 1993. All 13 sites collect
samples that allow for the analysis of the five major
a e rosol species for the fine-particle fraction (diameter
of less than 2.5µm) and the mass concentration of the
c o a rse-particle fraction (diameter of 2.5–10 . 0 µ m ) .
S even of the sites also directly measure visibility.

Figure 23 shows the seasonal and annual fractional
contributions of sulfates and nitrates to the light-
extinction coefficient averaged over three years of the
IMPROVE monitoring program, March 1992 through
February 1995.164 On an annual basis, sulfate aerosols
contribute from just over 45% to nearly 70% of the
haze seen in the East. Sulfate contributions are highest
in the summer (up to 75%) and lowest in the winter
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Figure 22
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(as low as 30 % ) .
N i t rates contribute
6–14% of the haze on
an annual ave ra g e
b a s i s, with much lowe r
contributions in sum-
mer (less than 5%)
than in winter (almost
30%). N i t rate con-
c e n t rations in urban
a reas are genera l l y
higher than in sur-
rounding rural areas
as a result of the in-
fluence of urban tra n s-
portation sources. It
is important to note
that a seasonal change
in visibility is likely to
include days with no
change and other days
with significant change.
The same can be true
for spatially averaged
v i s ib i l i t y. Within a
region, the ove ra l l
change in visibility
may appear small but
may actually include
certain areas that ex-
perience very notice-
able changes in haze
l evels (e.g., near sourc e s
that have re d u c e d
emissions).

N A PA P ’s 1990 Integrat-
ed Assessment Report3

predicted that a 10-
million-ton reduction
in SO2 emissions wo u l d
result in a 37% aver-
age reduction in sul-
fate concentra t i o n s
and, therefore, a 37%
reduction in the sul-
fate contribution to
light extinction. It also
indicated that sulfate
was responsible fo r
about 57% of the
total light extinction
on average, so that a
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V i s i b i l i t y

21% change in total light extinction (57% of 37%)
would result from the 10-million-ton SO2 reduction.
Annual average sulfate reductions were predicted to
vary spatially from more than 44% in the upper Ohio
River Valley to about 30% across much of the East
moving away from the Ohio River. This is due to hav-
ing significantly greater SO2 emissions in the Ohio
River Valley than in other parts of the eastern United
States. Summer (April to September) was predicted to
have somewhat greater reductions in the sulfate con-
centrations (40%) than in the winter season (37%). 

Spatial and seasonal patterns of sulfate change using
the IMPROVE monitoring data were examined to com-
pare with predictions in the 1990 Integrated Assessment
Report.3 The 1995 SO2 emission levels were about five
million tons lower than those of the previous few years
as a result of Title IV emission controls within the elec-
tric utility industry (see Figure 4). Assuming that the
nonutility SO2 emissions were unchanged, about a

20% reduction would occur in the annual average sul-
fate contribution to light extinction, which would cor-
respond to about a 10% reduction in total light
extinction. Because most of the emission reductions
occurred near the beginning of 1995, the three-year
data record at the 13 eastern IMPROVE sites is useful
in short-term trends analysis. The two sites with the
longer monitoring records can be used to examine
long-term trends and to investigate variability during
periods of re l a t i vely small annual SO2 e m i s s i o n
changes.

Interannual variations in meteorology confounds any
attempt to make simple comparisons between pre-
dicted and measured changes in sulfate concentra-
tions. Measured sulfate concentrations are influenced
by both emission changes and meteorology. Even
years that may seem to be “typical” can have meteo-
rological differences that would have significant effects
on the sulfate concentrations, independent of SO2
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Visibility Impairment

B y interfering with the transmission of light, pollutants associated with acid deposition reduce the clarity
of the atmosphere. Much of the concern about visibility is related to the aesthetic damage from air pollu -

tion—the inability to see the form, texture, and color of scenic features.

Unlike certain acid deposition effects that involve air/land/water interactions that build up over time or that
are delayed, atmospheric optical effects are instantaneous properties of air quality. The fundamental physics
relating light extinction and other optical parameters to atmospheric gases and particles is well established. 

Under a variety of viewing conditions, “visibility reduction” or “haziness” is approximately proportional to a
parameter called “atmospheric light extinction.” Light extinction refers to the fraction of light that is attenu -
ated per unit distance by the atmosphere. Light extinction is a simple linear sum of four components: light
scattering and light absorption by both gases and particles. In a homogenous atmosphere, visual range is
inversely proportional to light extinction. However, neither visual range nor light extinction necessarily
relates directly to the aesthetic qualities of an individual scene. A new “haziness” index has been developed
for this. 165 Measured in deciview units, this index was designed to be more linear with respect to perceived
visual change over its entire range, analogous to the decibel scale for sound. A one deciview change repr e-
sents a small change in scenic quality that would be noticed by most people regardless of the initial visibility
condition. Pollution-free air cor responds to 0 deciviews, with higher values indicating greater visibility impair -
ment.

Particles (aerosols composed of sulfate and nitrate as well as other chemicals) tend to dominate light extinc -
tion, except under extremely clean conditions when natural light scattering by air molecules predominates.
Fine particles (diameter less than 2.5µm) must be distinguished from coarse particles (diameter greater than
2.5µm), because fine particles usually dominate visibility effects. Aerosols are basically composed of five types
of chemical species: sulfates, organics, elemental carbon, ammonium nitrate, and soil dust. It is important to
note that hygroscopic particles (those that absorb water, such as sulfates, ammonium nitrate, and some
organics) include particle-bound water in amounts that vary with the relative humidity and can significantly
add to the impairment of visibility under humid conditions (relative humidity greater than 80%).



emission rates. A common approach to handle these
meteorological variations is to average 10–20 years of
data. Obviously, this is not possible when looking for
the effects of emission changes over the previous five
years or less. A more sophisticated approach (not used
here) would be to use deterministic or statistical mod-
els to try to account for the influence of meteorological
variations.

Trend Analysis

Trends analysis has been conducted at the two
IMPROVE monitoring locations with relatively long-
term sulfate aerosol concentration data: the Shenan-
doah and Great Smoky Mountains National Parks.
Also, all 13 sites with three years or more of data were
examined to assess short-term changes in concentra-
tions that may be caused in part by emission changes.
Spatial variations in short-term changes in sulfate
concentrations were examined, but could not be inter-
preted without corresponding spatially resolved total
SO2 emissions data (including both utility and nonutil-
ity), which were not readily available. Seasonal sulfate
and sulfur aerosol concentration values were used to
identify seasonal patterns. Corresponding seasonal
total SO2 emission values (current and historical) are
needed to better interpret these patterns, but such data
were not available in time for this report. 

Long-Term Trends

An examination was conducted on nearly 10 ye a rs of
fine particulate sulfur concentration data
(1983–1992) from 12 IMPROVE sites, two of which
we re in the East.1 6 6 One of the more surprising re s u l ts
of this analysis was an ave rage annual increase in
c o n c e n t rations of 4% at the Shenandoah and Gre a t
Smoky Mountains sites. Both of these sites had small
d e c reasing trends during the winter and modera t e
i n c reasing trends during the spring and fall. The ove r-
all annual fine-particulate sulfate concentra t i o n
i n c reased by an ave rage of 2–3% at the two eastern
s i t e s. What makes these trends unusual is the
d e c reasing SO2 emissions in the eastern United Sta t e s
during this same period. Trends at sites in other U.S.
regions seemed better correlated with SO2 e m i s s i o n
change ex p e c ta t i o n s. These included sites in the
s o u t h western United States with decreasing fine-par-
ticle sulfur changes in areas where copper smelter
and coal-fired utility emissions we re reduced. The
re s e a rc h e rs did not discuss why fine-particulate sul-
fur was increasing at the two eastern sites.

In a more recent paper, a longer period of re c o rd wa s
examined (1983 to summer 1995), and focused on pos-
sible explanations of the fine-particulate sulfur tre n d s
in the eastern United Sta t e s, especially at the Gre a t
Smoky Mountains monitoring site.3 2 The possible
e f f e c ts of the changes in sampling pro tocols betwe e n
t wo monitoring pro g rams we re discussed, as well as
the occasionally large unexplained discre p a n c i e s
b e t ween paired sulfate ion and elemental sulfur mea-
s u re m e n ts that occur in the summer under very humid
c o n d i t i o n s. The discrepancies we re highest in the sum-
m e rs of 1993 and 1994, with mean sulfate concentra-
tions that we re 21% and 31% higher than the mean
sulfur concentrations at the Great Smoky Mounta i n s
s i t e. The discre p a n cy did not appear in the summer of
1995 and remains a subject of further inve s t i g a t i o n .
The authors make the case that these issues do not sig-
nificantly affect their sulfur trend conclusions. 

The effect of including an additional 2.5 ye a rs of data
was to reduce the magnitude and uncertainty of the
summer and winter tre n d s, especially at the Gre a t
Smoky Mountain site. At that site the three additional
s u m m e rs (1993, 1994, and 1995) lowe red the summer
t rend from +3.9% (±2.4%) per year to +2.1%
(±1.3%) per ye a r, and the two additional winters (1993
and 1994) changed the winter trend from –2.6%
(±3.1%) per year to –0.9% (±1.7%) per ye a r. By cal-
culating summer trends separately for the earlier half of
the data re c o rd (1984–1990) and the later half
(1990–1995), the authors showed that the 12-ye a r
t rend of increasing fine-particulate sulfate resulted fro m
l a rge increases in the first half of the period fo l l owed by
either flat trends (Shenandoah –0.1% (±1.7%) per
year) or improving trends (Great Smoky Mounta i n s
–3.8% (±2.8%) per year) during the second half. 

Figure 11 on page 33 shows the winter- and summer-
averaged fine-particulate sulfur concentrations for the
Shenandoah and Great Smoky Mountains, and a com-
posite of the 10 western IMPROVE sites. Much of the
year-to-year variations in the seasonal averages is
thought to result from interannual meteoro l o g i c a l
effects on production, dispersion, and deposition of
particulate sulfate from gaseous SO2 and sulfate con-
centrations, since the emissions are thought to be less
va r i a b l e. The changes in seasonal ave rages we re
caused principally by changes in the highest concen-
tration days since the low- and mid-level sulfate con-
centrations were nearly the same year to year.

The researchers suggest a few reasons for the appar-
ent inconsistency between increasing fine-particulate
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sulfur and decreasing national annual average SO2
emissions of about 1% from 1985 to 1994.32 One plau-
sible explanation is the increasing use of electricity for
air conditioning. SO2 emissions may be increasing over
the years during the hottest days, and yet may not
affect the overall reductions in the annual average SO2
emissions. Hot days are thought to be associated with
more rapid production of fine-particulate sulfate from
SO2 and with greater pollution buildup caused by stag-
nant air motion compared to colder days. Therefore,
any increment of additional SO2 emissions on hot days
may produce much more fine-particulate sulfate than
the same increment on other days. This explanation is
consistent with the seasonal trends information devel-
oped by the authors, but should be tested further with
temporally resolved SO2 emissions; such data were not
readily available for this report.

A second possible explanation given by the
researchers involves the spatial distribution and influ-
ence range of SO2 emissions. The trends in the 11-year
annual fine-sulfur concentrations at the Great Smoky
Mountains monitoring site were comparable to the
annual SO2 emission rates for the Tennessee Valley
Authority power plants that dominate SO2 emissions in
the near-upwind region of that site. During the impor-
tant high sulfur concentration periods, it is reasonable
to expect stagnant air conditions and a greater-than-
normal influence by nearby sources compared to other
periods. This explanation also requires further testing
with spatially and temporally resolved SO2 emissions
data when they are available.

Short-Term Trends

Additional analysis using the IMPROVE aerosol data
was conducted as a case study specifically for this
report. The analysis involved calculating the ratio of
the average seasonal sulfate concentrations in 1995 to
the average seasonal sulfate concentrations for 1993
and 1994 combined. Restricting the analysis to these
three years enabled the inclusion of data from all 13
eastern IMPROVE monitoring sites. This improved spa-
tial resolution will ultimately allow comparisons to
local SO2 emission levels so that analysis can be con-
ducted similar to those stated above for the Great
Smoky Mountains site.32 (Seasonal emissions data
were not available prior to preparation of this report.) 

A serious shortcoming of this analysis is that intera n-
nual variations in meteorology can easily ove r w h e l m
the effects caused by minor changes in emissions. Fig-
u re 11 illustrates that substantial ye a r - to - year va r i a t i o n s

a re common. Ultimately, this difficulty may be mitigated
to some extent if SO2 emissions near some of the mon-
i toring sites are substantially changed and if the specu-
lation by the re s e a rc h e rs for the Great Smoky Mounta i n
site is correct that seasonal trends are dominated by the
activity of nearby SO2 emission sourc e s.3 2 No attempt is
made in this analysis to sort out the confounding effects
of interannual meteorological va r i a t i o n s.

Annual averaged SO2 emissions for the eastern United
States were considerably reduced between 1993 and
1995 (see Figure 4). The use of sulfate aerosol data
from the 13 monitoring sites provide much better spa-
tial coverage than the three sites with longer periods of
record. Sulfate ion data were used for this analysis
instead of elemental sulfur data, as was used in the
long-term trend analyses. Though not yet completely
resolved, current thinking by those responsible for the
IMPROVE aerosol monitoring program is that the sul-
fate ion values are likely to be more correct for those
very humid periods in summer when there is a dis-
crepancy between measured sulfate and sulfur.

The more northerly sites showed a greater re d u c t i o n
in fine-particulate sulfate concentrations in 1995
( c o m p a red to the two previous ye a rs) than the more
southerly sites. This pattern is not as clear in the sea-
sonal patterns (Figure 22). An ave rage of the ra t i o s
a c ross sites indicates a network reduction of fine-
particulate sulfate in 1995 compared to the prev i o u s
t wo ye a rs of about 24% in winter, 13% in spring,
10% in summer, and 18% in fall. 

The overall conclusion that fine-particulate sulfate
concentrations at the eastern IMPROVE sites were
about 15% lower in 1995 compared to the previous
two years is sensitive to having selected the sulfate ion
instead of elemental sulfur. Had elemental sulfur been
selected, the 1995 concentrations would have been
only 5% lower than the previous years.

A 15% decrease in one year could have been caused
solely by interannual variations in meteorology. For
instance, between 1989 and 1990, annual sulfate at
the Great Smoky Mountains site increased by about
25%, while emissions near that site increased by less
than about 12%, and overall SO2 emissions in the East
were slowly decreasing.32 It seems less likely that such
a large change would occur at a 13-site average across
the East. Seasonal averaged data predating 1993 indi-
cate that 1995 is consistently one of the lowest sulfate
c o n c e n t ration ye a rs on re c o rd. Given consistency
across space (13 sites in the East) and time, it is 
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reasonable to hypothesize that a reduction in sulfate
concentrations is beginning to emerge as a result of
Title IV SO2 reductions. However, a longer data record
is needed to quantify the magnitude of this signal.

The selection of 1995 as the year to compare with pre-
vious years was due to 1995 being the first year of
implementation of Title IV, with accompanying signifi-
cant decreases in SO2 emissions from the previous
years. However, this is a poor approach for examining
the effects of emission changes on visibility. The tim-
ing and location of emission rate changes were not
available when this analysis was conducted. When
these data are fully aggregated, a more appropriate
method would be to identify reasonable source influ-
ence regions for each of the monitoring sites by season
and to examine relationships between emissions
within those regions and sulfate concentra t i o n s.
Another important approach to understanding the
relationship between emissions and local visibility is to
examine the extent to which emissions are attributed
to local air pollution emissions or from regional trans-
port of air pollutants.

The visibility change that would be predicted to result
from an annual eastern sulfate reduction of 15% is
about 8% change in light extinction, which corre-
sponds to a change of about 0.8 deciview. This magni-
tude of improvement in visibility would probably not
be perceptible to the casual observer. However, this
change on average, involves some time periods and
locations with much less change and others with much
greater change. From this perspective, it is likely that
the contribution of sulfates to haziness was noticeably
lower in 1995. 

Visibility was directly measured at seven of the 13 east-
ern IMPROVE sites. Comparisons of the 1995 annual
ave rages to the previous two ye a rs—in a manner simi-
lar to that described above for sulfate concentra t i o n s —
resulted in no ove rall change (less than a 1% decre a s e
or improvement). The re s u l ts ranged from 15%
i m p roved visibility (1.4 deciview change) at Gre a t
Smoky Mountains to 9% decreased visibility (0.9
d e c i v i ew change) at Mammoth Cave, Ke n t u c k y. A lack
of correspondence between these visibility changes and
the changes in sulfate contributions to light ex t i n c t i o n
is not surprising, given that more than 40% of the con-
tributions to light extinction are related to nonsulfa t e
p a ra m e t e rs, which we re primarily unchanged. 

The nitrate contribution to visibility levels is relatively
small, except during the winter (Figure 23). Using the

same technique as described above for sulfate, analy-
sis of short-term trends in nitrate concentrations
resulted in no significant change (less than 1%) in the
13-site annual or winter seasonal-averaged nitrates
for 1995 compared to the previous two years. Annual
n i t rate trends at individual sites varied from an
increase of 18% to a decrease of 22%, with no appar-
ent geographic pattern. Site-to-site variations of the
nitrate trends were even greater during the winter,
ranging from a 47% increase to a 33% decrease.
These variations are likely to result principally from
interannual meteorological variations, including tem-
perature, which is critical to determining the nitrate
partitioning between particle and gas phases in the
atmosphere.

Dose-Response Relationships

There are two approaches to determining visibility
dose-response relationships. One is a technically rig-
orous but complex situation-specific method, while
the other is a simplified approach using bro a d
assumptions that can be more generally applied. 

In the more rigorous approach, aerosol water growth
relationships and Mie theory are applied to determine
the optical characteristics of aerosol from information
on the composition, shape, and number of particles as
a function of the particle size and the relative humid-
ity of the atmosphere. Sophisticated radiative transfer
models using the aerosol optical characteristics, the
lighting and scene characteristics, and the spatial dis-
tribution of the pollutants are used to calculate the
path and wavelength of image-forming and nonimage-
forming light that reaches a specific observer at a spe-
cific time and date from all points in the scene being
viewed. Computer image-processing methodology can
show the visual effects of any modeled pollution situ-
ation on a clear-condition photograph of the scene of
interest. This technique was used in NAPAP’s 1990
Integrated Assessment Report3 and State of the Science and
Technology Report 24.167 While this sort of analysis is
useful for assessing specific cases, it is impractical to
address regional haze issues, where visibility is expe-
rienced in a nearly infinite variety of situations and
where the detailed characteristics of the pollution,
lighting, and scene conditions are rarely known.

The simplified approach uses aerosol species-specific
extinction efficiencies with water growth functions to
determine the light-extinction coefficient of the aerosol
from its composition and the relative humidity of the
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situation of interest. Extinction efficiencies and the rel-
ative humidity dependence of the aerosol are based
upon typical results using the more sophisticated
methods indicated above. Light-extinction coefficients
determined by this approach are easily converted to
the deciview scale of the haziness index. This index
was specifically designed so that anywhere along its
scale, haziness changes that are about equally percep-
tible correspond to the same deciview difference (see
the Visibility Impairment text box on page 69 for dis-
cussion of deciview units). For example, a 3-deciview
difference caused by changed air quality should result
in about the same perceived change in haziness,
whether under pristine or highly polluted conditions.
This characteristic of the deciview scale requires that
the scene being viewed have a sufficient number of
sensitive scenic features for the baseline haze level. No
one scene is likely to have such scenic features for all
conceivable haze levels. However, the nearly infinite
variety of scenes available where regional hazes are
concerned ensures that many will have the desired
characteristic for any haze level. 

Based upon viewing scenic photo g raphs with computer-
g e n e rated haze s, changes as small as about 0.5
d e c i v i ew can be visually detected if a sensitive scenic
f e a t u re is prominent in the scene. A 1-deciview change
is more often detected because the re q u i rement for a
s e n s i t i ve scenic feature is less re s t r i c t i ve; howeve r, such
a change is subtle. One must bear in mind when con-
sidering how much of a change is perceptible that visi-
bility is an effect that is insta n taneously manifested,
while assessment re s u l ts generally are in terms of tem-
p o ral ave ra g e s. It is important to note again that a sea-
sonal change of 1 deciview is likely to include days with
no change and other days with prominent changes. A
similar argument can be made for spatial ave ra g i n g .
P redicted regional ave raged visibility changes may
seem small, while areas within the region and near
s o u rces with changed emissions can experience much
m o re noticeable changes in haze leve l s.

Human Health

The Clean Air Act establishes the mechanism for
National Ambient Air Quality Standards for particulate
matter with the goal of protecting public health. EPA is
required to periodically review and revise this stan-
dard, as appropriate, to primarily protect against
adverse health effects, and secondarily to protect
against welfare effects (e.g., impacts on vegetation,
crops, ecosystems, visibility, materials). EPA recently
completed a comprehensive review of the significant

new body of epidemiological evidence, which can be
found in the Air Quality Criteria for Particulate Matter.168

This review forms the primary references for this sum-
mary of health benefits.

At the end of the 1980s, NAPAP reported that the
human health benefits resulting from re d u c t i o n s
of atmospherically formed particles and ozo n e
that accompany the control of SO2 and NOX e m i s-
sions we re considered to be potentially significant,
but very uncertain. Current scientific know l e d g e
about the health effects of particulate matter indi-
cates that the extent of such benefits may be sub-
stantial. 

S u l fate and nitrate particles constitute a portion of par-
ticulate matter that varies geographically and that con-
s i s ts primarily of fine particles. Although no consensus
ex i s ts on the causal relationship between sulfates and
n i t rates and adve rse human health effects, many epi-
demiological studies suggest a statistical association
b e t ween various polluta n ts and demand for hospita l
s e r v i c e s, and mortality and morbidity ra t e s. 

Epidemiological studies evaluate the association
b e t ween air pollution and adve rse human health
e f f e c ts, typically in an urban setting. In these studies,
s tatistical techniques (usually a type of re g re s s i o n
a n a l ysis) are used to estimate dose-response re l a t i o n-
ships between pollution levels and health effects. These
types of studies are useful in that they allow the esti-
mation of the incidence of health effects related to va r y-
ing levels of air pollution. Howeve r, epidemiological
studies alone have significant limitations when trying to
p rove the existence of a cause-and-effect re l a t i o n s h i p
b e t ween pollutant dose and a health re s p o n s e. 

Reductions in levels of fine particulate matter represent
a potential source of major health benefits as a result
of Title IV’s reductions in SO2 and NOX emissions. SO2
and NOX emissions interact with other chemical
species in the atmosphere to form secondary sulfates
and nitrates, which comprise a significant portion of
atmospheric fine particulate matter. In the eastern
United States, which is largely urban and where the
impact of Title IV emission reductions will be greatest,
sulfate aerosols represent 30–40% of average ambient
levels of fine particulates. In the West, sulfate consti-
tutes only 10% of fine particulate matter, whereas
nitrate reportedly constitutes 15–20%.168 (However,
because of inaccuracies in measurement techniques,
nitrate levels may be significantly underestimated.) 
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Determining the specific effect of sulfate aerosols on
human health is difficult because epidemiological
studies are limited in their ability to separate the
effects of sulfates from the effects of other components
of fine particulate matter.169 Many studies of human
health benefits from emission reductions are based
upon epidemiological findings that are focused on
health effects from exposure to particulate matter or
fine particulate matter. However, a growing number of
studies are focusing on the health effects of exposure
to sulfates specifically.169

The epidemiological studies indicate that some or all
of the constituents of fine particulate matter (including
sulfates and nitrates) are harmful to human health.
Laboratory studies suggest that some types of sulfates,
especially sulfuric acid aerosols, are harmful to the
respiratory system when subjects are exposed to sul-
fates alone. This evidence suggests that sulfates may
be contributing, at least in part, to the health effects
observed in association with fine particulate matter.169

Some of the epidemiological studies of the health
e f f e c ts of sulfates specifically, and particulate matter
in general, have examined the extent to which other
fa c to rs—such as tempera t u re, humidity, ambient lev-
els of other polluta n ts, smoking, and time spent
i n d o o rs — m ay confound the suggestion that the
o b s e r ved health effects are associated with Title IV
p o l l u ta n ts. Some analyses of particle epidemiology,
including the previously re f e renced EPA Criteria Doc-
ument, concluded that many of these studies corre c t l y
c o n t rolled for confounding fa c to rs, which supports the
reported statistical association between levels of fine
particulate matter and health effects.1 6 8 , 1 70 T h e s e
a n a l yses also note that uncertainties remain, particu-
larly with respect to the exact quantita t i ve re l a t i o n-
ship between ambient air concentrations and human
health re s p o n s e s, and with the potential biological
mechanisms that would account for the observed epi-
demiological re s u l ts. A recent critical rev i ew of re l e-
vant epidemiological studies proposed that a case can
still be made that some uncontrolled fa c tor may be
acting as a confounding fa c tor and may there by pro-
vide a plausible explanation for the apparent particle-
related health effects.1 71

Based on its review of the scientific criteria and stan-
dards,168 EPA recently revised the primary (health-
based) and secondary (we l fa re-based) National
Ambient Air Quality Standards for particulate matter,
re taining the previous sta n d a rds for particles 10
microns or less in size (PM10) with some revisions to

the form of the 24-hour standard, and adding new
daily and annual standards for fine particles (particles
2.5 microns or less in size—PM2.5). EPA estimates that
the impact of the new standards could range from min-
imal in areas that already meet them to a substantial
(45–50%) reduction in particulate matter associated
morbidity and mortality in areas with high levels of
particulate matter.172

Members of the Clean Air Scientific Advisory Commit-
tee, an independent scientific review panel, reached a
consensus that a new National Ambient Air Quality
Standard should be established for fine particles. How-
ever, there was no consensus on the level, averaging
time, or form of a fine particulate standard. The panel
members’ diversity of opinion reflects the many unan-
swered questions and uncertainties associated with
establishing a cause-and-effect relationship between
fine particulate matter and premature mortality.173

There is also a lack of consensus on the existence of a
level below which there will be no adverse health
effects. However, there is a general consensus that a
reduction in fine particles as a result of the Clean Air
Act Amendments of 1990 will have a positive impact
on public health.

Observed Effects

Based on epidemiological studies, reductions in
fine particulate matter (which include sulfates and
n i t rates) as a result of the 1990 Clean Air Ac t
Amendments are likely to improve public health.

Epidemiological studies indicate that potential health
benefits from decreased SO2 and NOX emissions—and
thereby decreased levels of fine particulate matter
(assuming other fine particulate matter constituents
do not increase in concentration)—include reductions
in: premature mortality from cardiorespiratory disease,
particularly in the elderly;168,172 hospital admissions
for re s p i ra tory and card i ovascular causes,1 6 8 , 1 7 4

asthma atta c ks, and medication use; re s p i ra to r y
sy m p toms; and school-loss and work-loss days.
Whether such reductions will have a significant impact
on the rate of occurrence of chronic obstructive pul-
monary disease, which includes chronic bronchitis and
emphysema, is less clear. Air pollution has a limited
role, if any, as a cause of asthma, but it clearly aggra-
vates existing asthma. The association of respiratory
emergency visits with air pollutants—specifically sul-
fates (winter), ozone (summer), and particulate matter
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(year-round)—even at very low levels, suggests that
further reductions in these pollutants will lead to fewer
asthma exacerbations.175

Indications from epidemiological studies of a statistical
association between ambient particles and human
health end points suggest that Title IV’s decreased
emissions could lead to a reduction in premature mor-
tality and morbidity from cardiovascular and respira-
tory causes. Using available epidemiological evidence,
an EPA study estimated the annual number of cases in
1997 of sulfate-related health effects that would be
prevented under Title IV.169 The study assumes that
sulfates play a causative role in producing adverse
health effects and estimates the following cases could
be prevented (20th to 80th percentile range): 400 to
5,700 cases of premature mortality, 1,600 to 6,600
new cases of chronic bronchitis, 500 to 870 cardiac
hospital admissions, and 800,000 to 2,370,000 asthma
symptom days. EPA is currently conducting a cost-
benefit analysis of all the 1990 Clean Air Act Amend-
ments (not just Title IV), which will also include
benefit projections for additional pollutants controlled
by the Amendments.

Human health benefits are also associated with
decreased concentrations of gaseous SO2, gaseous
NO2 (including the associated changes in ozone lev-
els), and air toxics (reductions of these are associated
with reduced SO2 and NOX emissions). While the
potential health benefits of reductions in air toxics are
not well understood and the effects of NO2 may be
minimal, the effects of SO2 and ozone (ozone levels are
related to NOX emissions) have been studied exten-
sively. Increased ozone levels are associated with
increased hospital admissions for asthma, increased
asthma atta c ks, and increased medication use.1 7 6

Asthma attacks are more likely to occur near point
sources of gaseous ambient SO2. Every year, 1–3% of
asthmatics living near a pollution source will experi-
ence respiratory symptoms and changes in lung func-
tion as a result of SO2 exposure.177

Sensitive Populations

For this assessment, the sensitive populations are
c h i l d ren, especially those with asthma, and the
e l d e r l y, especially those with card i o re s p i ra t o r y
disease who may be more likely to die pre m a-
t u rely during episodic pollution eve n t s. 

Individuals most at risk to the acute effects of sulfates
and other fine particles are typically those with pre-
existing conditions (as a result of current or previous
illness), genetics (inherited characteristics), age, or
exposure. To be at risk, an individual must be exposed
to particulates including sulfates and nitrates. Expo-
s u re to ambient airborne polluta n ts is genera l l y
increased by being active and being outdoors where
concentrations are typically higher (increased breath-
ing rates and increased exposure). Fine particles out-
d o o rs efficiently penetrate indoors where they
contribute to human health effects. This makes indoor
exposures important because of the large percentage
of time spent indoors, despite the somewhat lower
activity levels.

Among the diseases that are exacerbated by particu-
late air pollution are chronic obstructive pulmonary
disease (mainly chronic bronchitis and emphysema),
asthma, heart disease, and re s p i ra tory infections
(acute bronchitis, pneumonia). Children and elderly
adults may also be at increased risk for these dis-
e a s e s — c h i l d ren, because of their greater outd o o r
activity levels, and the elderly, because of their rela-
tively poorer average health status. Effects may not be
limited to these groups; new and ongoing studies indi-
cate an association between exposure of healthy peo-
ple to fine particulates and potential shortening of
their lives.178

Concentration-Response Relationships

C o n c e n t ra t i o n - response information is ava i l a b l e
for numerous health end points, including pre m a-
t u re mortality, hospitalization for re s p i ra t o r y
c a u s e s, and re s p i ratory sy m p t o m s.

Concentration-response functions have been adapted
from the epidemiological literature,169 although it is
still not known whether a threshold value for particu-
late matter exists. Changes in the number of inci-
dences of health effects predicted as a result of
reductions in particulate matter reductions can be esti-
mated using these functions. Recent studies have iden-
tified concentration-response functions for sulfates,
for all particulate matter, and for fine particulate mat-
ter.168,172 Due to limited scientific literature addressing
the health impacts of nitrates, exposure currently is
analyzed as exposure to fine particulate matter. Many
epidemiological studies suggest an association
between both mortality and morbidity and exposure to
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ambient fine particulate matter, but specific biological
mechanisms have not yet been identified. Studies in
laboratory animals are beginning to provide prelimi-
nary evidence of plausible biological mechanisms.179

Definitive results, however, are not expected for several
years.

What are the economic 
benefits related to the 
effects areas?

Economic methods for valuing the effects of pollu-
tion on marketed goods and services have been
available for many ye a rs. The ability to estimate
benefits for these effects is limited by the ava i l-
ability of economic and scientific data.

In contrast, methods for estimating nonmarke t
values and passive-use values have only re c e n t l y
become widely used and accepted. The re l i a b i l i t y
of economic estimates for specific env i ro n m e n t a l
effects from Title IV is greatest for the health ben-
e f i t s, although significant uncertainties chara c t e r-
i ze the estimates. Estimation of re c re a t i o n a l
damages is less reliable because the economic
studies are lacking, there are gaps in the science,
and there is a lack of baseline re c reation partici-
pation information specific to re f e rence env i ro n-
ments of interest. 

The 1990 Clean Air Act Amendments direct NAPAP to
coordinate federal agencies’ efforts to analyze the
c o s ts and benefits of Title IV contro l s. Although
NAPAP’s 1990 Integrated Assessment Report3 identified a
large number of potential economic benefits, three
obstacles limited a quantitative assessment: (1) linkage
to end points that directly affect welfare from an indi-
vidual’s perspective—that is, a determination of the
quantitative effect of emission reductions on an item
that is valued by individuals—was often poorly estab-
lished; (2) inconsistent levels of rigor and reliability
characterized the economic methods that were avail-
able for valuation; and (3) even where end points and
methods for valuation were well developed, poor sci-
entific or economic data often undermined the ability
to estimate potential benefits. Since 1990, there have
been advances in science and economics that make
estimates of economic benefits more feasible. In some
cases, even though estimates remain uncertain, more
is known about the range of potential benefits and

about the contribution that additional research could
make to reducing uncertainty.

This assessment of economic benefits addresses the
following areas: human mortality, human morbidity,
visibility, materials and cultural resources, ecosystem
health (nonuse values), aquatics (recreation), forests
(recreation), agriculture and commercial forestry, and
radiative forcing. For this assessment, NAPAP asked
the following questions about each of the areas.

1. Does science provide the information needed
for economic analysis? Are benefit end points
well established?

2. Are economic methods adequately developed?

3. Are data available from science and economics
for an assessment of benefits?

4. Are the expected benefits large?

5. With the goal of improving benefit estimates,
what is the relative short-term return on invest-
ment for research?

A matrix was developed to display a qualitative, rela-
tive ranking for each benefit area with respect to these
questions (Table 7). The major conclusions of this ben-
efits assessment are summarized in the text below and
are followed by a discussion of the rankings assigned
each area. 

Benefits Estimation: 
A p p roaches and Conclusions

Benefits estimation provides a means to assess the val-
ues people place on the expected effects of Title IV.
From an economic perspective, values are defined in
relative terms and are measured by how much of one
asset or service people are willing to sacrifice to obtain
or preserve another. Economists refer to this as an
opportunity cost approach to valuation. 

Values are ex p ressed in monetary terms, although in
principle they can be ex p ressed in other metrics. The
methodologies used to obtain a monetary measure of
value depend on the type of information ava i l a b l e. Fo r
exa m p l e, market goods have observable market prices
and quantities from which estimates of value can be
o b tained. Howeve r, nonmarket goods and services
and nonuse values must employ alternative tech-
n i q u e s. 
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Table 7 displays a qualitative, relative ranking for each
benefit area with respect to the primary assessment
questions of interest to NAPAP. The qualitative rank-
ings are ordinal; for instance, the highest ranking is
better than the second highest, but should not be
interpreted as twice as high. The rankings are primar-
ily of interest relative to each other. They should be
viewed both as rankings among benefit areas for a
given question (within a column), and among ques-
tions for a given benefit area (within a row). Even in
cases where the highest ranking is indicated, there still
remains considerable room for improvement. 

Market Goods and Services

Agriculture and Commercial Forestry

The value or opportunity cost of goods and services
that are readily traded in markets is reflected in their
prices. Benefits from emission reductions to agriculture
and commercial forestry fall in this category. However,
the benefit in these areas is not simply the change in
crop yield multiplied by crop price. Rather, it is the
value of the change in yield compared with the next
best use of the resources used to produce the crop. The
opportunity to substitute among crops if the yield of
one crop falls substantially provides a bound on the
magnitude of the economic impact on agriculture.
Also, if effects are widespread, product prices will
change as will consumer demand, which also must be
taken into account. 

Materials

The effect on materials is another benefit area that
includes marketed goods and services. Again, the ben-
efit in this area is not, for example, the fractional
change in the physical lifetime of a material multiplied
by its original cost. Rather, it is the lost economic use
of the asset. Material assets often have shorter eco-
nomic lives than physical lives, as is evident when a
structure is torn down while it is still fully functional in
order to construct a new one. The economic deprecia-
tion of material assets tends to lower the estimate of
benefits to material resources from that which would
occur if those resources were valued at their original
cost less their physical depreciation. In other cases,
the useful service life of an asset, such as an automo-
bile, may be affected only slightly by damage to paint
finish, but its economic value at each age may be
greatly affected. The economic methods for valuing the
effects of Title IV on marketed goods and services have

been available for many years. The ability to estimate
benefits is limited by the availability of economic and
scientific data. 

Nonmarket Goods and Services

The valuation of goods and services not traded in mar-
kets can be sensitive to the geographic location of
impacts and cannot be observed directly from prices.
Because the effects of Title IV are so widespread, it is
prohibitively expensive to measure values with individ-
ual studies targeted at all the specific locations and
effects. One approach to comprehensively measuring
value in these situations is termed benefit transfer. Infor-
mation from studies that value changes at specific
geographic locations is “transferred” to estimate ben-
efits at other locations.

The rigor and validity of benefit transfer vary with the
types of benefits under consideration. They are central
features in the assessment of the reliability of benefit
estimates. A simplistic approach is the use of a uni-
form value for a day of recreational activity (unit-day
value) calculated at a specific site and applied at vari-
ous other sites with a wide range of characteristics.
But estimates are unreliable because sites vary greatly,
and uniform values for a day of recreational activity
cannot be used to value a change in the quality of a
recreational experience. A more sophisticated and
preferable approach would be to identify the attributes
of the sites that have been studied previously and to
estimate the individuals’ willingness to pay for these
attributes at these and other locations.

Of the various effects of Title IV, impacts on aquatic
and forest recreation are the most problematic with
regard to transferring benefit estimates. The value of
environmental assets has generally been calculated
with unit-day values, but numerous values exist for all
types of uses and environments.180 Accounting for
regional factors (such as the range and quality of sub-
stitute sites) and site-specific factors (such as conges-
tion) is difficult, and there are no accepta b l e
procedures for determining the spatial extent of the
market. The methods for determining the size of the
population that would be or is affected by a change in
recreational quality or quantity are still being debated.

Aquatic Recreation

The most reliable valuation of environmental assets
affected by Title IV is for aquatic recreation in the geo-
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graphically specific but important Adirondack Park
(New York). The seminal paper in this area181 contains
estimates for the value changes in the catch rate for
trout and other fish species, given their relative sensi-
tivity to lake acidity. The study also addresses the
availability of substitute sites for aquatic recreation
and an individual’s willingness to pay to avoid degra-
dation at sites affected by Title IV. However, the litera-
ture in general is weak on the issue of participation
rates, assuming effectively that the number of anglers
as a percentage of the population remains constant.
Further, the valuation of benefits to lakes outside the
northeastern region will require sophisticated benefit
transfer.

Forest Recreation

Valuation of the benefits of Title IV for forest recreation
poses the same potential problems as valuation of
b e n e f i ts for aquatic re c reation. Fo rest re c re a t i o n
depends on the availability of substitute recreational
activities, which has not been successfully modeled
previously. Furthermore, there is no individual setting
where credible estimates have been developed.

Human Morbidity

The area that affords the most credible benefit trans-
fers is human morbidity. Once atmospheric or other
natural processes are taken into account (e.g., in esti-
mating the effect of reduced emissions on ambient air
quality), the health effects and the values people place
on avoiding them are assumed to be reasonably simi-
lar across locations in the United States, especially if
the transfer occurs between populations with similar
health status and life styles. Applying unit values for
health effects at all sites affected by Title IV is less
problematic than applying unit-day values to specific
environmental changes, because of the presumption
that willingness to pay to avoid health effects is less
influenced by region and site variables than willing-
ness to pay for recreation. This is one reason why rel-
atively good progress has been made in health benefits
analysis.

Human Mortality

The valuation of risks of human mortality depends on
estimates of the willingness to pay of individuals for
small changes in the risk of premature death. Most
original studies in this area address accidental deaths
in prime-age adults—a setting inappropriate for most
types of environmental mortality risks, except perhaps

accidental toxic waste releases and similar catastro-
phes. Hence, they are not appropriate to transfer to the
valuation of health benefits from enviro n m e n ta l
changes. One study182 addresses the latency issue that
is important for valuing deaths due to cancer, but it
does not consider the effect of prior health status and
age on valuation, which influences rates of environ-
ment-related deaths, such as those from heart disease
and respiratory failure. Few reliable, peer-reviewed
studies are available to value life-years saved, and
none do so for individuals with impaired health, even
though this health end point can be estimated by
health scientists. Nonetheless, the weight of evidence
is so great regarding the presence of mortality effects
that in sensitivity analysis using a wide range of para-
meters for the value of a statistical life, relatively large
benefit estimates are consistently obtained.

Visibility

Benefit transfer for valuing visibility presents formida-
ble challenges because of the sensitivity of values to
regional, site, and personal chara c t e r i s t i c s. While
visual range can be chara c t e r i zed in a re l a t i ve l y
straightforward way, the vista being affected is difficult
to characterize in generic or transferable terms beyond
such labels as “urban,” “rural,” and “re c reational are a , ”
which are not likely to be sufficient. Despite these chal-
l e n g e s, the literature on visibility benefits is fairly con-
ducive to benefit transfer. Several studies of visibility
values in multiple cities183-185 permit examination of
city-specific factors affecting values and derivation of
functional relationships to predict willingness to pay,
given the baseline visual range and the size of the
change.186 There is a somewhat thinner base upon
which to construct estimates of benefits for changes in
visibility at recreational sites.187,188 A recent study esti-
mates a significant annual value of total benefits of
Title IV in 2010 for both (1) residents of the eastern
United States and (2) national parks.189

The major problem with calculating benefits for visibil-
ity is not the reliability of transferring estimates from
original studies to other study sites. Rather, it is the
reliability of the original studies. Often the valuation of
visibility has relied on stated preference methods, or con-
tingent valuation, s p e c i f i c a l l y. Contingent va l u a t i o n
techniques rely on information revealed thro u g h
choices made by individuals in a hypothetical setting,
rather than information revealed through actions in a
real economic setting. Significant debates surround
protocols for eliciting values in contingent valuation
studies. For example, the size of photographs shown to
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respondents appears to influence willingness to pay.
There are also concerns about joint valuation of visi-
bility and health (i.e., that reported values for visibility
i m p rove m e n ts are confounded by concerns about
health effects) and embedding (i.e., identification of the
proper geographic scope for valuation). 

Research on recreational values has concentrated on
national parks in the Southwest. This focus has the
advantage that health and visibility may not be con-
founded, but provides little information about changes
in visibility at eastern national parks affected by Title
IV. Nonetheless, these existing studies indicate that
benefits from improvements in visibility at recreational
sites can be substantial. In addition, previous studies
indicate the valuation of visibility effects in residential
areas is likely to be as important as changes in visibil-
ity at national parks because these are use values cen-
tered where people spend their daily lives.

Nonuse Values

Up to this point, commodity values have been used to
describe the valuation of benefits to marketed goods
and services, and use values have described the value of
nonmarketed goods and services that individuals use
or enjoy directly. Another potentially important cate-
gory of values is designated nonuse values. This value
stems from an individual’s willingness to pay to avoid
damages to environmental assets, even if the individ-
ual has no expectation of directly enjoying or using
that asset. Nonuse values are now widely accepted as
a legitimate category of benefits estimation, but esti-
mating such values is highly controversial.

Ecosystem Health

The most important area of potential benefits that
would be characterized by nonuse values is ecosystem
health. By its nature, this area describes effects that
occur over long time frames and broad geographic
areas, and that are the product of interactions between
the effects of Title IV and other impacts on the envi-
ronment. People may hold significant nonuse values
for the stability of ecological systems, in addition to the
use values for aquatic and forest recreation in these
systems. Some progress has been made in the last few
years, in particular, in the valuation of estuaries. These
studies indicate economically significant nonuse val-
ues for environmental assets, but a range of potential
benefits from Title IV cannot yet be determined.
Clearly, the literature on nonuse values for environ-

mental assets cannot yet support benefit transfers,
because most of the studies concern nonmarginal
changes in unique environments (e.g., species extinc-
tion, loss of an ecosystem).

Cultural Resources

Another area that would be characterized in large part
by nonuse values is the potential benefits of Title IV
emission reductions to cultural resources, including
historic monuments and buildings, gravestones, and
statues. Various studies in Europe have found very
high estimates in this benefit area. A recent study indi-
cates that important economic benefits measured by
willingness to pay may result from the impacts of Title
IV on national monuments.190 However, the available
scientific and economic data are insufficient even to
place bounds on these potential benefits. Valuation of
cultural materials typically involves summing esti-
mates of an individual’s willingness to pay to preserve
the attribute of the cultural resource (e.g., a monu-
ment) that is being degraded by emissions. This will
include the values of those that actually visit the cul-
tural resource as well as the value that nonusers (those
that may never visit the monument) may place on pre-
serving the resource (existence value).

Reliability of Economic Estimates

In summary, the reliability of economic estimates for
specific environmental effects from Title IV is greatest
for the human health benefits, although significant
uncertainties characterize the estimates. Recreation
damage estimation is less reliable because the eco-
nomic studies are lacking, there are gaps in the sci-
e n c e, and there is a lack of baseline re c re a t i o n
participation information specific to reference environ-
ments of interest. The valuation of aquatic effects for
one important region, Adirondack Park, is fairly reli-
able. However, estimation of aquatic benefits in other
regions will be difficult because of differences in water
temperature, chemistry, availability of substitute sites,
and the mix of species at other locations. Estimates of
visibility damages are weak, partly because of weak
methodology (e.g., some are limited to annual aver-
ages only) and partly because data on changes in
visual range for the majority of affected recreational
and residential vistas are of low quality. Methods for
valuation of agricultural and commercial forestry and
materials are well understood, but the availability of
estimates is limited by scientific and economic data.
Nonuse value estimation studies for ecological sys-
tems and cultural resources suggest the value of
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changes in these assets may be relatively large, but
there are almost no studies of marginal changes in the
quality or quantity of these assets, such as what may
likely result from Title IV.

Expected Benefits and 
Associated Uncerta i n t i e s

In general, quantifiable benefits are relatively large in
the areas of health and visibility—areas where rela-
tively large benefits may not have been anticipated, or
that were not the primary motivation for Title IV orig-
inally. The magnitude of benefits in these areas com-
pares favorably with the costs of Title IV, independent
of benefit estimates for other areas.

While estimates of health and visibility benefits remain
u n c e r tain, the cost of reducing this uncerta i n t y
appears to be relatively less than reducing uncertainty
for many other areas. Benefits to materials and cultural
resources may also be sizable; an incremental research
effort could provide substantial information about the
likely extent of these benefits.

To evaluate Title IV on the basis of a comparison of
benefits and costs, it may be sufficient to focus efforts
on assessing benefits from health and visibility,
because these benefits alone appear to outweigh the

costs. Environmental areas, such as aquatics and
forests, will also benefit, although quantification of
ecosystem benefits is somewhat more uncertain. If
future research reveals this to be an erroneous conclu-
sion, then NAPAP would be justified in looking further
into potential benefit areas where results may be more
elusive. However, if NAPAP research is to be used to
determine whether further controls on SO2 emissions
are warranted, then a comparison involving the addi-
tional benefits from all benefit categories and the addi-
tional costs would be necessary.

A somewhat different pers p e c t i ve would be suggested if
N A PAP we re to consider a longer time frame and a more
s u s tained re s e a rch effort, with attention focused on
possible amendments or extensions to the goals set
forth in Title IV. In this case, the assessment of nonuse
values for ecosystem health should be affo rded higher
p r i o r i t y. Howeve r, a re s e a rch emphasis in this are a
would re q u i re sustained levels of funding over seve ra l
ye a rs to yield re s u l ts that would be re l i a b l e. Also, agri-
c u l t u re and commercial fo restry would re c e i ve a some-
what higher ranking we re a sustained level of funding to
be committed. One reason is that agriculture is under-
going structural change, due to 1996 congre s s i o n a l
re fo r m s, which may not be fully attained until the nex t
d e c a d e. In addition, the cost of re s e a rch in this are a
stems from the need for modeling of changes in ozo n e,
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Relative Magnitude of Expected Benefits

Two characteristics help to explain the relative magnitude of expected benefits and the level of uncertainty
in these estimates, as illustrated under Questions 4 and 5 in Table 7. 

1. Expected benefits of Title IV tend to be greatest where opportunities for behavioral change to avoid damages are
least.

Human health and visibility share the characteristic that individuals have few options to avoid detrimental
changes in end points. An example where individuals may be able to do so is through increased use of air
conditioning to avoid poor air quality. Such opportunities are much more evident in the recreational
choices people make. For example, angling activity at one lake may be affected by diminished catch per
unit of effort, but anglers are likely to respond by moving to other lakes. The willingness to pay is the
opportunity cost of the substitution of the first lake, not the total value of activity at a given lake. Simi -
larly, reduced crop yield in agriculture is mitigated by farmers’ decisions to substitute different crops. The
benefit measure is the opportunity cost of this substitution, not the entire value of reduced crop yield for
a given crop.

2. Links between science and economics are strongest where changes in atmospheric concentrations directly affect
end points relevant to individuals; they are weakest where ecological systems play a more important role.

In the cases of health, visibility, and agriculture, atmospheric modeling links directly to concentration-
response functions with end points (human health, visibility, crop yield) of immediate relevance to individ-
uals. In other benefit areas, the science is more complicated because ecological systems intervene between
changes in atmospheric concentrations of pollutants and environmental consequences. One exception to
this general rule is materials, where the linkage is weak due to a relative lack of r e s e a r ch data.
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which may be costly and time consuming, though such
modeling would also contribute to an unders tanding of
human health benefits and fo rest re c reation. 

Qualitative Ranking Summar y

Assessment of economic benefits has significant room
for improvement in each benefit area. The most press-
ing needs within each area are identified for the pur-
pose of reducing uncertainty in benefit estimates. Brief
explanations are provided for the qualitative rankings
given for the first three questions in Table 7. The rank-
ings illustrate the relative strength at each step along

the pathway linking environmental impacts and eco-
nomic benefits. These rankings, coupled with a sense
of the relative cost of improving information at each
step (which is not considered formally in this docu-
ment), provide evidence for prioritizing incremental
research to narrow the uncertainty associated with an
overall assessment of benefits (Question 5). The rela-
tive magnitude of expected benefits is also discussed in
the accompanying text box.

Human Mortality 

Evidence of mortality effects from ex p o s u re to air pol-
l u ta n ts is convincing, and their magnitude may be
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Table 7

Q u a l i t a t i v e ,
R e l a t i v e
Rankings 
for Benefit
A reas Related
to Acid
D e p o s i t i o n

These rankings are
based on the follow-
ing primary assess-
ment questions of
i n t e rest to NAPA P :

1 . Link Between Sci-
ence and Economics:
A re benefit end
points well estab-
lished? Does science
p rovide inform a t i o n
needed for eco-
nomic analysis?

2 . Adequacy of 
Economic Methods: 
A re economic
methods adequately
d e v e l o p e d ?

3 . Data Availability: 
A re data available
f rom science and
economics for an
assessment of bene-
f i t s ?

4 . Expected Benefits: 
A re expected bene-
fits larg e ?

5 . Value of Addi-
tional Information: 
With the goal of
i m p roving benefit
estimates, what is
the relative short -
t e rm re t u rn on
i n v e s t m e n t ?



l a rg e, but major uncertainties remain about the particle
s i zes and composition affecting death risks. In addition,
the traditional approach to estimating such risks and
valuing them is pro b l e m a t i c. Because health benefits
will largely accrue to the older population, economists
i n c reasingly re c o g n i ze that statistical ye a rs of life
gained is the critical end point, rather than a “body
count” of statistical lives lost. Howeve r, estimates of
changes in life ye a rs have not been in sta n d a rd use in
their valuation of health effects (Question 3). 

From an economic standpoint, health re s e a rch is pro-
viding adequate concentra t i o n - response functions
(Question 1), particularly from pro s p e c t i ve studies link-
ing cumulative ex p o s u res of health populations to pre-
m a t u re morta l i t y — t h rough the increased probability of
d eveloping and exacerbating chronic illness and the vul-
n e rability of old age. The added role of acute ex p o s u re s,
if any, is less clear. Just as important, the valuation of a
s tatistical life for enviro n m e n tal risks draws on inappro-
priate estimates from accidental death and occupational
r i s ks (Question 2). The methods to calculate more
a p p ropriate measures of the willingness to pay fo r
i n c reased life ex p e c ta n cy are being developed, but only
one study has been conducted.1 91 Such an approach is
called a “life ye a rs lost” approach and is likely to yield
l ower benefits than the conventional approach of “va l u e
of a statistical life” (this difference is discussed in
g reater detail in the next section on valuation). 

The highest priority for reducing uncertainty in benefit
estimates should be placed on human mortality. An
improved basis is needed for the valuation of small
risks to mortality due to environmental changes. Also,
economists need to develop estimates for willingness
to pay to avoid these risks that depend on the age and
health status of the affected individual. Better esti-
mates of the concentration-response functions and life
years saved conditional on the age and health status of
individuals are required from the health science and
epidemiology disciplines.

Human Morbidity 

T h e re is strong evidence of health morbidity effects
f rom ex p o s u re to air polluta n ts (Question 1). From an
economic pers p e c t i ve, the health science prov i d e s
adequate concentra t i o n - response functions linking air
c o n c e n t rations to acute health effects, in the sense
t h ey are consistent and biologically plausible. Good
functional relationships are available for medical and
other indicato rs of distre s s, such as hospita l i za t i o n
and work-loss days for acute illness, and there are

re l i a b l e, though partial, measures of willingness to
p ay to avoid these effects (Question 3). Also, litera t u re
ex i s ts that employs ave r t i n g - b e h avior studies to va l u e
health morbidity, but they are less convincing (Ques-
tion 2). The uncertainties in this area could be
reduced substantially through additional re s e a rc h .
Although contingent valuation approaches for va l u i n g
acute health effects are reasonably well esta b l i s h e d ,
t h e re are no recent studies in this area using such
a p p ro a c h e s. The litera t u re is more ambiguous on the
possible link between ex p o s u re and some chronic re s-
p i ra tory diseases and heart disease. Also, the willing-
n e s s - to - p ay estimates for chronic illness are less
d eve l o p e d .

Visibility 

A compre h e n s i ve analysis of visibility benefits
re q u i res better monitoring data and atmospheric
modeling. Monitoring data are important because vis-
ibility effects are nonlinear (Question 3). The eco-
nomic methods for valuation include hedonic pro p e r t y
valuation and stated pre f e rence for residential visibil-
i t y, and travel cost and stated pre f e rence for re c re-
ational visibility. Howeve r, the economic re s e a rch has
failed to identify end points with adequate pre c i s i o n
(Question 2). There is evidence that people care about
c h a racteristics of the distribution of visibility effects
over seasons, weather conditions, and time of day, but
valuation other than mean values has not been
ex p l o red. Similarly, the atmospheric modeling has not
a d d ressed important distributions in time and space
(Question 1), and the level of importance of this deta i l
should be determined befo re additional re s o u rces are
spent on monitoring and modeling. For modera t e
re s o u rc e s, additional valuation studies could be
implemented to enhance the precision of the end
p o i n ts that are important for assessing benefits. Pa r-
ticular attention should be paid to the nature of pre f-
e rences for changes in visibility. This info r m a t i o n
would provide guidance for modeling of changes in
visibility at a more decentra l i zed level in more areas of
the country.

Materials and Cultural Resources

The main problem in both materials and cultural
resource valuation is the lack of a complete inventory
of affected assets (Question 3). A second problem is
the lack of data about the economic lives of the assets.
Further, information on behavioral responses is inade-
quate (e.g., changes in maintenance or replacement in
response to physical deterioration). From an economic
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perspective, the methods for estimating general mate-
rials damage are more straightforward than those for
estimating damage to cultural resources (Question 2).
The latter requires stated preference methods, which
have only recently been applied to cultural resources.
Some dose-response functions of the effect of pollution
on materials exist for cultural (e.g., monuments), com-
mercial (e.g., buildings, clothes, rubber, automobile
paint), and public (e.g., bridges, fences) assets, but
t h e re is uncertainty about how well these data
describe the exposure and effects outside an experi-
mental setting and how Title IV’s controls contribute to
reduced damages (Question 1).

Ecosystem Health (Nonuse Values)

Ecosystem changes associated with Title IV cannot yet
be determined (Question 1). Almost as significant is
the lack of a valuation framework for assessing bene-
fits from improvements in ecological indicators, espe-
cially given the temporal aspects of ecological
dynamics (Question 2). Hence, there are only illustra-
tive studies to serve as an indication of potential ben-
efits (Question 3). Valuation studies should identify the
attributes of ecosystems that affect willingness to pay
most significantly. This information should then
become the focus of ecosystem modeling. 

Aquatics (Recreation)

With respect to angler activities, the linkage betwe e n
water chemistry and survival of fish fry is well under-
s tood in a labora tory setting, using dose-re s p o n s e
methodology (Question 1). Translation of these re s u l ts
to wild populations may be imperfect because morta l-
ity as well as re p ro d u c t i ve rates may be affected.
Other possible contributing fa c to rs are not contro l l e d
for in labora tory tests. Re s u l ts — ex p ressed in terms of
“acid stress indices”—are species-specific but may
not have been carried out for all re c reationally ta r-
geted species. 

Three issues affect angler activities: effects of acid
stress indices on angler catch per unit of effort; angler
valuation for changes in catch per unit of effort; and
effect of catch per unit of effort on angler participation
rates. Only the first factor is relatively straightforward.
The link between science and economics (acid stress
indices to catch per unit of effort) is tenuous and lim-
ited to a few species (fewer than the number for which
there are acid stress indices data). Links between acid
stress indices and catch per unit of effort have been
estimated only for Adirondack Park. Catch per unit of

effort is valued using travel cost data and either of two
competing methods: hedonics or random utility. Nei-
ther currently accounts for effects of changing fishing
conditions on individual decisions to fish, which
should be estimated jointly with valuation of catch per
unit of effort and site choice. Such models have not yet
been applied to fre s h water fishing (Question 2).
Nonetheless, among areas with nonmarket benefits,
the techniques that have been developed in aquatic
recreation are the most sophisticated. 

With respect to boating and swimming, scientific models
of eutrophication with predictions of turbidity (especially
related to nitrogen) are being developed. Ac i d i f i c a t i o n
m ay improve clarity of the wa t e r, there by benefiting
swimming and boating; howeve r, nitrogen deposition
m ay contribute to eutrophication, there by wo rs e n i n g
conditions for swimming and boating. Economic models
of the benefits of boating and swimming invo l ve va l u a-
tion and participation ra t e s. The methods share common
c h a racteristics with angler activities. As with angling,
t h e re are significant data on swimming and boating
b e h av i o r, but little data on recruitment (Question 3). The
s c i e n c e - to-economics links for affected regions outs i d e
the Northeast should be developed more fully. Within
e c o n o m i c s, a model of participation decisions is needed,
to be estimated jointly with angler va l u a t i o n .

Forests (Recreation)

There is ample evidence of the effects of sulfur, nitro-
gen, and ozone on forests. A key concern is the decline
of forest resources, particularly high-elevation trees.
However, the link between primary pollutants and
effects that people may care most about, such as
foliage intensity and range, is not established (Ques-
tion 1). A variety of confounding factors, such as
drought and introduced pests, has made it difficult for
forest researchers to quantify the relationship between
air pollution levels and forest decline.

Economic methods for valuation of forest recreation
draw essentially on the same techniques used in
aquatics recreation (Question 2). However, the forest
recreation literature is focused too narrowly to be of
immediate value, does not provide evidence on the
effect of Title IV’s controls on forests, and typically has
not incorporated substitution opportunities. Science
has not established robust links to valuation end
points, so data on changes do not exist (Question 3).
Valuation data are also not available. Priority should
be given to developing a regional model of forest recre-
ation, to account for the range of recreation opportu-
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nities, and to develop estimates of willingness to pay to
avoid damage to individual, or classes of recreationally
related, fo rest re s o u rc e s. This economic re s e a rc h
would help to focus the contribution of additional work
in natural science and, especially, to identify end
points that would help link science and economics.

Agriculture and Commercial Forestry

Of all air pollutants, ambient ozone is likely to cause
the most significant crop damage. Dose-re s p o n s e
functions for ozone are available for most major agro-
nomic crops and some specialty crops (Question 1). A
number of studies have used ozone dose-response
functions and standard economic data and models to
estimate the monetary losses. However, most studies
h ave failed to adequately account for behav i o ra l
responses, such as adaptation of crop varieties or
adjustment of input mixes (e.g., using more fertilizer),
although economic methods for doing so exist (Ques-
tion 2). Moreover, data on changes in ozone resulting
from Title IV are not currently available (Question 3).
NOX reductions under Title IV are believed to decrease
the creation of ozone and damage to agriculture.
Regional models of ozone are needed to predict its
effects on agriculture and commercial forestry. (These
models would also improve health benefit estimates
for Title IV.) In addition, industry-level models are
needed to predict changes in cropping patterns in
response to changes in crop yields, which would miti -
gate the economic cost of reduced yields.

Radiative Forcing

Atmospheric models predict changes in particulates
and their effect on radiative forcing (Question 1). Pre-
dictions of local changes in temperature are also avail-
able. However, changes in variability and the effect on
general circulation in the atmosphere are not known.
Economic methods for modeling damages of climate
change are very uncertain, so measuring the benefits
of avoided change are also uncertain (Question 2).
Data for valuation of local effects are not available.

Valuation of Emission 
Reduction Benefits

The largest potential benefits stem from human
health and visibility, and possibly from ecosys t e m
health. Significant potential benefits also arise
f rom materials, agriculture (through the
N OX/ o zone link), and commercial fo re s t r y.

Human Health

EPA has estimated the benefits from reduced risk of
human mortality resulting from SO2 emission reduc-
tions under Title IV to be approximately $1,800 per ton
of SO2 reduced in 1997 to $3,400 per ton reduced in
2010 (in 1990 dollars).169 The difference reflects, in
part, population growth and a shift in emission reduc-
tions to areas upwind of larger population centers.
(Pennsylvania and the Carolinas have larger shares of
the emission reductions in 2010 than in 1997, while
Ohio and Missouri have smaller shares.) These esti-
mates are based on an assumption that sulfates play a
causative role in producing mortality (although no
consensus exists about such causality) and apply a
value to a “body count” of statistical lives lost rather
than valuing statistical years of life gained, even
though many of the deaths may be premature by only
days or weeks. This issue was explored in the sensitiv-
ity analysis of the EPA estimate conducted for NAPAP
by Resources for the Future (RFF)192 using the recently
peer-reviewed Tracking and Analysis Framework (TAF)
modeling system, which was developed to support
NAPAP assessments.

One estimate that was varied in the RFF analysis wa s
E PA’s willingness-to - p ay estimates of the ex p e c t e d
“ value of a statistical life” of $3.2 million per sta t i s t i c a l
life with a range of $1.7–7.9 million (1990 dollars). This
is an age-weighted distribution, placing greater we i g h t
on values re l evant to the cohort over 65 ye a rs of age
than for the general population. The willingness-to - p ay
a p p roach may ove rs tate the value of excess pre m a t u re
m o r tality or the death of an ex t remely ill individual who
is expected to die within days or we e ks. It may also
ove rs tate benefits in contrast to a “life ye a rs lost”
a p p roach, which more explicitly accounts for the age
distribution of the affected population and, in principle,
better re f l e c ts decisions and tra d e - of fs that would be
made by individuals of comparable age in assigning
values to health effects.

In the RFF case, the mean of $3.1 million per statisti-
cal life (in 1990 dollars) was used, along with a 90 per-
cent confidence interval of $1.6–6.0 million. This
distribution generally accords with the valuation liter-
a t u re, but is somewhat on the conserva t i ve side
because less weight was given to the labor market
studies relative to the contingent valuation studies, the
latter being marginally more appropriate for valuing
mortality risks in the environmental health context and
also captures age effects (as does the EPA value),
based on Jones-Lee et al. (1985).193 Based on the
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Jones-Lee study findings, EPA assumed that the value
of a statistical life for those 65 years old and older is
about 75% of that for adults under age 65. Even using
the conservative $3.1 million estimate, the EPA num-
bers appear to be quite robust. Examples of the value
of a statistical life and the value of other health end
points in these two studies are reported in Table 8
(also see footnote). Ozone-related benefits due to Title
IV’s NOX controls would be in addition to those health
benefits of Title IV’s SO2 controls.

The EPA Health Benefits Re p o r t1 6 9 and the RFF analys i s1 9 2

estimate the benefits from reduced risk of human
health effects resulting from SO2 emission re d u c t i o n s
under Title IV, assuming that sulfates play a causative
role in producing morta l i t y. The 1990 Clean Air Ac t
A m e n d m e n ts also re q u i re EPA to estimate the to tal ben-
e f i ts, including human health, achieved as part of the
e n t i re Clean Air Act (1970–1990, with a separate ongo-
ing effort to estimate benefits achieved from 1990 to
2 010). The valuation estimates of these health benefits
a re also listed in Table 8 under the Section 812 Study
c o l u m n .1 9 4 This analysis includes the benefits of re d u c-
ing many polluta n ts, in addition to SO2 e m i s s i o n s. 

Using the TAF modeling system with various assump-
tions, RFF developed median estimates of health mor-

tality benefits that range from $2,800 to $3,800 per ton
of SO2 emission reduction in 2010.192 The lower esti-
mate stems from the use of the Regional Acid Deposi-
tion Model to model atmospheric transport and
pollutant concentrations in EPA’s 1995 Health Benefits
Report, coupled with health epidemiology and valua-
tion coefficients from the EPA’s 1996 Regulatory Impact
Analysis196 for the new particulate matter standard,
which were equivalent to those used in the Section 812
Study. The higher estimate is based on the use of the
Advanced Statistical Trajectory Regional Air Pollution
model for atmospheric modeling and the health epi-
demiology and valuation coefficients cited above. The
Regional Acid Deposition Model yields smaller health
e f f e c ts than the Ad vanced Statistical Tra j e c to r y
Regional Air Pollution model; this is partly offset by the
Regulatory Impact Analysis valuation numbers, which
yield higher values than those used by RFF. Means are
above the medians in all cases.

TAF incorporates sophisticated analysis of uncertainty
by propagating the measures of uncertainty in demo-
graphic, climatological, dose-response, and valuation
parameters and functions for all the modeled benefit
pathways, resulting in a wide range of possible benefit
estimates around the medians that are reported. The
90% confidence interval around TAF’s reference case
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In the final draft of EPA’s 1996 Regulatory Impact Analysis,195 which was released after the data for this assessment were compiled, a “life years lost” approach
was used to calculate a lower bound for the value of mortality benefits. As discussed in the text, this approach is significantly different from the “value of a
statistical life” approach used to calculate an upper bound in that study, and which has been the mainstream approach used in most previous EPA analyses.
Using this promising new approach of “life years lost,” which continues to evolve, would importantly lower the results of the mortality benefits reported in
Table 8. 

Table 8

Value of a Statistical Life and Other Health End Points (in 1990 dollars per case)

Health Ef f e c t Section 812 Study a Health Benefits Report b R F F c

Mortality $4,800,000* $3,200,000 $3,100,000

Chronic Bronchitis $260,000 $211,490 $223,300

Respiratory Hospital Admission $6,100 $12,340 $6,650

Cardiac Hospital Admission $8,300 $12,340 $12,350

Work-Loss Day $83 $53 other measures of
reduced-activity days used

Asthma Attack $32 $36 $31

* Or $293,000 per life year lost. Note the Health Benefits Report (U.S. EPA, 1995) and RFF (1997) studies use an age-weighted expected value
of statistical life, while the Section 812 study (U.S. EPA, 1997) is a best estimate not explicitly considering age.

a Source: U.S. EPA, 1997, Table I-2 196

b Source: U.S. EPA, 1995, pp. 5–24 169

c Source: RFF, 1997 192



estimate for mortality benefits ranges from $1,075 to
$15,020 per ton. This reflects the tremendous uncer-
tainty in this estimate. However, the main result from
this comparison is to confirm the probable magnitude
of benefits relative to cost estimates reported else-
where in this study. The median value of benefits from
reduced risk of human morbidity effects estimated by
TAF for 2010 is an additional $475 per ton of SO2 emis-
sion reduction.

The median estimates of benefits resulting fro m
changes in NOX emissions in 2010 are predicted by the
TAF model to be $476 per ton for reduced risk of
human mortality and $259 per ton for human morbid-
ity. These estimates include effects from reduced sec-
ondary particulate formation, assuming nitrates are as
potent as the average particle of particulate matter in
affecting human health, but do not include the health
effects from changes in ozone concentrations.

Visibility and Materials

As a result of emission re d u c t i o n s, potentially signifi-
cant benefits may be achieved in the areas of visibility
and materials. As preliminary evidence discussed ear-
lier indicates, reasonable estimates of benefits to
materials and cultural re s o u rces are not ava i l a b l e.
With re g a rd to visibility, in one study sta n d a rd visual
range with and without Title IV was compared to
assess the economic benefits of improve m e n ts in vis-
i b i l i t y. Drawing on seve ral previous survey studies to
value changes in visibility, substantial monetary ben-
e f i ts we re obtained for residential areas in 31 eastern
s tates and for national parks in the southeastern
United Sta t e s. Benefits to this region we re estimated to
be $3.4 billion (1994 dollars) in 2010, or about $377
per ton of SO2 emission re d u c t i o n .1 8 9 The sensitivity of
this estimate has been ex p l o red using TA F, which pre-
d i c ts median estimates of visibility benefits fo r
i m p rove m e n ts at re c reational sites that range fro m
$ 118 to $224 per ton of SO2 reduction under alterna-
t i ve scenarios. In part, the range re f l e c ts uncerta i n t y
about the baseline against which emission changes
under Title IV should be measured. Visibility changes
vary in a nonlinear fashion with emission changes,
resulting in the variation in benefits per ton. Benefits

at residential sites we re found to be of substa n t i a l
m a g n i t u d e.

Ecosystem Health

Reasonable estimates of potential ecosystem (nonuse)
benefits are not attainable at this time. Ecosystem
health benefits are expected to be large in part because
they encompass broad changes that affect many envi-
ronmental end points, perhaps to a small degree, but
that taken together could alter large-scale systems.
Aquatic and terrestrial effects are likely to have signif-
icant benefits through nonuse values, but uncertainties
around these values remain among the largest. The
link between changes in emissions and changes in
ecosystems is even more tenuous than is the valuation
based on these changes. Nonetheless, the evidence
based on a small number of relatively narrow studies
suggests these values may be significant.

Aquatics, Forests, and Agricultur e

Expected benefits (for use values) we re found to
be low in areas that we re the primary focus of
benefits assessment in the 1980s—namely, eco-
logical effects (aquatics, fo re s t s, and agriculture ) .

Public attention in the 1980s to air pollution from SO2
and NOX emissions largely centered on the problem of
acidification (“acid rain”), with particular concern for
effects on water and soil chemistry and ultimately eco-
logical systems. Given that, some find it surprising that
relatively low benefit values have been estimated for
effects on aquatics, forests, and agriculture. These low
values stem from an assessment of use values, or com-
modity values in the case of agriculture. Agricultural
benefits result in large part from changes in ozone
concentrations, but modeling of ozone changes result-
ing from Title IV is not complete. Also, these low val-
ues result from the availability of substitutes that
ameliorate the economic losses from emissions. The
lack of substitutes for increased life or health makes
morbidity and mortality a more important contributor
to the benefits of emission reductions.
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Reductions to Prevent 
Adverse Ecological Effects

Congress asked NAPAP to determine a “threshold” value for deposition below
which adverse ecological effects will not occur. Critical deposition levels that
correlate with a “threshold” of adversity are scientifically complex. NAPAP’s

1990 State of Science and Technology Report No. 13 states that “biological responses
to changes in acid-base chemistry occur along a continuum. There is not a single
value or set of chemical concentrations that represents a ‘threshold’ for ‘significant
adverse biological effects.’”75 Therefore, NAPAP determined that the logical path
was to describe the ecosystem responses along a continuum, thereby allowing
decision makers to determine the level of acceptable risk.

What are “adverse 
ecological effects”?

A working definition of “adverse ecological effects” has been derived for use in this
report based on the intent of Congress, as expressed in the 1990 Clean Air Act
Amendments and shaped by other relevant environmental statutes (Comprehensive
Environmental Response, Compensation and Liability Act and the Clean Water Act)
and associated regulations. (See Appendix C for the analysis supporting this inter-
pretation.)

Adverse ecological effects: any injury (i.e., loss of chemical or physical
quality or viability), to any ecological or ecosystem component, up to and
including at the regional level, over both long and short terms.

Similarly, other areas addressed by NAPAP (i.e., materials, visibility, and human
health) would follow the same definition as that above, but are not considered here
as ecological effects.

What are the dose-response relationships
for sulfur and nitrogen deposition?

NAPAP has undertaken as its long-term goal the explanation, to the extent possi-
ble, of dose-response relationships along a continuum for ecological and welfare
effects. As the dose of air pollution (specifically sulfur and nitrogen emissions and
its subsequent formation of acid deposition) is reduced, how do aquatic and ter-
restrial ecosystems respond? 

Generally, quantification of dose-response relationships between acid deposition
and ecosystems, materials, visibility, and human health are complex. Some inter-
actions are well understood, while those that are not are often extremely compli-
cated relationships involving other chemicals, climate, geography, and time. For
future reports, NAPAP will attempt to better understand and quantify dose-
response relationships, assuming appropriate research is undertaken. To the extent
that they are known, dose-response relationships have been identified and are
used to answer the following question. 



How might ecological
effects be reduced if
deposition were
reduced further?

Answering this question depends on dose-response
functions used in a predictive mode. Such models were
used extensively to answer a similar question posed by
Congress to EPA under Title IV (Appendix B, Section
404 of the 1990 Clean Air Act Amendments). EPA’s
report1 focused on surface waters in a few specific
regions; the findings are reviewed in this report. There
has been no parallel review of soils and forest effects,
but this report attempts to at least qualita t i ve l y
address them.

Surface Waters

The feasibility and effectiveness of an acid deposition
standard to protect sensitive aquatic and terrestrial
resources were examined in the Acid Deposition Stan-
dard Feasibility Study–Report to Congress.1 In the study,
EPA projects the impacts of implementation of the
Clean Air Act Amendments on surface waters for three
case study regions and projects a range of responses if
deposition were reduced further.

Both nitrogen and sulfur deposition are important
c o n t r i b u t o rs to chronic and episodic acidification
of surface wa t e rs. Further reductions in nitro g e n
as well as sulfur deposition may be necessary to
fully protect targeted sensitive sys t e m s.

The feasibility study concluded that establishing stan-
dards for sulfur and nitrogen deposition in the United
States is technically feasible, but that two critical areas
of uncertainty advised against taking such action at
that time. First, policy decisions regarding appropriate
or desired goals for protecting sensitive systems were
needed, especially with respect to the level of protec-
tion desired and the costs and benefits of such protec-
tion. Second, key scientific unknowns, particularly
regarding watershed processes that govern nitrogen
dynamics, limited EPA’s ability to recommend specific
deposition standards at that time.

The Nitrogen Bounding Study197 was developed as a
primary component of the Acid Deposition Standard Fea-
sibility Study. This study illustrates the modeled results
of scenarios of potential future nitrogen and sulfur

deposition rates and different watershed nitrogen-
retention conditions and their combined effects on sur-
face water chemistry at regional scales. The study
evaluated target populations of surface waters in three
regions: lakes in the Adirondack region of New York,
and stream reaches in the mid-Appalachian and
southern Blue Ridge Mountains.

The Nitrogen Bounding Study illustrates that, for the
near term, sulfur deposition is likely to remain the pri-
mary acidification problem in the most sensitive areas
of eastern North America. Model projections indicate
that at certain times and under deposition scenarios
tested, sulfur and nitrogen are projected to have
approximately equal roles in surface water acidifica-
tion. The modeling shows that nitrogen deposition
effects in the mid-Appalachians and southern Blue
Ridge might more closely approximate sulfur deposi-
tion effects (i.e., than in the Adirondacks). For most
areas where current or near-term needs for additional
controls are projected, and where watershed nitrogen
saturation is not likely imminent, the greatest potential
benefits will come primarily from control of sulfur
emissions and deposition. In regions where nitrogen
deposition is now or would likely become a more direct
cause of chronically acidic conditions in sensitive
waters, with potential effects of sulfur and nitrogen
deposition becoming approximately equal and directly
additive, further limits on nitrogen deposition could
produce a twofold impact by both reducing acid depo-
sition rates and lengthening average times to water-
shed nitrogen saturation. 

The Acid Deposition Standard Feasibility Study concluded
that scientific uncertainties regarding varying regional
rates and differences in processes affecting watershed
assimilation of acid-forming sulfur and nitrogen com-
pounds preclude quantifying the reduction in deposi-
tion of either chemical below which there would be no
significant adverse impact. Available information indi-
cates that additional decreases in deposition would
reduce regional proportions of chronically acidic sur-
face waters or proportions of surface waters most sen-
sitive to episodic effects. The magnitude of these
potential benefits to each group of surface waters
varies considerably by region. The study projections
indicate for some surface waters in the Adirondacks,
m i d - A p p a l a c h i a n s, and southern Blue Ridge that
potential benefits may amount to a shift of a few per-
centage points in proportions of acidic or sensitive sur-
face waters. For other groupings in other regions,
deposition reductions could benefit 20% or more of
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the acidic or sensitive waters. However, even a few
percentage points may mean that many lakes or miles
of stream reaches are benefiting.

Soils and Forests

D e c reasing deposition of sulfur and nitrogen will
lead to decreasing concentrations of sulfa t e,
n i t ra t e, and cations in soil water and in surfa c e
water draining fo rest soils. Some change will
occur rapidly in soils that have lost their ability to
retain nitrogen—such as nitrogen saturated, high-
e l evation, spruce-fir fo rests—or in soils that do
not have appreciable sulfate sorbed to soils.

Water in soils with low supplies of base cations
will most likely remain acidic and will contain
aluminum, while water in soils with moderate to
high supplies of base cations will most like l y
experience an increase in pH (lower acidity).

Reduced nitrogen and sulfur deposition will
d e c rease leaching of base cations from fo rest soils.
The time to replenish base cation supplies in soils
will be decades to centuries, depending on rates of

weathering and cation cycling, which are typically
s l ow. Consequently, an important portion of the
effects on fo rests of low levels of base cations (in
particular calcium) will remain until base cation
supplies can be re p l e n i s h e d .

The acid-base chemistry of the soils and the water
draining forest soils will depend on the characteristics
and sensitivity of the soils. In general, decreasing the
input of sulfur and nitrogen from deposition will
decrease sulfate and nitrate levels in soils and soil
water. The timing of this decrease in soil and soil water
sulfate depends on the amount of sulfur stored. Soils
high in sulfur will most likely experience a slower
decrease in soil water sulfate, as the soil slowly
releases stored sulfur. For nitrogen, the timing of the
decrease will depend on the amount of nitrogen stored
and the growth needs of the forest. A forest that has
high demand for nitrogen, relative to nitrogen storage
and throughput, will experience smaller decreases in
nitrogen in soil water in response to decreased nitro-
gen deposition compared to a forest that has a low
demand for nitrogen. A forest’s need for nitrogen is
strongly dependent upon the age of the forest. Thus,
young, actively growing forests are far less likely to
experience nitrogen saturation than older stands that
have reached steady-state conditions.
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Effectiveness of Title IV:
A Market-Based Approach

A s part of the iterative process of establishing and refining air quality manage-
ment choices, it is essential to evaluate their effectiveness in achieving the
desired results. In the case of Title IV, the desired result was to reduce the

adverse effects of acid deposition by reducing emissions at a cost lower than could
be achieved under traditional methods of regulatory control by using market-based
incentives.

Looking across the causal chain from emissions to effects, there are several points
at which one can evaluate the effectiveness of reducing emissions. This section will
review some of those measures, such as the costs of compliance for utilities, the
administrative costs for the government, the reduction in emissions and acid depo-
sition, and its subsequent minimizing effects on human health, ecosystems, visi-
bility, and materials and cultural resources.

Did the market-based 
approach reduce costs?

T h e re are three aspects to the evaluation of the cost-effectiveness of Title IV. Firs t ,
did simply the choice of a market-based approach to control over the tra d i t i o n a l
c o m m a n d - a n d - c o n t rol approach reduce compliance costs by utilities? This is a
basic economic question that, when answe red, may have a significant influence on
the development of future pollution control options. Second, is the management of
the control pro g ram by the government cost-effective? Third, given that the marke t -
based approach was selected as the management strategy for Title IV, we re the ini-
tial projections of compliance costs accura t e, and are we getting better at making
these economic projections? It is necessary that uncertainties in projections be
reduced to the point that they can be confidently used in developing policy. These
t h ree aspects are discussed below. 

The market-based approach in Title IV has achieved significant savings when
c o m p a red to a command-and-control regulatory appro a c h .

As was predicted at the time of enactment of the 1990 Amendments, the competi-
tion between different compliance options and the integration of the allowance and
fuel markets have reduced compliance costs. Several recent analyses have esti-
mated that the cost savings from the market-based approach of Title IV amount to
50% or more of the predicted cost of compliance. Several studies have been con-
ducted since 1990 of the cost savings in 1995 from emissions trading. Although
these studies used different assumptions, the projected cost savings from trading
alone have ranged from $230 million in 1992 dollars,13 to $400–600 million in 1990
dollars18 to about $225–375 million in 1994 dollars.15 In 1994, the General
Accounting Office estimated the annualized cost in 2010 to be less than $2 billion
with full inter-utility trading, compared to $4.9 billion without trading.13

The costs for the government to administer Title IV are less than the administra-
tive costs associated with more traditional approaches to regulation. Title IV’s per-



formance-based approach eliminates the need to
devise source-specific emission limits and to review
control technologies and detailed compliance sched-
ules. In addition, eliminating case-by-case review and
approval of each trade greatly reduces the administra-
tive and transaction costs associated with emission
t rading pro g ra m s.2 5 The pro g ra m ’s administra t i ve
costs of roughly $12 million per year translate into a
cost of about $1.50 per ton of pollution reduced. 198

Emission reductions have been achieved at a
l ower cost than previously estimated for Title IV.

Since 1990, estimates of total costs of Title IV continue
to be revised downward. Most recently, a retrospective
analysis shows compliance costs in 1995 to be $726
million. Projections for annualized costs of SO2 reduc-
tion by the year 2010 have declined from $3.7 billion18

to $2 billion.13 Lower costs have been linked to cost-
reduction efforts and improved performance of scrub-
bers and changes in fuel markets. Some of these
revisions can be attributed to the difficulty in estimat-
ing future technological improvements, the more effi-
cient use of existing technologies, and future economic
conditions. These technologies are being developed in
a competitive environment. Anecdotal evidence indi-
cates that technological innovation is leading to cost
savings. However, without a flexible approach to com-
pliance that allows different technologies and fuels to
compete against each other, firms would not have any
incentive to find and develop cost-effective measures
that exceed emission-reduction targets.

The flexibility of the Title IV program has continued to
apply downward pressure on compliance costs by
allowing electric utilities to take advantage of market
forces and the changes in the relative prices of compli-
ance options. Allowance prices are much lower than
experts had predicted and are an indicator of the suc-
cess of the control program by reacting to the develop-
ments in the low-sulfur coal market, reduced rail rates
for delivering western low-sulfur coal to some mid-
western utilities, lower-than-expected future costs of
scrubbers for Phase II of Title IV, and new efficiencies
in the operation of existing scrubbers that reduce
emissions at lower costs. The price of allowances has
reflected the declines in control costs, dropping from
an estimated $500–600 per ton when the 1990
Amendments were passed to about $90 per ton at the
end of 1996.

How did emission and
deposition changes
compare to projections?

In 1995, the first year of compliance with the pro-
visions of Title IV, electric utility emissions of SO2

we re below the projected leve l s.

In 1995, total electric utility emissions of SO2 were 12
million tons. Actual 1995 utility emissions were less
than the projections available in 1990 (see Table 4 for
the various projections). Only Phase I with its pre-
scribed emission limits was in effect in 1995. 

Utilities participating in Phase I were about 39% (3.4
million tons) below their 1995 allowable emission level
of 8.7 million tons. This overcompliance was beyond
any projections or expectations. There is a general
consensus that these reductions were a direct result of
the market-based mechanism of Title IV. Of signifi-
cance is the fact that most of the emission reductions
were in the Midwest, the highest-emitting area of the
c o u n t r y. This is consistent with the fundamenta l
premise of Title IV’s market-based approach, that the
highest-emitting plants have an incentive to make
deep reductions in SO2 emissions because they usually
face a lower cost per ton of SO2 reduced.

By the only emission goal available at this time—the
allowable level for Phase I units in 1995—Title IV has
been effective in reducing emissions of SO2. The mar-
ket-based approach contributed to a significant over-
compliance in 1995. Care should be ta ken in
extrapolating this performance into the future. It is too
early to quantify the effectiveness of Title IV in reduc-
ing NOX emissions.

The Phase I requirements for NOX reductions under
Title IV only took effect in January 1996. Even so, there
has been a steady decline in NOX emissions from util-
ities between 1980 and 1995. The largest year-to-year
decline occurred between 1994 and 1995 (1.3 million
tons, or 19%). Reductions in NOX emissions are also
required under Title I and Title II.

Emission reductions imposed by Title IV have
d e c reased acid deposition in the eastern United
S t a t e s.
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Analysis of the 1995 deposition monitoring data sup-
port the hypothesis that the 1995 reduction in SO2
emissions in the eastern United States substantially
decreased the acidity and sulfate concentration in pre-
cipitation. The largest reductions occurred in the Mid-
west and Northeast. These deposition reductions were
geographically and climatologically consistent with the
large emission reductions in the Midwest. Sulfur con-
centration levels at dry deposition monitoring sites are
also in accord with these reductions.

On the other hand, nitrate concentrations in 1995 were
about 5% greater than predicted in the eastern part of
the country. Unlike sulfate concentra t i o n s, higher
nitrate concentrations were recorded at only 61% of
the monitoring sites. Even though utility emissions of
NOX declined in 1995, they account for only 29% of all
NOX emissions (vehicles contribute the largest frac-
tion). Combined with the annual variability in meteo-
rology, the record is too short to be able to attribute
changes in nitrate concentrations in precipitation to
NOX reductions by utilities.

Qualitatively, Title IV has been effective in reducing
acid deposition. However, the geographic distribution
and the quantitative measure of the changes in total
deposition resulting from emission reductions require
a longer monitoring record and further analysis.

Has reduced acid
deposition had an effect
on sensitive receptors?

It is still too early to make a definitive statement
on the impacts of deposition changes on sensitive
re c e p t o rs. 

The magnitude, spatial distribution, and timing of
changes in sulfur and nitrogen emissions and deposi-
t i o n — b e fo re and after implementation of Title IV—n e e d
to be more fully established. The location of changes in
emissions and deposition is important because the
distribution of sensitive receptors is not uniform, and
responses depend on specific exposure factors. While
some effects have already been observed—e.g., sub-
stantial decreases in surface water sulfate concentra-
tions in some areas—other impact trends that can be
directly attributable to Title IV have not yet been
observed. Some systems, particularly aquatics, forests,
and materials, can take many years to respond to
chemical changes as a result of reductions in atmos-
pheric deposition. Two years since initiation of emis-
sion reductions under Title IV is too short of a time
period to detect changes. In addition, for many effects
areas, long-term monitoring data for sensitive recep-
tors during this time period are not available.
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Outlook to 2000

NAPAP recognized with the passage of the 1990 Clean Air Act Amendments that
a complete assessment of Title IV in 1996 would be premature because emis-
sion reductions would not begin until 1995. Furthermore, due to scientific

uncertainties, weather variability, and the inherently slow response times of many
ecosystems, a quantification of human and ecosystem responses to any changes in
emissions could not be made with reasonable confidence in 1996. Hence, a limited
assessment was planned for 1996, with the goal of a more comprehensive assess-
ment in 2000. 

The goals of the assessment were to (1) provide information about acid deposition
in a format that facilitates communication with policymakers and the public, (2)
validate the assessment methodology, and (3) identify the monitoring, research,
and modeling needs for future assessments. This section is devoted to a discussion
of the last two goals.

In accordance with its congressional mandate, NAPAP will conduct another inte-
grated assessment of the costs, benefits, and effectiveness of Title IV in 2000 and
will document the results in its 2000 Report to Congress. Given the scope of the
assessment and the advice and comments of participants and stakeholders in the
assessment process, NAPAP will modify the scope of the assessment in the upcom-
ing years, based on the availability of resources and relevant scientific and eco-
nomic information.

The 2000 assessment will include more case studies and will improve the depth of
regional assessments. The middle and southern Appalachian mountains, northern
New England, and the high-elevation West are currently being considered as case
studies. An issue expected to receive more attention in 2000 is characterizing and
quantifying (both air concentrations and dry deposition) sulfate and nitrate fine
particles, and quantifying their causal relationships to human health and materi-
als. Improvements in predictive modeling of air chemistry and ecosystem responses
and in valuation methodologies for health, cultural resources, and visibility will
enhance our ability to assess the “lifetime” benefits of emission reductions in most
of the effects areas.

Many of these needs are crosscutting; they serve to meet the goals and objectives
of individual agency missions and improve the knowledge base for other national
issues. Acid rain is a crosscutting issue itself, with linkages to several national and
international environmental issues, such as fine particles, radiative forcing, and
NAFTA, the North American Free Trade Agreement (these issues are discussed
under the Linkages section toward the end of this chapter).

Fundamental Program Needs

Despite the concerted research effort on the effects of acid deposition during
1980–1995, many important scientific and socioeconomic areas require further
investigation before a more quantitative and comprehensive assessment can be
made. Fundamental monitoring and scientific inquiry must be continued and rein-



forced to provide a foundation upon which we can
build better assessments. Near-term research, moni-
toring, and development needs must be addressed to
improve the knowledge base for the 2000 NAPAP
assessment, and long-term needs must be addressed
for subsequent NAPAP assessments. The research,
monitoring, modeling, and data needs listed below are
intended to be general descriptions of the types of
activities that will improve the knowledge base for
future assessments. For a general overview of research
and monitoring needs, see Table 9. Specific projects

will be conducted, depending on their individual merit
and level of impact. The needs were identified by the
contributors to this report, including reviewers and
other stakeholders.

The fundamental needs are presented below, fo l l owe d
by the near-term and long-term needs, org a n i ze d
a c c o rding to subject area. Each section is bro ke n
d own by the four elements of a successful assess-
ment: monitoring, re s e a rch, modeling, and data ava i l-
a b i l i t y. 
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Table 9

N E E D S A C T I O N S B E N E F I T S

Reduced uncertainty in ben-
efit estimates in the areas of
visibility and materials.

Investigate preferences for
changes in visibility and the
possible magnitude of ben-
efits from materials preser-
vation.

More accurate assessment
of the benefits and costs of
Title IV for areas of greatest
concern.

Decreased uncertainty in
mortality valuation.

Reduce variation in “value
of statistical life” estimates.

More accurate estimates of
the valuation of health ben-
efits.

Quantification of the rela-
tive role of sulfate and
nitrate aerosols in particu-
late health effects.

Improve sulfate and nitrate
aerosol concentration esti-
mates, and determine
causative agent(s) of health
effects.

Improved understanding of
the health benefits from
Title IV.

Improved and sustained
ecosystem monitoring; data
on ecosystem health.

Expand and enhance long-
term ecosystem monitoring
relevant to acid deposition.

Ability to associate trends in
ecosystem health with emis-
sion trends.

Regional assessment of
nitrogen impacts on aquatic
and terrestrial ecosystems.

Conduct regional nitrogen
modeling and nitrogen field
studies.

P rojections of nitro g e n
impacts on aquatic and ter-
restrial ecosystems and actual
data on nitrogen cycling to
facilitate regional modeling.

Quantification of trends in
water quality.

Continue long-term moni-
toring of lakes and streams.

Long-term record required
to evaluate the effectiveness
of Title IV and improve
understanding of watershed
processes.

Quantification of status and
trends in deposition and vis-
ibility.

Continue wet and dry
deposition and visibility
monitoring and analysis.

Long-term record improves
measurement of the
effectiveness of Title IV.

Timely utility and nonutility
emissions data.

Ensure timely and open
access to data, including
industrial, Mexican, and
Canadian emissions.

Improved ability for timely
attribution of changes in
deposition and effects to
changes in emissions due to
Title IV.

R e s e a r ch and
M o n i t o r i n g
Needs for
F u t u r e NAPA P
A s s e s s m e n t s



An assessment of the effectiveness of acid rain controls
cannot be undertaken without the most basic scientific
and technical information. This assessment depended
on a set of elements that are essential, but not suffi-
cient, for future NAPAP assessments. Primary exam-
ples are long-term environmental monitoring data and
analysis, research and process studies leading to evo-
lutionary model improvements, and data access. In
most cases, the information sources are longstanding
monitoring, research, and modeling programs within
the NAPAP agencies. The following fundamental pro-
grams and activities require annual resources, atten-
tion, and evaluation. Although they are often under the
programmatic control of one of the NAPAP agencies,
they contribute to the mission of other agencies and
are essential to interagency programs like NAPAP. For
that reason, relevant agencies are also identified,
where appropriate.

Monitoring

Monitoring forms the basis of assessment. It provides
the status and trends of the state of the environment,
and the data are often used in ex post facto statistical
inquiry into the form and magnitude of causal rela-
tionships (e.g., epidemiological studies). Existing long-
term enviro n m e n tal re c o rds show considera b l e
year-to-year variability due to meteorology, changes in
source emissions, and other factors. A longer period of
data is required before environmental trends can be
established with confidence and reasonable inferences
can be made into the causal relationships between
emissions and deposition and deposition and effects.
Monitoring consists of regular data collection, quality
control and assurance, routine analysis, and presenta-
tion of peer-reviewed findings. The following monitor-
ing efforts need to be continued to ensure a credible
and comprehensive assessment of atmospheric depo-
sition and its effects in 2000.

Emission Inventories.A comparison and benchmarking
of continuous emission monitoring data versus histor-
ical emission estimates will ensure a continuous, long-
term data record. Such a record is the essential first
step in linking changes in emissions to changes in
deposition. 

Air Concentration and Deposition.Air chemistry and
composition data represent the most direct indication
of whether emission reductions produce the desired
re s u l ts. Long-term monitoring and assessment of
ambient air concentrations and total deposition are
needed to determine whether the air quality benefits

that appear to be accruing in terms of emission reduc-
tions will translate into reductions in the rate of atmos-
pheric deposition, or of the loadings to sensitive
ecosystems that the legislation is attempting to pro-
tect. A commitment to continuing monitoring of the
kind reported here at key sites is needed. The current
m o n i toring netwo r ks — E PA’s CASTNet, the multi-
agency IMPROVE, and NOAA’s AIRMoN—have had
benefits. These networks are quite different in their
design purposes, and each has proved successful in
meeting its original expectations.

Continued monitoring and interpretation of atmos-
pheric deposition are needed. Such information pro-
vides the only physically based, nationwide evidence
to determine the extent to which emission reductions
affect atmospheric deposition and its associated
adverse environmental impacts. Continued acquisition
and analysis of the deposition data from the federal-,
state-, and private-sector-sponsored National Atmos-
pheric Deposition Program/National Trends Network
(NADP/NTN) will provide the information necessary to
evaluate the effectiveness of Title IV in protecting the
environment. Continued monitoring from all these net-
works will also provide information to evaluate other
air quality issues, such as utility restructuring and
expected changes in NOX emissions from mobile and
stationary sources of air pollution.

Soil and Surface Water Chemistry.Continued monito r i n g
of lakes and streams in EPA’s Lo n g - Term Monito r i n g
p ro g ram, Te m p o rally Integrated Monitoring Ecosys t e m s
p ro g ram, and other state and federal pro g rams is nec-
essary for quantifying the responses of surface wa t e rs
to changing levels of sulfur and nitrogen deposition. Fo r
the most part, the Lo n g - Term Monitoring pro g ram re p-
re s e n ts the longest continuous re c o rd of surface wa t e r
chemistry in the United States and is often used to
study wa t e rshed (soil) chemistry, an essential element
in both terrestrial and aquatic ecosys t e m s. 

Forest Health. Continued monitoring of sites in sensi-
tive ecosystems with prior strong databases on forest
condition and soil chemistry is necessary to quantify
the responses of terrestrial ecosystems to changing
levels of sulfur and nitrogen deposition.

Visibility. Visibility is the most direct, well-understood
indicator of changes in emissions. Aerosol composition
and visibility monitoring, such as that provided by the
multiagency IMPROVE network, should be continued
consistently at sites with a record of such monitoring.
Although the relationship between emissions and air
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c o n c e n t rations is highly variable because of the
weather and other factors, the relationship between
concentrations and visibility is well understood. 

Research and Analysis

Comparison of Actual to Predicted Visibility Trends. Exten-
sive periodic assessments (at least every five years) of
the fine-particle sulfate and visibility trends, and their
relationships to SO2 emission trends and variations in
m e t e o ro l o g y, need to be conducted to determine
whether expected benefits of SO2 emission reductions
are being realized and to test the credibility of modeled
predictions.

Modeling

Integrated Assessment Tool.NAPAP has developed a
prototype integrated assessment tool called the Track-
ing and Analysis Framework (see Appendix A). TAF
has been peer reviewed and possesses unique capabil-
ities to provide the kind of information that NAPAP
needs for its assessments. Continued maintenance and
development of TAF, especially of those components
that would benefit all effects areas (e.g., emissions, air
transport and diffusion, and economic assumptions),
would provide an analytical tool specifically designed
for an integrated assessment of Title IV.

Regional Acid Deposition Modeling.Regional atmospheric
deposition models, such as the Regional Acid Deposition
Model, are necessary to study the geographic origins of
deposited polluta n ts and the anticipated effectiveness of
f u t u re emission re d u c t i o n s. Continuous evo l u t i o n a r y
i m p rove m e n ts of model physics and chemistry, such as
p a ra m e t e r i zations of internal nitrogen cycling, are nec-
essary to develop an improved analytical tool. Consis-
tent with NAPA P ’s principles, formal model eva l u a t i o n
and peer rev i ew should be a part of the ove rall model
d evelopment pro c e s s.

Economic/emissions Predictive Models.Predictions of air
quality and atmospheric deposition rely on reliable
economic and emission prediction models. The
improvement of current models and the development
of new models are necessary if new insight are to be
expressed in future assessments.

Data Access and Database Development

The free and open exchange of data ensures the broad-
est participation in scientific and economic inquiry.
Basic to this are the availability and access to quality-

assured data. In some cases, data exist but have not
been analyzed and/or quality-assured, access is nei-
ther timely nor inexpensive, or the data need to be
placed in a useable form. In other cases, needed data
have not been collected or observed.

Emission Inventories.Monthly, up-to-date inventories of
utility and nonutility SO2 and NOX emissions are
required at the substate level.

Deposition Data.Quality-assured wet deposition data
are already available for downloading via the World
Wide Web. Dry deposition estimates from EPA and
NOAA monitoring networks also need to be made
available in a timely manner.

Geographic Information Systems.GIS are already used by
N A PAP agencies to support their missions. These GIS
should be screened and ex p l o red as acid rain analys i s
and display to o l s, and geographic measures of the effec-
t i veness of emission reductions should be deve l o p e d .

Model Assumptions.Much of an assessment relies on
modeling. NAPAP aims to use only peer-rev i ewed, non-
p ro p r i e tary models and information in its assessments.
To that end, models that are potential contributo rs to
N A PAP assessments, including their assumptions and
s c i e n c e, must be peer rev i ewed and accessible.

Issue-Specific Needs

In addition to the fundamental needs, near- and long-
term needs must be addressed in the various topical
areas. Strides must be made to meet these issue-
specific needs and thereby enhance NAPAP’s assess-
ment capabilities for future reports.

Near-term needs are defined as new activities that
must be completed and peer reviewed in time to be
useful to the 2000 assessment—nominally, the second
quarter of fiscal year 2000. These needs can be divided
into two groups: large benefit areas (where even small
uncertainties could have large valuation implications
or acceptable valuation methodologies are not yet
developed), and reductions in scientific and economic
uncertainties (unknown or large uncertainties in scien-
tific and economic unders tanding prevent any
improved analysis of costs and benefits, either physi-
cal or economic). The degree to which the expectations
for the 2000 assessment can be met depends on which
near-term needs are addressed by 2000. A summary of
the near-term needs can be found in Table 9.
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Long-term needs are defined as those that cannot be
met in time for the 2000 assessment but that are
needed to contribute to future assessments.

Emissions and Compliance

Most of the emissions and compliance data and infor-
mation requirements for an assessment of Title IV are
satisfied by EPA operational activities or will be satis-
fied if the relevant fundamental needs specified above
are met. However, there is a need to address the issues
of transboundary pollution, as well as the technologi-
cal and state regulatory impacts on the effectiveness
and costs of Title IV.

Near-Term Needs

Research. Investigations in the following areas must be
completed in time to be useful to the 2000 assessment:
(1) analysis of industrial SO2 and NOX emission inven-
tories, (2) analysis of Canadian and Mexican emission
inventories, (3) retrospective analysis of causes of
emission changes in the late 1980s and early 1990s,
(4) analysis of the impacts of state Public Utility Com-
mission regulations and policies on the allowance
market, (5) analysis of the relationship between Title
IV requirements and technology innovations (dynamic
e f f i c i e n cy), and (6) analysis of the dynamics of
allowance trading and its effects on economics and the
spatial and temporal distributions of emissions.

Concentration and Deposition

Acid deposition rates and ambient air concentrations
of acid rain precursors will continue to be the most
direct measures of the effectiveness of acid rain con-
trols. The space and time variability of the data pre-
sents a challenge to documenting regional deposition
trends. It is also a challenge to integrate the informa-
tion from many different networks, each having its
own (often mission-oriented) objectives and purpose
of design. Projections of future deposition rates will be
necessary in developing or modifying emission con-
trols. This is only possible through the use of vali-
dated, peer-reviewed models.

Near-Term Needs

Monitoring. Additional monitoring and interpretation
from the concentration and deposition monitoring net-
works will be necessary to determine what effect vari-

ous changes in nitrogen emissions are having on
nitrates and nitrogen deposition. The data can be used
to assess if increases in nitrates from mobile sources in
some areas are offsetting reductions achieved by the
Clean Air Act Amendments.

Research. There is a continuing need to assess rates of
dry deposition from the atmosphere, especially to
a reas where ecosystems are sensitive to sulfa t e,
nitrate, and other chemicals that together make up
acid deposition. Although dry deposition constitutes a
significant fraction of total deposition, the scientific
understanding of the processes is incomplete, and
measurement technology is inadequate. The questions
of deposition to landscapes and spatial heterogeneity
remain largely unanswered. Research is modeled to
develop methods for extrapolating from areas with dry
deposition measurements to nearby areas with differ-
ent terrain, vegetation, and chemistry.

Modeling. Learning how to link the site-specific depo-
sition values made by monitoring programs with the
spatial ave rage deposition predictions yielded by
regional atmospheric deposition models remains a
challenge.

Long-Term Needs

R e s e a rc h . Increased attention to the processes that
modify acid-generating compounds in the air are
needed, in particular insofar as these pro c e s s e s
include mixes of natural and anthropogenic chemicals.

Aquatic Ecosystems

Additional work is required to improve the scientific
understanding of the effects of acid deposition on sur-
face water chemistry. A variety of organizations and
agencies have called for a coordinated, integrated
assessment of the environmental effects of anthro-
pogenic emissions. The occurrences of coasta l
eutrophication are concurrent with acid deposition.
Continued model development and application will
provide an adequate basis for preparing an assess-
ment of aquatic effects in the year 2000. The principal
needs relate to monitoring and modeling activities.

Near-Term Needs

Monitoring. The monitoring of lakes and streams in
EPA’s Long-Term Monitoring program must be contin-
ued at least through 1999 to allow quantification of the
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responses of surface waters to changing levels of sul-
fur and nitrogen deposition due to continued imple-
mentation of Title IV. This information will be needed
to provide an adequate basis for the 2000 assessment.

M o d e l i n g .Modeling needs fall into three general cate-
gories: further regional sulfur modeling; implementa-
tion of regional nitrogen modeling; and continued
model testing and verification, especially of nitro g e n
m o d e l s. The effect of seasonal variations in NOX e m i s-
sions and deposition on aquatic systems also needs to
be studied. Testing and improvement of the MAGIC sul-
fur model since 1990 have substantially modified fo re-
c a s ts of the pH of Ad i rondack lakes as sulfur deposition
declines in response to Title IV, as well as fo re c a s ts of
ranges of wa t e rshed responses to simultaneous changes
in sulfur and nitrogen deposition. Model revision and
reapplication effo r ts should be pursued in the fo l l ow i n g
priority order: mid-Appalachian Mounta i n s, northern
N ew England, and southern Appalachian Mounta i n s. 

It is now evident that nitrogen may be critical in chro n i c
and episodic acidification. Models to simulate the ter-
restrial and aquatic effects of nitrogen deposition are
n ow ava i l a b l e. One or more such models should be
implemented in areas of the United States thought to be
highly sensitive to potential nitrogen effects. Candidate
re g i o n s, in priority ord e r, include the Ad i rondack Moun-
ta i n s, mid-Appalachian Mounta i n s, southern
Appalachian Mounta i n s, portions of the West, and
northern New England. This effort would re q u i re some
field data collection to quantify nitrogen and carbon
s to rage in important ecosystem compartments, mainly
soils and fo l i a g e. Field work would have to be conducted
at the latest during the summer and fall of 1998 to be
useful for the 2000 assessment. Testing of the nitro g e n
models should continue in 1997 and 1998. Ava i l a b l e
d a ta sets, with which to further test the models, include
e c o system manipulation data sets from Maine and
E u rope and long-term monitoring data sets from New
York, New Hampshire, Norway, and Germany.

Model development efforts are necessary to improve
the characterization of short-term events (episodic
acidification) as they relate to surface water chemistry,
adverse effects to aquatic biota, coastal eutrophica-
tion, and harmful algal blooms.

Long-Term Needs

M o n i t o r i n g .Long-term monitoring is the only appro a c h
that can be used to determine the ultimate effective n e s s
of implementing any policy or management option.

Because model projections will always entail consider-
able uncerta i n t y, it is critical that real monitoring data
continue to be collected in the long term within all
regions of interest. 

Research. Research is needed on the effects of atmos-
pheric nitrogen deposition on estuarine and near-
coastal marine ecosystems. Atmospheric nitrogen is
known to contribute to the eutrophication of such sys-
tems (excessive productivity, which can deplete dis-
s o l ved oxygen and harm aquatic biota). The
q u a n t i ta t i ve importance of atmospheric inputs, in
addition to other sources of nitrogen, such as agricul-
ture, sewage, and industry, is not well known. 

Forest Ecosystems

Forest ecosystems are exposed at varying rates to a
multitude of stressors. Stresses can be delivered by
atmospheric process or can be related to weather or
soil condition. This multiple-stressor paradigm makes
attribution of damages and the quantification of causal
relationships difficult.

Near-Term Needs

Monitoring. An updated analysis of the health of forest
ecosystems should be undertaken. The analysis would
include a designation of ecosystems that are and are
not sensitive to acid deposition.

Research. A focus on the degree to which sensitive
ecosystems are affected by current and reduced depo-
sition rates. In particular, studies on older trees in acid
soils are needed to evaluate the long-term, interactive
effects of acid deposition and ozone.

Modeling. Development and refinement of regional-
scale, spatially explicit models need to be accelerated,
and data for running and testing the models (PnET,
MAGIC, NuCUM) need to be acquired. These models
are required to predict responses of soil and soil water
chemistry to increases or decreases in sulfur and
nitrogen deposition and to assess potential responses
to changes in management practices.

Long-Term Needs

Monitoring. Because of the often long lag time involved
in ecosystem responses to changes in deposition,
future monitoring is necessary to elucidate responses
attributable to emission reductions already realized.
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Periodic monitoring of terrestrial resources, including
forest and soil conditions, should be initiated for a
suite of carefully selected forest research sites. The
effects of changes from both sulfur and nitrogen depo-
sition should be documented.

Research. Mechanistic studies are needed to evaluate
the consequences of changes in soil chemistry (e.g.,
calcium depletion) on essential plant processes rang-
ing from physiological processes to ecosystem func-
tion. These studies should include the synergistic
relationship of soil chemistry with changes in sensitiv-
ity of vegetation to natural stresses, such as cold dam-
age; decreased resistance to disease; and decreased
structural resistance to physical stresses, such as wind
and ice (i.e., multiple stressors). There are seven spe-
cific areas.

■ Research on the effects of changes in soil chem-
istry on forest health in northern hardwoods,
especially sugar maple.

■ Long-term studies on the role of cation deple-
tion and nitrogen addition on nutrient cycling
and tree growth for southern pine forests.

■ Studies on the relative importance of cation
leaching from foliage and cation losses from
soils on whole-plant function (short-term ver-
sus longer-term effects).

■ Studies to explore the role of acid deposition in
limiting cation availability in southern pine
forests growing on poorly buffered soils.

■ Studies on the role of cation depletion in soil
p rofiles on the distribution and function of ro o ts. 

■ Evaluation of the role of acid deposition in con-
tributing to nitrogen saturation of forest soils
through impaired root uptake of soil nitrogen.

■ Development of reliable indicators of ecosystem
condition and potential susceptibility to acid
deposition. These indicato rs are needed to
assess potential responses to altered nitrogen
and sulfur deposition rates, and the spatial
variability that is evident within a region. The
indicators must be applicable at the site and
watershed scales.

Data Access and Database Development.The distribution
of soils that are susceptible to leaching of base cations

and mobilization of aluminum needs to be determined.
This information is critical to understanding dose-
effect relationships and to projecting future impacts
and improvements in response to changing deposition. 

Materials and Cultural Resources

There are particularly significant benefits arising from
materials and cultural resources.

Near-Term Needs

Research. Applied research is needed to develop and
improve treatments to prevent or minimize injury of
cultural resources. Effective preservation of cultural
resources affects our ability to assess the economic
impact of Title IV. Costs for long-term maintenance
and corrective treatment of injury to cultural resources
must be considered in the overall economic valuation.
Innovative treatments built upon fundamental research
and accurately tested through applied studies may
lead to more cost-effective strategies that will ulti-
mately influence economic assessments.

Continued emphasis is needed on determining ways to
value cultural resources and estimate damage. One of
the most promising approaches for economic evalua-
tion of the effects of Title IV is the study of improving
the “health” of a group of cultural resources by retard-
ing the process of deterioration through treatments.
This results in the extension of the average lifetime of
cultural resources. In the proposed approach, histori-
cally documented changes in deterioration rates can
be related to the prolonged life of the cultural asset.

Long-Term Needs

Research. A better understanding of the factors and
variables influencing pollution-induced stone deterio-
ration is needed to improve diagnoses of damage to
cultural resources caused by individual pollutants. In
particular, it is important to further resolve effects
associated with anthropogenic activities from the nat-
u ral backg round weathering effects. A sys t e m a t i c
approach to identifying and studying the individual
dominant interactions contributing to the ove ra l l
weathering of stone is needed to elucidate the deterio-
ration processes.

Data Access and Database Development.The main
obstacle to valuing the benefits of both materials and
cultural resources is the lack of a complete inventory
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of affected assets. Combined with the above, the
potentially large database could be used to quantify
the particularly significant benefits to materials and
cultural resources.

Visibility

Near-Term Needs

Data Access and Database Development.Sulfur dioxide
emissions data must be developed with at least
monthly averaged temporal resolution and at least
county spatial resolution to be able to assess relation-
ships between fine-particle sulfate and sulfur dioxide
emission trends.

Long-Term Needs

Monitoring. Visibility is a local phenomenon. However,
its impairment is a national issue involving both urban
and rural settings. Additional collocated visibility and
ambient air concentration monitoring sites should be
initiated to provide a more complete spatial coverage.

Human Health

Near-Term Needs

Monitoring. Adequate monitoring data are needed for
epidemiological research efforts and the characteriza-
tion of exposure risks. Separate monitoring of fine and
coarse particulate matter is essential. Further charac-
terization of particulate matter is necessary to deter-
mine the quantitative relationship of the different
atmospheric components, including transition metals,
ultrafine fraction, particle number, hydrogen ion, gases
associated with particulate matter (e.g., ozone and
carbon monoxide), and sulfur and nitrogen oxides. The
ambient conditions that potentially confound epidemi-
ological studies—weather and other pollutants (e.g.,
biological particles, organic compounds)—must also
be monitored. The monitoring must be consistent
across time and space, and must be frequent enough
to determine temporal and spatial variability, espe-
cially of an episodic and seasonal nature; annual lev-
els are not adequate.

R e s e a rc h . Further epidemiological re s e a rch is neces-
sary to improve our unders tanding of the individual
health para m e t e rs affected by particulate matter and
c o - p o l l u ta n ts (e.g., lung function para m e t e rs, causes
of death) and the relationships between co-polluta n ts

and health effects. Improved chara c t e r i zation of long-
term health effects is needed and, in particular, the
extent of life shortening that can be attributed to par-
ticulate matter in general and sulfates and nitrates in
p a r t i c u l a r. Studies need to fo l l ow large healthy popu-
lations living in areas with elevated particulate matter,
s u l fa t e, nitra t e, or ozone for an extended number of
ye a rs, as well as during episodic pollution eve n ts. In
addition, more studies should be focused on popula-
tions at risk and on the issue of confo u n d e rs; fo r
exa m p l e, meteorological fa c to rs, the coarse fraction of
P M 10 (2.5–10.0 microns), and the ages of those
a d ve rsely affected. Further chara c t e r i zation of indi-
vidual ex p o s u re is needed to adequately account fo r
the large portion of time most individuals spend
i n d o o rs. Improved personal ex p o s u re assessments fo r
particulate matter, especially for the most vulnera b l e
m e m b e rs of the population, are necessary for better
risk assessments.

Studies need to continue to identify the underlying bio-
logical causes of the relationship observed in epidemi-
ological studies between particulate matter and
human health to better understand the aspects of par-
ticulate matter pollution that need to be reduced or
controlled and how certain members of sensitive pop-
ulations can be better protected. It is important to
understand how particulate matter could lead to death
immediately associated with exposure and how partic-
ulate matter could contribute to shortening the lives of
the sick and healthy, old and young. Further evaluation
is needed for specific components of particulate mat-
ter (especially different forms in which acids can exist),
as well as their fates and their effects on the environ-
ment and on human health. 

Modeling. Development, refinement, and more experi-
ence are needed with models that associate pollution
and health, including air quality models, as well as
models that associate health effects with changes in
air quality, and models that value those changes in
health effects. Also, the models used in clinical and
toxicological studies need to be improved, for example,
in the pollutants used to model ambient pollution and
in the subjects exposed to air pollutants in the lab.

Benefits Valuation

Near-Term Needs

The greatest value of incremental, near-term informa-
tion to reducing uncertainty in benefit estimates is in
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the areas of health, visibility, and materials. These pri-
orities are illustrated under Question 5 in Table 7. 

R e s e a rc h . Near-term re s e a rch effo r ts (by 2000) wo u l d
m a ke a substantial contribution to reducing uncerta i n t y
in estimates of economic benefits. The areas most
deserving of additional re s e a rch are not necessarily the
same as those where expected benefits are largest (see
Table 7). For insta n c e, though ecosystem health has
potentially large benefits and there is tre m e n d o u s
u n c e r tainty surrounding those benefits, the cost of
reducing this uncertainty through additional re s e a rch is
g reat, and the time frame for such a re s e a rch project is
long. On the other hand, the costs of reducing uncer-
tainty around human health mortality are pro b a b l y
much less. Re s e a rch should be conducted to improve
our basis for valuing life ye a rs lost or for adjusting the
value of a statistical life for the age of individuals and
various risks and health sta t u s. Also, the empirical
basis for valuing morbidity effects is we a k .

Modeling. Economic models are incomplete in almost
every benefit area, but they are adequate to provide
some illustrative estimates and to reveal the relative
magnitudes of potential benefits in many cases. Devel-
opment of economic models requires both theoretical
underpinnings and readiness for implementation. In
aquatics recreation, agriculture, and human health,
economics has the capability of providing reliable,
replicable estimation of benefits. In the areas of visibil-
ity and materials, economics provides at least a suffi-
cient foundation for investigating the re l a t i ve
magnitudes of potential benefits and the likely direc-
tion of potential bias resulting from factors left out of
the model or flaws in the data.

Data Access and Database Development.Limitations on
environmental and/or economic data are the weakest
link in estimating benefits, especially in areas that are
suspected to have the largest potential benefits. Typi-
cally, the cost of research in economics and the collec-
tion of economic and environmental data are less than
the cost of scientific research. This is reflected in the
priorities for research aimed at improving benefit esti-
mates. In the areas of health, visibility, and materials,
the greatest gaps are in economics and data collection
rather than science. Hence, the biggest “bang for the
buck” in the near term can be bought through invest-
ments in these areas.

In some cases, weaknesses in the scientific under-
standing—as in the case of forest recreation or ecosys-
tem health—preclude collection of data linking

changes in primary pollutants with economic end
points. In other cases, such as visibility, monitoring
has been inadequate to calibrate links with economics.
Where benefit end points are not well established, data
will be inadequate.

Linkages to Other Issues

In the early years of NAPAP, it became clear that acid
deposition could not be easily isolated from other air
pollution issues. Acid rain is but one of many related
environmental issues and is a focus for several inter-
national activities. Research has established linkages
b e t ween acid deposition and other enviro n m e n ta l
issues that are not within the scope of this report and
are adequately addressed by other programs. However,
from a policy perspective, it is important to understand
the science linkages so that the public policy linkages
can be made. The long-range transport of air pollution
has made acid deposition an international concern and
it is being addressed in several fora.

Related Science Issues

The environmental science issues related to acid depo-
sition include radiative forcing, tropospheric ozone,
fine particles, atmospheric deposition, and coastal
ecosystem health.

Radiative Forcing

In addition to reducing visibility, interference with light
t ransmission can lead to changes in climate on local,
regional, and global scales. Climatic variables influenced
by aerosols include tempera t u re, re l a t i ve humidity,
amount of clouds or fog, volume and type of pre c i p i ta-
tion, and albedo (reflectivity) of both clouds and clear air.

Ae rosol particles affect climate by (1) scattering and
absorbing solar radiation, (2) absorbing infra red ra d i a-
tion, and (3) acting as nuclei for the formation of cloud
d ro p l e ts and ice particles, there by increasing cloud
albedo. The first two effects are re f e r red to collectively as
d i rect effects, whereas the third is re f e r red to as an indi-
rect effect. The term indirect is not an indication that
cloud effects are less important than direct effects.
Indeed, the highest sensitivity of regional and global heat
balance to aerosols may invo l ve interaction with clouds.

The average total anthropogenic decrease in solar
radiation at the ground due to reflection and absorp-
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tion is about 10 watts per square meter (about 7%)
over an area of approximately 10,000,000 km2 in east-
ern North America (and evidently over similarly sized
areas in Europe and eastern Asia). This effect acts in a
manner opposite to the mechanism for greenhouse
warming. Direct heat can occur through absorption of
infrared radiation from the earth by coarse dust parti-
cles (as is done by greenhouse gases), although it is
not well characterized. Indirect effects are also highly
uncertain and not well understood.

S u l fates are assumed to contribute about half of the
to tal direct solar reflection in the East (a 7% re d u c t i o n
in solar radiation, compared with natural backg ro u n d
l evels). The role of sulfur and nitrogen oxides with
respect to indirect cloud effects is not well unders to o d .3

Tropospheric Ozone

Nitrogen oxides and volatile organic compounds are
the primary precursors of tropospheric ozone. As a
result of oxidation reactions in the atmosphere, these
compounds form ozone. These same oxidation reac-
tions convert sulfur oxides and nitrogen dioxides to
their sulfate and nitrate forms, leading to acid deposi-
tion. Research contributing to the understanding of
ozone chemistry, transport, and fate (now being con-
ducted as part of the North American Research Strat-
egy for Tropospheric Ozone–NARSTO) will be critical
in interpreting the results of sulfur dioxide and nitro-
gen oxide controls to reduce acid deposition. It will be
important to know how controls of these compounds
have interacted to produce beneficial results in envi-
ronmentally sensitive regions, and to be able to sort
out their respective contributions.

Both issues have nitrogen oxides in common. Under-
standing their sources and sinks will be important in
resolving the acid deposition and ozone issues. Nitro-
gen oxide control is emerging as an essential feature of
the eastern ozone control strategy and is also a signif-
icant part of the national acid deposition reduction
program. An important question to address in the
future will be the degree to which ozone-related nitro-
gen oxide controls (which are predominately summer-
time controls) also mitigate acid deposition and
coastal eutrophication problems.

Fine Particles

The fine particulate matter (PM) and acid deposition
issues are closely linked in the eastern United States.
Both share the same dominance of a large sulfate frac-

tion in the chemical composition of collected samples.
Sulfates are a significant (30–40%) component of fine
particles in the East. However, where sulfates have
been linked directly to ecosystem damage, they have
yet to be identified as a principal causal agent in
human health effects correlated to elevated concentra-
tions of particulate matter. The characteristics of par-
ticulate matter, including sulfates responsible fo r
morbidity and mortality effects, are the subject of
ongoing research.

Both direct emissions of particulate matter and sec-
ondary particle formation caused by oxidation of sul-
fur dioxide, nitrogen dioxide, and aerosol organic
carbon species contribute to overall levels of airborne
particles. With sulfates being the focus of the nation’s
acid deposition control strategy, and an expectation of
a 40% reduction in sulfur oxide emissions from 1980
levels by 2010, a dramatic decrease in eastern fine par-
ticles is expected, particularly in the sulfate fraction.
This should also have a beneficial impact on health
effects related to particulate matter. Ongoing health
and exposure research and future environmental mon-
itoring will provide the answers and bear watching
closely for this synergy.

Atmospheric Deposition

The deposition of sulfates and nitrates originating from
utilities is but one facet of a larger science and policy
issue, atmospheric deposition. Many other pollutants
find their way to the Earth’s surface by wet and dry
deposition processes, including trace metals, haz-
ardous air pollutants, and organic compounds. Promi-
nent examples are pesticides and merc u r y. The
atmosphere is now recognized as a major pathway by
which these polluta n ts can be transported and
deposited in areas sometimes far removed from their
sources. Recent research suggests that mercury is
m o re mobile than previously thought because of
vo l a t i l i zation and atmospheric transport. Although
actual ambient air concentrations of these pollutants
are generally small and below air quality levels, it is
the long-term accumulation in the ecosystem via
deposition that is most harmful. 

The overabundance of certain nutrients, primarily
nitrogen (nitrate and ammonia) and phosphorus, can
cause adverse ecological effects. More than 3.2 million
tons of nitrogen are deposited from the atmosphere
each year in the United States. This nitrogen falls upon
both land and water, contributing to serious problems,
such as eutrophication.
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Commonalties often arise in studying the causes and
effects of acid deposition. There are several significant
s o u rces of nitrogen deposition besides utilities—
namely, other combustion sources (primarily automo-
biles) and ammonia (often a result of agricultural
practices). Combustion sources (including utilities)
also emit, albeit in much smaller amounts, trace met-
als and carbonaceous aerosols. Many of these pollu-
tants (SO2, NOX, ozone, fine particles, etc.) are subject
to the same (or similar) atmospheric transport and dif-
fusion processes.

Coastal Ecosystem Health

It is now obvious that ammonium and nitrate deposi-
tion are central concerns to the health of coastal
ecosystems. Although these species are major contrib-
utors to acid deposition, their main environmental
consequence is eutrophication of coastal waters. The
problem is not just the deposition to the water bodies
themselves, but the transport of airborne nitrogen
species through surrounding watersheds, streams and
ground water into the water bodies that become
overenriched with nutrients. Depending on the water
body in question, atmospheric deposition is likely to
account for as much as 30–40% of the total nutrient
loading received. Reducing deposition is not simply a
case of each state or region controlling its own emis-
sions. The chemicals of concern come from sources
that are sometimes quite distant and outside the regu-
latory reach of any such local authority.

Along the eastern seaboard of the United States, the
importance of long-range transport and atmospheric
deposition in the regulatory process has been evi-
denced by the success of a series of “Share d
Resources” workshops. Conducted by the Chesapeake
Bay Program (EPA and NOAA), these workshops are
focusing on the need to recognize that the emission
decreases imposed by the Clean Air Act Amendments
will benefit all eastern estuaries, but to an extent that
is not yet well determined. 

Related International Activities 

United States/Canada Air Quality Agreement

The benefits of the SO2 emission-reduction program
under the 1990 Clean Air Act Amendments are exten-
sive and are not limited to the United States. Improve-
ments in Canadian air quality that can be attributed to
Title IV’s reduction of U.S. emissions—and the associ-

ated benefits—should be expected. The United States
and Canada continue to address transboundary air
pollution issues under the bilateral Air Quality Agree-
ment signed in March 1991. The third biennial report,
published in 1996, focuses on the substantial progress
the United States and Canada have made in achieving
emission-reduction goals and in carrying out long-
term programs to reduce the effects of acid rain in both
countries. The report also discusses new areas of con-
cern, such as ground-level ozone (smog), inhalable
particles, and air toxics. Developments in scientific and
technical cooperation are reported, including emission
inventories and data trends from 1980 to 2020 for SO2,
NOX, and volatile organic compounds, which along
with NOX emissions contribute to the formation of
ground-level ozone.

The progress report also contains the first five-year
review and assessment of the Air Quality Agreement
by the two governments. While the Agreement does
not currently focus on transboundary air pollutants
other than acid rain, both governments have begun to
study regional ozone management and are evaluating
the role the Air Quality Committee may play regarding
air toxics. The review concludes that, overall, both
governments have been successful in fulfilling their
obligations under the Agreement, particularly the acid
rain control programs in both countries.

U.N. Convention on Long-Range 
Transboundary Air Pollution

The 1979 United Nations Convention on Long-Range
Transboundary Air Pollution develops various proto-
cols for air pollution control commitments. U.S. partic-
ipation in the Convention consists of prov i d i n g
expertise and advice on a number of issues, including
compliance monitoring, enforcement, emission inven-
tory development, and market-based mechanisms.

NAFTA

At the continental level, the issue of atmospheric tra n s-
port and deposition is receiving considerable attention.
The North American Ag reement on Enviro n m e n ta l
C o o p e ration (a side agreement of the North American
Free Trade Ag reement) is engaging in a process to
enlighten re g u l a tory authorities in Mexico and Canada,
as well as in the United Sta t e s, on the need to consider
local enviro n m e n tal problems related to atmospheric
deposition (including acid rain and nutrient ove re n r i c h-
ment) as problems that disre g a rd political and geo-
g raphic boundaries. The Council for Enviro n m e n ta l
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C o o p e ration of the North American Ag reement on Envi-
ro n m e n tal Cooperation is currently finalizing docu-
m e n tation relating to “c o n t i n e n tal pollutant pathways ”
that will propose new multilateral steps towa rd pro-
tecting the continental environment from thre a ts
related to chemical deposition from the air.

Global Atmospheric Watch

At the global scale, the leadership of the United States
science developed under the auspices of NAPAP is now
well recognized. Three of the contributing agencies of

NAPAP (EPA, DOE, and NOAA) have joined forces to
set up a Quality Assurance/Science Activity Center for
the Global Atmosphere Watch under the auspices of
the World Meteorological Organization. A major con-
tribution of this Center is related to precipitation
chemistry. The Center leads the global quality assur-
ance program for precipitation chemistry, including a
major focus on acid precipitation. This activity posi-
tions U.S. science in a leadership role globally, and
ensures that future decisions regarding long-range
transport of pollutants from one continent to another
will have a sound data base to guide them. 
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A successful assessment relies on modeling. Issue-specific models are used to
understand such processes as pollution transport and diffusion or visibility
impairment and, in some cases, to make predictions. In performing an inte-

grated assessment of a science-policy issue that involves many disciplines, ana-
lysts must be able to understand and assess the relationships and dependencies
between the disciplines. Integrated models that link issue-specific models are tools
that scientists and economists can use to provide the understanding necessary for
an integrated assessment. This appendix provides descriptions of a few issue-spe-
cific and integrated models that are relevant to the acid deposition issue.

Integrated Models

Integrated models link issue-specific models to enhance understanding of a com-
plex issue that is broad in scope. This section describes three integrated models of
the acid deposition issue. They all include emissions, transport and diffusion,
deposition, and economics in their frameworks but have different modeling
approaches that match the needs of their users. The Tracking and Analysis Frame-
work was developed in the United States, while RAINS and RAISON were developed
by the European Community and Canada, respectively.

Tracking and Analysis Framework

With the passage of the 1990 Clean Air Act Amendments, the United States
embarked on an acid deposition control policy that has been estimated to cost bil-
lions of dollars. The Amendments created a major innovation in environmental reg-
ulation by introducing market-based incentive s — s p e c i f i c a l l y, trading among
electric utility companies in allowances to emit sulfur dioxide. NAPAP is charged
with (1) evaluating the status of the implementation, effectiveness, and costs and
benefits of the acid deposition control program created by Title IV of this Act, and
(2) determining whether additional reductions in deposition rates are necessary to
prevent adverse ecological effects.

To help NAPAP face this challenge, the U.S. Department of Energy, with support
from other federal agencies, sponsored the development of an integrated assess-
ment model, known as the Tracking and Analysis Framework (TAF). TAF was devel-
oped in less than two years with relatively modest resources for such a
comprehensive model. This rate of progress was made possible by an innovative
combination of methods for integrated assessment. An overview of TAF follows
with an outline of these methods, including references to companion documents
that provide more details on selected methods and modules.

General Objectives

Following are the general objectives of TAF.

A framework for integrated assessment: TAF is designed to provide a comprehensive
framework to address the major issues of concern, from end to end—that is, from
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the effects of the Clean Air Act Amendments on reduc-
ing emissions of pollutants, atmospheric transport,
deposition, and environmental degradation, all the
way to economic valuation of the environmental ben-
efits of emission reductions. A variety of modules can
be slotted into this framework. At present, the areas of
environmental effects addressed by TAF include visi-
bility, aquatic ecosystems, soils, and human health.
Modules for forests and terrestrial ecosystems, crops,
and materials remain to be added.

Complete integration: TAF is designed to include all com-
p o n e n ts within a unified computing environment so that
t h ey can be examined and evaluated to g e t h e r, including
ex p l o ration of the interactions among components. 

Agility and flexibility: TAF is designed to be run on a
personal computer in a few minutes, and to allow easy
modification of input assumptions and reconfiguration
to assess alternative policy scenarios, as new policy
issues arise and new data and science become avail-
able. It is designed to allow analysts to address new
questions in hours or days, rather than the weeks or
months many models need.

Tr a n s p a r e n cy: TAF is designed to provide the models in a
form whose structure, re l a t i o n s h i p s, and assumptions
can easily be inspected and rev i ewed. It is designed as
a “glass box,” rather than a “black box,” model.

Scientific credibility: TAF is based on the best available
peer-reviewed science and data.

Explicit treatment of uncertainty: TAF provides explicit re p-
re s e n tation of the uncertainties due to limitations in sci-
entific unders tanding, lack of data, and model pre c i s i o n .

Modeling Methods

The following set of methods was adopted to achieve
these general objectives: 

Influence diagrams: Influence diagrams provide a graph-
ical representation for display of the qualitative struc-
ture of models.

Modular structure: The model is organized throughout
in a hierarchy of modules so that each module is sim-
ple enough to be easily understood.

Integrated documentation: Documentation is integrated,
explaining the variables and their role in the computer
representation.

Reduced-form models: Most modules are “re d u c e d -
form” models—that is, simplified models fitted to more
detailed, scientific full-form models. They derive their
scientific credibility from the quality of their fit to the
detailed models. Both the full-form and the reduced-
form models used in TAF are peer reviewed.

Probabilistic analysis of uncertainty: Probability distribu-
tions are used to represent variability, uncertainty due
to lack of scientific knowledge or data, and impreci-
sion due to model approximations. Monte Carlo and
related methods are used to propagate and combine
these distributions to assess the implied uncertainty in
the results, and to compare the importance of the var-
ious sources of uncertainty.

Progressive refinement: The team has developed TAF as
a series of prototypes of increasing sophistication and
refinement, progressively reviewing and refining each
to create the next version. Several of these methods
have been used in the development of other integrated
assessment models. In adopting and refining the entire
set of methods, the team found significant synergies
among them, leading to what is believed to comprise
some important innovations in integrated assessment
methodology. The use of many of these methods has
been facilitated by the use of Lumina’s Analytica,
which is software for quantitative modeling and inte-
grated assessment. Analytica (Henrion et al., 1996)
provides a variety of features used in TAF, including
influence diagrams, hierarchies of modules, integrated
documentation, and Monte Carlo simulation.

Overview of TAF Modules

A comprehensive assessment of the costs, benefits,
and effectiveness of Title IV of the Clean Air Act
Amendments requires consideration of many issues.
Figure A-1 shows the top level of TAF as an influence
diagram. Each of the nodes on the diagram represents
a module currently in TAF.

The scenario selector on the top left allows the model
user to select one or more scenarios for projecting
future emissions and to assess and compare the
effects of those emissions. Users can specify their own
scenarios, making assumptions about future growth
rates in emissions, by pollutant type (SOX and NO X),
and source region. Alternatively, users can select a
predefined scenario from recent U.S. Environmental
Protection Agency (EPA) projections, or estimated pro-
jections from one of 16 scenarios defined by TAF’s
emissions module. These 16 scenarios are based on
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combinations of Phase I caps only and Phase II caps,
with and without trading in emission allowances, and
with alternative assumptions about future electricity
demand growth rates and power plant retirement
ages.

TAF currently contains 10 modules developed by over
30 people at 10 different sites, including four consult-
ing firms, three national laboratories, two universities,
and a nonprofit foundation.

Model Transparency and Organization 

A common complaint about computer models—be
they scientific or policy models—is that they are too
complicated and too poorly documented to be under-
stood, verified, or trusted. Typically, model documen-
tation is created and updated separately from the
computer model, with the result being inconsistent
with the model it is supposed to document. In some
cases, models are proprietary, and their developer
wishes to keep their internal structure secret. Since a
major objective of TAF is to support communication
and coordination among scientists and policy ana-
lysts, an essential requirement for TAF is that the mod-
els be documented clearly and consistently.

The Module Hierarchy

TAF employs features of Analytica to display the model
as a hierarchy of influence diagrams and to integrate

model documentation in the
same computer representation
used for computation. Figure
A-1 shows the top-level influ-
ence diagram, including the key
modules and arrows indicating
the dependencies among these
modules.

Each module consists of a dia-
gram, showing the key inputs
and outputs, and submodules
c o n taining the details of the
model. These submodules are
themselves arranged hierarchi-
cally, as illustrated in Figure
A-2. Clicking the mouse on one
of these nodes in the diagram
opens up the diagram for the
model it contains. This model
hierarchy in TAF extends down
to six levels in parts of TAF.

Each variable in a model is represented in a diagram
by a node with a thin outline. Variables that are
defined as uncertain, using a probability distribution
are represented by oval nodes. Other variables are
represented as rounded rectangles. Index variables are
represented by parallelogram nodes.

Integrated Documentation

Each variable in TAF is documented by a card (object
window), containing a set of attributes describing the
variable, as illustrated in Figure A-3. The card shows
the variable class, name, units of measure m e n t ,
description, definition (mathematical relationship for
calculation), list of inputs and outputs, and, optionally,
a reference to the publication or authority on which
the definition is based. When the definition of a vari-
able is specified or modified, Analytica automatically
updates the lists of inputs and outputs and the arrows
in the parent diagram to reflect any changes in the
dependency relationships.

Scientific Credibility and Reduced-Form Models

Previous attempts to develop integrated assessment
models have sometimes been criticized as lacking
sound scientific foundations due to the degree of sim-
plification (Balson and North, 1982; Alcamo et al.,
1987). The challenge is to reconcile the need for inte-
grated assessment models to be based on the best
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available scientific data and models yet be
small, agile, flexible, and comprehensible.
TAF meets this challenge by building most
modules as reduced-form models based
directly on the best available detailed scien-
tific model or data.

Reduced-form models are simplified mod-
els, intended to approximate the behavior
of larger, more complicated full-form mod-
els or data sets. Reduced-form models con-
tain fewer variables, less causal detail, or
higher levels of aggregation. Their perfor-
mance is calibrated against or fitted to the
performance of the full-form, detailed mod-
els. In practice, the approximation uncer-
tainty introduced by the simplification for
the reduced-form models in TAF is usually
dwarfed by the inherent uncertainty in the
full-form model. In these cases, the loss in
precision from the reduced-form model is
negligible.

In integrated assessments, it is generally
necessary to link several models together—
the outputs of one are matched to the
inputs of the next. Typically, problems arise
because the detailed models are at different
levels of aggregation. For example, emis-
sion projections may be by season for each
power plant, but the atmospheric transport
model may need emissions on a daily basis
aggregated by a 20-kilometer grid square.
Also, the file formats and platforms are
often incompatible. Moreover, the models
are so large that it is too expensive and time
consuming to run them for many different

s c e n a r i o s, especially 
to handle uncertainty
using Monte Carlo or
other techniques. It is
often impractical to
reconfigure and rerun
them every time a new
policy problem arises.
Reduced-form models
can obviate these pro-
blems, provided they
a re designed ex p l i c i t l y
to use compatible lev-
els of aggregation and
file formats.
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F i g u re A-3. Each variable is documented internally with an object
w i n d o w, or card, which shows key information about the variable.

F i g u re A-2. This example of the module hierarchy in TAF shows that
double clicking the mouse on a module node (thick outline) opens up 
the diagram for that module.
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Reduced-form models may be developed or formulated
in a wide variety of ways. Following is a description of
the approach employed for the atmospheric transport
module.

Reduced-Form Models 
for the Atmospheric Transport Module

The atmospheric pathways module of TAF is a
re d u c e d - form model based on re s u l ts from the
Ad vanced Statistical Tra j e c tory Regional Air Po l l u t i o n
(ASTRAP) model, a detailed long-range atmospheric
t ransport model developed at Argonne National La b o-
ra tory (Shannon, 1981). The re d u c e d - form models
consist of sourc e – re c e p tor matrices, normalized to unit
emissions at each sourc e. The normalization allows the
model to be applied to any emission scenario. Since
ASTRAP generates ambient concentrations and deposi-
tion rates that are linear in emission ra t e s, this nor-
m a l i zation invo l ves no additional approx i m a t i o n .

The 60 sources are centroids of the United Sta t e s, Cana-
dian prov i n c e s, and northern Mexico. Te m p o ral aggre-
gation is by season and ye a r. Transport matrices are
p rovided for dry and wet deposition for SOX and NOX.

Specific re c e p to rs have been selected fo r
the visibility, aquatics, cro p s, and human
health effects. Figure A-4 shows the top left
corner of a sourc e – re c e p tor matrix fo r
ambient SO2 in winter.

Shannon et al. (1997) have compared the
p e r formance of ASTRAP with a nonlinear
t ransport model called RADM (Re g i o n a l
Acid Deposition Model), and actual obser-
vations for annual ave rage atmospheric
c o n c e n t rations at selected re c e p tor sites in
the eastern United Sta t e s. Figure A-5 shows
an example comparison with re g re s s i o n
lines fitting the observations to pre d i c t i o n s
for each model. Both models appear to
u n d e restimate the observations on ave ra g e.
Both models show a similar quality of fit to
the data. Since ASTRAP is a linear model, it
g e n e rates ambient concentrations and
deposition at each re c e p tor that are pro p o r-
tional to the emissions at the sourc e s.
T h e re fo re, re p resenting it by normalize d
t ransport matrices, as in TA F, introduces no
additional approximation imprecision for a
g i ven time period (seasons). In other wo rd s,
t h e re is no approximation uncertainty intro-
duced by the re d u c e d - form model beyo n d

the uncertainty inherent in the detailed model on which
it is based. More ove r, the uncertainty of the latter
a p p e a rs to be no more at the selected levels of aggre g a-

A-6 • Appendix A

F i g u re A-4. The lower window shows part of the normalized transport
matrix by source plant and receptor region, as a detail of the diagram in
the upper window. The two-dimensional transport matrix displayed is for
winter and ambient SO2, and is a slice from a four-dimensional arr a y,
indexed by four seasons and ambient species.

F i g u re A-5. A comparison of predictions by ASTRAP (the
TAF module) and RADM (another more detailed transport
model) with actual observations of annual average
concentrations of atmospheric sulfate (µg/m3) in the
e a s t e rn United States in 1990.



tion over space and time than RADM, which is signifi-
cantly more complex than ASTRAP.

Progressive Refinement

Model development is—or should be—a learning
process. It requires many decisions about the level of
detail and aggregation of each variable, making com-
promises between accuracy and practicality, between
detail and computer time and memory, between the
policy questions of concern and the pragmatic limita-
tions on what questions the model can address. Find-
ing the best trade-offs is a major challenge, even for
the most experienced modelers. The most satisfactory
results are obtained when the modelers can revisit
decisions in the light of experience with early versions
of the model—expanding, simplifying, and refocusing
models as the process continues. This process is
called progressive refinement.

Progressive refinement was adopted as the approach
to TAF from the start, beginning with an earlier model
named ADAM, developed for NAPAP in the mid-1980s
at Carnegie Mellon University. In 1993, NAPAP com-
missioned a revised prototype integrated assessment
model, based on ADAM, which came to be known as
TAF. And so began the multiple cycles of progressive
refinement, which were essential in obtaining a fully
integrated model.

TAF Peer Review

An intensive peer review of TAF by 12 scientists in
December 1995 concluded that TAF was generally
successful in meeting its objectives (Report on the Peer
Review, 1996). The development team provided con-
siderable refinement in the following year to address
remaining concerns and to improve the analysis.

Hierarchical influence diagrams have proved valuable
as a visual tool to support transparency for organizing
and communicating complex models. Analytica’s tools
for integrated documentation and array abstraction
have also proved helpful. Members of the TAF team
and reviewers have been able to scrutinize model
structure and assumptions using the built-in model
diagrams and documentation. 

TAF is small enough to run in a few minutes, allowing
multiple Monte Carlo runs for comprehensive uncer-

tainty analysis. It is also flexible enough to be rapidly
reconfigured to address new policy issues. Yet it is
derived from credible, detailed scientific models. The
key to reconciling these apparently conflicting goals
has been the development of reduced-form models for
key modules. Thus, the relatively small size and sim-
plicity of TAF impose no important loss of precision in
the results that it generates.

The general approach has been one of progressive
refinement, in which each module and the integrated
model are developed as a series of versions, starting
with module specifications, being pro g re s s i ve l y
refined in response to review and critique by other
members of the team. The current version of TAF is the
result of four major cycles of refinement, each com-
prised of a number of minor cycles.

The methods and tools that have been developed and
the experience gained in developing TAF could be of
value to other teams involved in the collaborative
development of models for integrated assessment.
Other domains of application might include integrated
assessments for regional or local air pollution policy,
and for international environmental problems, espe-
cially for global climate change.

Exercises with Historical 
Data and the Aquatics Module

In this section, the transport and aquatics modules in
TAF are exercised using historical emissions data from
the period 1980 through 1995. Some of the intermedi-
ate ambient concentration and deposition results are
presented, and the aquatics module is used to esti-
mate the changes in alkalinity for a series of lakes in
the Adirondack Mountain region of New York. The acid
stress index for three fish species within these lakes is
also estimated. Finally, some of the sensitivity and
uncertainty analyses made possible using the TAF
framework are presented.

Historical Emission Trajectories

The utility SOX and NOX emission trajectories used in
this exercise are derived from the EPA’s emission data-
bases (see footnote 1). Additional nonutility emissions
( f rom commercial, industrial, and tra n s p o r ta t i o n
sources) are from the emission databases at Argonne
National Laboratory (see footnote 2). Mexican and
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Canadian emission tra j e c tories are also included
because of their contributions to ambient pollutant
concentrations within U.S. borders.

The emissions are aggregated to the state level in TAF.
Figure A-6 includes utility and nonutility sources of
U.S. emissions during 1980-1995.

TAF also contains emission projections based on mod-
els run by ICF for EPA and models run by Argonne
National Laboratory for the Department of Energy.
Other emission projections can be input by TAF users,
and propagated through the entire model.

Estimating Ambient Concentrations and 
Deposition in the Pathways Module

The pathways module uses linear source–receptor
matrices to calculate seasonal ambient pollutant con-
centrations and deposition estimates integrated over
states and at a few selected point receptors, based on
state-level data from the emissions module. Because
the TAF module is primarily concerned with annual
averages of deposition and ambient pollutant concen-
tration levels (a few exceptions are handled down-
stream in the assessment), a linear approximation of
transport processes is appropriate.

The source–receptor matrices are from the ASTRAP
model. Using historical emissions data, the ASTRAP
matrices have been validated against ambient concen-
tration/deposition data. Eleven years of wind and pre-
c i p i tation data have been used in the model to
estimate the variability of model results based on cli-
matological variability. The resulting variability in
ambient concentration and deposition estimates was
then incorporated into the module to represent clima-

tological variability. Normal distributions representing
the annual variability of the source–receptor relation-
ship are multiplied by the concentrations and deposi-
tions estimated at each receptor site.

The variability in ambient concentrations based on cli-
matic fluctuations is illustrated in Figure A-7, for
micrograms per cubic meter of SO2 in the Grand
Canyon area. Probabilities of occurrence of 5%, 25%,
50% (median), 75%, and 95% are used to represent
the annual variability of average ambient pollutant
concentration.

This variability is significant when examining the
baseline or Title IV pollutant concentrations alone, but
when the Title IV concentrations are subtracted from
the baseline concentrations to obtain an estimate of
concentration reductions under Title IV, much of the
year-to-year variability due to climatological differ-
ences is canceled out, resulting in estimates of reduced
ambient concentrations. The climatological variability
factored into the transport of pollutants has a measur-
able effect on reductions in pollutant concentrations,
as demonstrated by the confidence interval surround-
ing the mean estimate of ambient pollutant concentra-
tions. The next section compares this variability to
other sources of variability and uncertainty that con-
tribute to the aquatic effects of acid deposition.

Aquatics Effects: Using TAF to Rank Effects

The aquatics module is a reduced-form version of the
Model of Acidification of Groundwater in Catchments
(MAGIC). Using deposition data from the pathways
module and Adirondack lake background data, the
aquatics module calculates lake pH, acid-neutralizing
capacity, base saturation, fish species richness, and
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fish acid stress indices for 33 Adirondack lakes. The
module has been calibrated to data and results from
the full-form version of MAGIC, and performs compa-
rably, despite its much more modest computational
requirements.

This discussion is limited to the acid stress index, also
known as the conditional mortality rate. The acid
stress index is a common estimate of the increased
likelihood that a fish of a given life stage will die when
exposed to the specified water quality conditions, over
and above the mortality expected in a circumneutral
reference water. Higher numbers indicate higher stress
and increased likelihood of death. The benefits module
in TAF uses the acid stress index computed at the
Adirondack lake sites, for three fish species, to esti-
mate the catch per unit of effort expended by recre-
ational fishermen. Figure A-8 contains the median
(50%) brook trout acid stress index results for a single
Adirondack lake. Figure A-8 also shows 25% and 75%
probability estimates. The confidence intervals are not
symmetric, indicating that the distribution of possible
acid stress index values is itself asymmetric, with a
right-hand tail.

Aquatics Effects: Using TAF to Rank Sensitivities 
and Uncertainties

The uncertainty around the acid stress index includes
a fraction above zero. This indicates that, when the
uncertainty in the aquatics modeling and natural cli-
matological variability is taken into account, a reduc-
tion in the acid stress index cannot be guaranteed.
That said, the chance of a nonzero, favorable change
in acid stress index (i.e., a reduction) is quite large. An
importance analysis can be used to compare the rela-
tive contributions of the uncertainties in the model to
the acid stress index results. The uncertainties affect-
ing the acid stress index include:

Uncertainty in deposition from the pathways module. This
is similar to the climatological variability in the visibil-
ity module, except it is expressed as cumulative acid
deposition instead of annual ambient concentration.

Uncertainties in the fit between MAGIC and empirical data.
There are four components to this uncertainty: uncer-
tainty in the estimation of lake calcium concentrations,
u n c e r tainty in the estimation of acid-neutra l i z i n g
capacity, uncertainty in the estimation of lake pH from
acid-neutralizing capacity, and uncertainty in the esti-
mation of acid stress index from lake pH (described
with four parameters).

Uncertainties in the fit between the reduced-form model ver-
sion in TAF and the full-form MAGIC. There are two com-
ponents to this uncertainty: (1) uncertainty in the
estimation of lake calcium concentrations and (2)
uncertainty in the estimation of lake acid-neutralizing
capacity.

The reduced-form model and MAGIC uncertainties
were quantified from the results of linear and nonlin-
ear regressions. Climatic variability was quantified by
measuring variability in ASTRAP deposition results
using historical wind trajectory data from 11 separate
years. These sources of uncertainty are ranked using
an importance analysis. The results of the analysis are
shown in Figure A-9.

The uncertainty in the relationship that translates pH
to acid stress index (ASI parameters 1, 2, and 4) dom-
inates the result. The conversion from acid-neutraliz-
ing capacity (ANC) to pH also provides a significant
amount of uncertainty in the result. These uncertain-
ties swamp the other sources of uncertainty in the
model, including the imprecision in the reduced-form
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F i g u re A-8. Acid Stress Index and confidence intervals for
an Adirondack lake.

F i g u re A-9. I m p o rtance of uncertain inputs on uncert a i n t y
in ASI output for brook tro u t .



model (RFM) and the variability caused by year-to-
year changes in deposition. Because the overarching
uncertainties in MAGIC dominate the uncertainty in
the result, we conclude that the reduced-form version
of MAGIC within TAF performs comparably to MAGIC.

Note also that the climatological variability is not large
compared to some of the other uncertainties. This is
true in part because much of the climatological uncer-
tainty is canceled out when the difference of the base-
line and comparison scenario results is taken. The
climatological uncertainty is the same across the two
scenarios, so it is reduced when the difference of the
two scenarios is taken.

This analysis identifies the conversion of pH to acid
stress index and of acid-neutralizing capacity to pH as
critical sources of uncertainty in the aquatics module.
Acid-neutralizing capacity is converted to pH by using
a four-parameter nonlinear equation based on work
by Small and Sutton (1986), calibrated to data for the
33 Adirondack lakes considered in TAF. Whether this
source of uncertainty should be refined and reduced in
future versions of the aquatics module depends on the
effect of this uncertainty in calculation of aquatics
benefits.

Future TAF Analyses

The analyses described here are just a small sample of
the potential of an integrated assessment. Future
analyses in TAF can compare results not only across
effect modules, but also across unmodeled effects
using back-of-the envelope scoping analyses. These
analyses will permit prioritization of additional mod-
ules to be added to TAF.

As additional information on the costs of Title IV re g u-
lations on utilities is integrated, utility costs can be
c o m p a red to the benefits calculated in TAF to deter-
mine whether the subset of benefits calculated is suffi-
cient to suggest that Title IV is cost-effective. Also, the
capability ex i s ts to compare the geographic distribu-
tion of costs with the distribution of benefits, because
TAF calculates both costs and benefits on a state leve l .

The model is able to compare both uncertainties that
propagate through several modules, and uncertainties
across different effects and benefits. It enables com-
prehensive identification of those inputs and model
forms sensitive to change and most influential in their
effects on output uncertainty. These abilities allow TAF
to provide important information on future research

priorities and the confidence in current estimates of
acid deposition damages and Title IV benefits.

In a further effort to share TAF-related research, infor-
mation on the TAF project, including draft models and
the Analytica modeling software, is being made avail-
able over the World Wide Web via the Internet
(http://www.lumina.com/taflist). In addition, exam-
ples of TAF used as an analytical tool appear in Palmer
and Burtraw as well as in Shannon et al.
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R A I S O N

The National Water Re s e a rch Institute of Enviro n m e n t
Canada has developed a model to support enviro n-
m e n tal decision make rs. The Regional Analysis by
Intelligent Systems on Computer (RAISON) system is
designed for a teamwork approach to developing deci-
sion-support systems for various enviro n m e n tal pro b-
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l e m s. The teamwork approach considers not just the
s of t wa re but also the scientists and end users who
must be invo l ved in the development from an early
s ta g e. The RAISON pro totype is sufficiently robust to
i n t e ract with scientists and policy advisors, first to
ove rcome any communication problems among them-
s e l ves and with the computer, and then to itera t i ve l y
i m p rove the system towa rd creating a useful final pro d-
uct. While RAISON has some similarities to geogra p h i c
i n formation systems (GIS), it differs significantly inso-
far as it emphasizes decision support and analysis that
a re difficult or impossible in a typical GIS.

RAISON of f e rs a generic fra m ework to integrate data ,
t ext, maps, satellite images, picture s, video, and other
k n owledge input. The system provides the user with a
l i b rary of sof t wa re functions and tools—including algo-
r i t h m s, models, optimization pro c e d u re s, expert sys t e m s,
n e u ral network, and other information technologies—to
p roduce custo m i zed interfaces and output, including
i n t e r p re tation, advice, scenario tests, strategic analys i s,
and policy re c o m m e n d a t i o n s. For exa m p l e, data can be
e n t e red into RAISON through conve rsion interfaces ava i l-
able for many off-the-shelf data b a s e s. GIS maps can be
e n t e red in ve c tor and raster fo r m a ts. Models can be
i n c o r p o rated into the system by: (1) using the codes as
g i ven if compatible with the pro g ramming languages
used in RAISON (Visual Basic, Visual C, C++), (2) build-
ing an interface that interc e p ts the input and output to
connect to the database in RAISON, or (3) executing the
model off-line but writing and reading the input and out-
put. By using the various modules in RAISON (since all
c o m p o n e n ts are linked via graphical interfaces), scien-
t i s ts and policy advisors can adapt different applications
with custo m i zed interfaces using optimization pro c e-
d u res or expert system techniques to direct control of the
i n formation and know l e d g e. 

The RAISON system is property of the Government of
Canada. It is distributed under license by NWRI Soft-
ware. For further details, please consult the references,
or contact:

Dr. David Lam
Phone: (905) 336-4916
Fax: (905) 336-4582
Email: david.lam@cciw.ca
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R A I N S – A s i a

Expanded energy use in Asia, combined with use of
indigenous coal, will result in an increase in emissions
of acidifying compounds and greenhouse gases. By the
year 2010, SO2 emissions from Asia will most likely
exceed the emissions of North America and Europe
combined.

In recent ye a rs, integrated assessment models have been
used for international negotiations on acid deposition in
E u rope and North America. These models provide nego-
t i a to rs and re g u l a to rs with a full regional picture of the
p roblems associated with the entire causal pro c e s s, fro m
e n e rgy systems and emissions to the ultimate impact on
the natural and man-made environment. The model
user can analyze the regional and national implications
of various scenarios, which include options for energ y
u s e, control stra t e g i e s, and mitigation policies.

The Regional Air Pollution Information and Simulation
(RAINS)–Asia model is a tool for integrated analysis of
air pollution. It consists of three modules: (1) Resource
and Energy Scenario Generator, (2) Energy Emissions,
and (3) Deposition and Critical Loads Assessment.
Each module describes various aspects of acidifying
emissions and dry and wet deposition. A set of menus
and options guides users through the modules.

The three modules together permit users to operate the
PC-based RAINS–Asia policy model in a scenario-
a n a l ysis mode. They can estimate current costs and
i m p a c ts of alternative emission control strategies on a
country or regional basis. Emissions can be tra c ke d
t h rough the deposition process to assess their potential
i m p a c ts on critical ecosys t e m s. Control strategies can
be specified for specific fuel types, economic secto rs,
e m i s s i o n - g e n e rating power plants, emission contro l
t e c h n o l o g i e s, and regions or countries under study, and
t h ey can be applied individually or in any combination.
The model can also be used to identify potential maxi-
mum impact locations for establishing monitoring sites,
which in turn could assist in model validation. 

RAINS–Asia covers East, South, and Southeast Asia,
with particular emphasis on Japan, India, China,
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Indonesia, Thailand, and South Korea. It contains
databases on energy consumption for 23 countries, 94
subregions, and 250 large point sources of deposition,
and estimates the acid deposition carrying capacity of
31 types of ecosystems. Values for sulfur depositions
are based on a yearly average and are calculated at a
1 x 1 degree of resolution. Ag g regate re s u l ts of
source–receptor information on acid deposition pat-
terns for each subregion or country can be obtained,
and local impacts can be estimated as well. The tem-
poral range of the model is 1990–2020.

R e s o u r ce and Energy Scenario Generator (RESGEN)

Based on best-estimate assumptions of economic
development and population growth, RESGEN makes
possible the generation of scenarios of energy con-
sumption pathways. Energy consumption is disaggre-
gated into industrial, tra n s p o r tation, re s i d e n t i a l ,
commercial, and other sectors. The supply side of the
module identifies different technologies for energy
generation and sources of emissions, such as electric-
ity generation, oil refining, and other energy-sector
operations with combustion of fossil fuels. This frame-
work makes it possible to generate rough estimates of
future energy demand and supply trends under a vari-
ety of socioeconomic and technical assumptions.

Energy Emissions (ENEM)

The ENEM module takes the energy consumption sce-
narios at the sectoral and regional levels, as given by
the RESGEN module, and estimates the corresponding
SO2 emissions and costs of various emission control
options. Sulfur emissions from combustion of fossil
fuels are calculated based on fuel characteristics,
combustion technology, and emission contro l
assumptions. Emissions are characterized as low-level
area sources and high-level large point sources. The
module considers a number of options to reduce sul-
fur emissions, including fuel desulfurization and flue-
gas desulfurization. To explore integrated abatement
strategies, the users can apply specific control policies
to selected countries or regions within countries. The
results of energy-conservation measures and fuel sub-
stitution can be explored by analyzing alternative
energy pathways, either by selecting one of the several
preset energy-use scenarios or by creating a new sce-
nario based on expectations of fuel use.

Emission control and associated costs are based on
the most commonly used emission control technolo-
gies. Cost evaluation is based on international operat-
ing experiences of pollution control equipment, and
extrapolating them to country context. It is assumed
that a relatively free and competitive market exists for
c o n t rol technology. This module also computes
national cost curves that rank abatement measures by
their cost-effectiveness.

Deposition and Critical Loads Assessment (DEP)

This module estimates ambient levels of acid deposition
p re c u rs o rs and acid deposition throughout the re g i o n
and compares them with data on enviro n m e n tal sensitiv-
ities that are presented in the form of critical-load maps.
This module consists of two submodules: At m o s p h e r i c
Tra n s p o r tation and Deposition and Ecosystems Impact. 

Atmospheric Tr a n s p o rtation and Deposition (AT M O S )

The ATMOS submodule is based on the National
Oceanic and Atmospheric Administration’s Branching
Atmospheric Trajectory (BAT) model, which calculates
wet and dry deposition of SO2 and sulfates from a par-
ticular source as the pollutant is transported by mete-
orological fields. If these trajectories are run for an
entire year, then the submodule estimates the amount
of annual deposition on the entire region from a par-
ticular source. If the calculations are repeated for all
sources, then the total annual deposition in the region
can be estimated. Inputs for this submodule include
SO2 emission rates, winds and temperature, precipita-
tion rates, and estimates of dispersion coefficients, dry
deposition velocities, and wet-scavenging coefficients.
The module is run for each large point source and area
source estimated by ENEM, and sulfur deposition is
calculated on a 1 x 1 grid. The results are aggregated
to provide source–receptor information on acid depo-
sition patterns for each of the subregions in the study
region, and further aggregated to provide country-by-
country source–receptor information.

Ecosystems Impact (IMPACT)

The IMPACT submodule estimates critical loads (the
maximum long-term deposition levels that could be
tolerated without damage) for 14 different ecosystems
(see footnote). The critical loads are compared with
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the estimates of sulfur deposition from the ATMOS
submodule to determine which ecosystems may be at
risk for different emission scenarios. This assessment
is based on complex dynamics of processes in key
ecosystems, such as soils, surface waters, and vegeta-
tion systems. These models include the computation
of the depletion of acid buffer capacity of ecosystems
under the influence of pre c i p i tation, eva p o ra t i o n ,
water flows, and budgets of chemical ecosystem con-
stituents.

The critical-load calculation invo l ves a two - s t e p
process. The first step applies a qualitative relative-
sensitivity approach to distinguish an ecosystem’s
sensitivity to acidification. In this method, weights are
assigned to four indicators of ecosystem sensitivity—
bedrock lithology, soil type, land use, and annual rain-
fall. In the second step, based on the Steady-State
Mass Balance Method, computations are performed to
assign critical loads to all areas distinguished on the
map of relative sensitivities. This method assumes
steady-state equilibrium between soil solid phase and
soil solution, and computes the maximum acid input
to the system that will not cause an excess of the crit-
ical alkalinity value, which is computed from average
thresholds for chemical values, such as pH, aluminum,
and aluminum-calcium ratios.

Weathering rate, which is a key input to the process,
is determined by estimates of soil mineralogy, which
are then modified by climate and soil attributes. The
resulting map of weathering rates and ratios of land
use and precipitation to potential evapotranspiration
are used in the critical-load calculations.

Issue-Specific Models

A need has arisen to test the veracity of model projec-
tions, especially in cases where policy and/or eco-
nomic interests are at stake. As Oreskes et al. (1994)
pointed out, however, verification and validation of
mathematical models of natural systems are impossi-
ble, because natural systems are never closed, and
model results are not unique. Model confirmation is
possible and entails demonstration of agre e m e n t
between prediction and observation. Because such
confirmation is inherently partial, it is critical that pol-
icy-relevant models be tested in a variety of settings
and under a variety of conditions.

MAGIC
Since 1990, the Model of Acidification of Gro u n d water in
C a tc h m e n ts (MAGIC) (Cosby et al., 1985) has been
widely used throughout North America and Euro p e. It
has been the principal model used by NAPAP to pro j e c t
the response of surface wa t e rs to changing levels of sul-
fur deposition. MAGIC projections of the effects on sur-
face water chemistry of various sulfur emission scenarios
formed the technical foundation for a large part of
N A PAP's 1990 Integrated Assessment Report ( N A PA P, 1991 ) .
S u b s e q u e n t l y, a re s e a rch effort was conducted from 1990
to 1996 to improve the performance of MAGIC and to test
the model and confirm its re s u l ts at multiple sites. Model
evaluations have included hindcast comparisons with
d i a tom re c o n s t r u c t i o n s (see footnote) of pre i n d u s t r i a l
l a ke water chemistry in the Ad i rondack Mountains of
N ew York, and tests of the ve racity of model fo re c a s ts
using the re s u l ts of whole-catchment acidification ex p e r-
i m e n ts in Maine (Norton et al., 1992) and Norway
(Gjessing, 1992) and whole-catchment acid-exc l u s i o n
ex p e r i m e n ts in Norway (Wright et al., 1993). 

Based on the results of this testing, it appears that
M AGIC provides reasonably accurate fo re c a s ts of
changes in surface water acid-base chemistry in
response to changing levels of acid deposition.
Although some uncertainties remain, particularly with
respect to watershed nitrogen dynamics, MAGIC pro-
vides a generally accurate and well-tested tool for
integrated assessment modeling. 

The testing of MAGIC over the last six years has eluci-
dated several potentially important deficiencies in
structure and method of application, and has resulted
in changes to the model and its calibration procedures.
The work has included in-depth evaluation of issues
related to regional aggregation of soils data, back-
g round sulfur deposition, natural organic acidity,
nitrogen, and aluminum mobilization. The result has
been an improved and more thoroughly tested version
of MAGIC, which yields forecasts different from the
version that served as the technical foundation for
NAPAP’s 1990 Integrated Assessment Report.

Changes to the Model

Background Sulfate and Subregional Calibration

Subsequent to the regional MAGIC modeling that was
conducted for NAPAP (1991), there was concern that
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(subregional) Adirondack soils might differ in their
chemical properties from related (regional) soils in
other areas of the Northeast, and that MAGIC projec-
tions for Adirondack watersheds might be biased
because they were based on soil attributes that actu-
ally reflected conditions in the Northeast other than
those in the Adirondacks. Therefore, the model input
data were reaggregated to use only soil collected from
Adirondack sites.

Modeling for the 1990 Integrated Assessment Report also
assumed that the deposition of sulfur in preindustrial
times was limited to sea salt contributions. Based on
a n a l yses presented by Husar et al. (1991), this
assumption was modified so that preindustrial deposi-
tion of sulfate was assumed to be equal to 13% of cur-
rent values (Sullivan et al., 1991). 

Re c a l i b ration of MAGIC to the Ad i rondack lakes data-
base using the regionally corrected soil and backg ro u n d
s u l fate data resulted in approximately 10 µ e q L- 1 l owe r
model estimates of current acid-neutralizing capacity. A
s u b s tantial dow nwa rd shift was also observed in pre-
dicted preindustrial and current lake water pH (~0.25
pH units) for lakes having current pH greater than about
5.5. These differences we re attributed to lower cali-
b rated values for lake water sulfate concentrations and
higher values for the partial pre s s u re of carbon diox i d e
estimated for Ad i rondack lake s, compared with the
Northeast as a whole (Sullivan et al., 1991). 

Organic Acids

Concern was raised subsequent to the 1990 Integrated
Assessment Report regarding potential bias from the
failure to include organic acids in the MAGIC formula-
tions used by NAPAP (1991). MAGIC hindcasts of
preindustrial lake water pH showed poor agreement
with diatom-inferences of preindustrial pH, and pre-
liminary analyses suggested that these differences
could be partly due to the presence of naturally occur-
ring organic acids in Adirondack lake waters.

An organic acid model was developed by Driscoll et al.
(1994) using data collected by the Adirondack Lakes
Survey Corporation (Kretser et al., 1989) for 1,400
lakes located in the Adirondack region. This model
was coupled with MAGIC. Model hindcasts using the
unmodified MAGIC yielded preindustrial pH values
that were substantially higher than diatom-based esti-
mates, and the discrepancy was greatest for those
lakes in the most biologically sensitive portion of the
pH range (pH of 5.0 to 6.0). Furthermore, MAGIC hind-

cast pH estimates were greater than 6.0 for all lakes
investigated, whereas diatom estimates of preindus-
trial pH ranged from as low as 5.2 to above 7.0. When
the organic acid model was incorporated into MAGIC
and simulated preindustrial pH values from the new
model were compared with diatom-inferred pH, the
comparison yielded considerably closer agreement
between model estimates of preindustrial pH than did
the simulations that did not consider the effects of
organic acids (Sullivan, Cosby et al., 1996). 

When organic acids were omitted from the analysis,
the lakes of greatest relevance with respect to poten-
tial biological effects of acidification, especially those
having a pH of less than 5.5, exhibited increasingly
l a rger discrepancies with decreasing pH betwe e n
diatom and MAGIC model estimates of preindustrial
pH. Including an organic acid representation in the
MAGIC simulations greatly improved the agreement
between these two modeling approaches.

The re s u l ts of these analyses of Ad i rondack lake s
d e m o n s t rated that: (1) organic acids must be consid-
e red in modeling the response of lake wa t e rs in the
Ad i rondack Mountains (and possibly other regions) to
acid deposition; and (2) once organic acids are
included in the modeling approach, reasonable agre e-
ment is obtained in hindcast comparisons with diato m -
i n f e r red pH. It should be emphasized, howeve r, that
this test included only two points in time and invo l ve d
only pH. Even though the model adjustment with
o rganic acids improved agreement for pH, other va r i-
ables in the model may have been poorly re p re s e n t e d .
M AGIC and other process models re q u i re further test-
ing and confirmation. Many potentially important geo-
chemical processes are not well re p resented in the
model or the input data, and it was not clear how
inclusion of such processes might affect model re s u l ts. 

Aluminum

Aluminum mobilization is now widely believed to be
one of the most important ecological effects of surfa c e
water acidification. Potential effects of aluminum mobi-
l i zation from soils to surface and soil wa t e rs include
a l t e rations in nutrient cycling, pH buffering effects, and
toxicity to aquatic biota and terrestrial ve g e ta t i o n .

MAGIC simulates aluminum solubility based on an
assumed equilibrium with the mineral gibbsite. The
model first calculates the total concentration of acidic
cations (e.g., hydrogen plus aluminum) on the basis of
simulated concentrations of base cations and mineral
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acid anions (e.g., sulfate, nitrate, chloride) using mass
balance and electroneutrality constraints. The acidic
cations are then partitioned between hydrogen and
aluminum, using the gibbsite mineral equilibrium,
thermodynamic equations, the partial pressure of car-
bon dioxide, and the organic acid formulation. This
partitioning is important because inorganic aluminum
in solution can be highly toxic to aquatic biota, even at
low concentrations (Baker and Schofield, 1982). 

Model simulations often overpredict the change in alu-
minum concentration. The aluminum formulation in
the MAGIC model has recently been modified to better
reflect empirical relationships between aluminum and
hydrogen ion. The revised formulation was used to
predict aluminum concentrations in runoff at experi-
mental ecosystem manipulation sites in Maine and
Norway. In both cases, it yielded closer agreement
with measured values than the original MAGIC predic-
tions (Sullivan and Cosby, in press). 

Nitrogen

MAGIC contains an extremely simplified representa-
tion of nitrogen dynamics within catchment soils.
There are no processes controlling the details of nitro-
gen cycling in the model. The version of MAGIC used
for NAPAP’s 1990 Integrated Assessment Report was not
appropriate for simulation of changes in atmospheric
deposition of nitrogen. In light of the increasing con-
cern about nitrogen saturation in forested ecosystems,
this was a serious shortcoming in the model.

A new, coupled sulfur and nitrogen model, MAGIC-
WAND, was developed by extending MAGIC to incor-
porate the major ecosystem nitrogen fluxes and their
changes through time (Ferrier et al., 1995). MAGIC-
WAND is perhaps the most generalized model, but
several more detailed nitrogen models are also avail-
a b l e, including MERLIN, NuCM, and PNET- C N .
MAGIC-WAND has been applied regionally to simulate
the response of lakes in the Galloway region of south-
western Scotland to changing deposition of sulfur and
nitrogen from 1988 to 1993. The model is currently
being further evaluated for watersheds in the southern
Appalachian, Cascade, and Rocky Mountain regions of
the United States.

Cumulative Impacts to Changes to MAGIC

The improved MAGIC predicts that sensitive lakes and
watersheds in the Adirondack Mountains are less
responsive (in terms of change in acid-neutralizing

capacity, pH, and inorganic aluminum) than was pre-
dicted by the earlier version of MAGIC used for
NAPAP’s 1990 Integrated Assessment Report.

To evaluate the incremental and cumulative impacts of
the modifications to MAGIC, Sullivan and Cosby
(1995) conducted a suite of model simulations for the
Adirondack Direct/Delayed Response Project (DDRP)
lakes. They used the baseline model structure from the
DDRP and the 1990 Integrated Assessment Report. The
changes to the model they examined included modify-
ing the assumption regarding background sulfur depo-
sition, reaggregating the soils data, recalibrating the
model specifically for the Ad i rondack subre g i o n ,
adding the organic acid model to the surface water
compartment, and changing the aluminum/hydrogen
ion relationship from cubic to quadratic. However,
these analyses did not examine the effects on model
output of including nitrogen dynamics in the model
simulations.

A suite of simulations was conducted based on the
application of an assumed deposition scenario to
derive a 50-year forecast using each model structure.
The deposition scenario assumed constant sulfur
deposition from 1984 (the calibration year) to 1994,
followed by a 30% decrease in sulfur deposition from
1995 to 2009, with constant deposition thereafter until
2034. The modeled responses of 33 Adirondack lakes
to this scenario were also considered. The impacts of
the changes were illustrated by tabulating the percent-
age of lakes predicted to have pH, acid-neutralizing
capacity, or aluminum values in excess of commonly
accepted thresholds of potential biological effects.

The overall effect of the various changes to the model
structure and application procedures was an increase
in the percentage of lakes exceeding various biological
thresholds with respect to pH, aluminum, and acid-
neutralizing capacity subsequent to an hypothesized
30% decrease in sulfur deposition (Table A-1). The
largest changes were observed for pH and aluminum;
a c i d - n e u t ralizing capacity projections we re less
affected. The modifications to the model that caused
the greatest changes in projected output were the
recalibration of the model to the Adirondack subre-
gion, modification of the assumption regarding back-
ground sulfate, and the incorporation of the organic
acid model into MAGIC. The modification of the alu-
minum caused fewer lakes to be projected to exceed
aluminum threshold values in response to the reduced
deposition scenario; this change was quantitatively
less important than the previous changes.
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The magnitude of effect of the cumulative modifica-
tions to the model was considera b l e. For exa m p l e,
32% of the lakes had measured pH less than 5.5 in
1984, whereas only 8% we re projected to still have
pH less than 5.5 after the reduction in sulfur deposi-
tion, using the earlier ve rsion of MAGIC used for the
1990 Integrated Assessment Re p o r t . In contrast, the
i m p roved ve rsion of MAGIC projected that 32% of
l a kes would still have pH less than 5.5 in the ye a r
2 034. Similarly, of the 30% with measured inorg a n i c
aluminum concentrations greater than 50 µ g L- 1 i n
1986, the original model structure projected only 4%
would still have concentrations greater than 50 µ g L- 1

in 2034, compared to 30% projected to continue to
h ave high inorganic aluminum by the improved ve r-
sion of MAGIC. Based on model projections using the
i m p roved ve rsion of MAGIC, little re c overy of Ad i ro n-
dack lakes would be expected subsequent to a 30 %
reduction in sulfur deposition. The number of lake s
h aving pH lower than 6.0 was actually projected to
i n c re a s e, and the number of lakes projected to have
a c i d - n e u t ralizing capacity lower than ze ro only
d e c reased slightly in response to lower deposition.
These estimates we re independent of any possible
i n c reases in nitrate leaching that might occur. The
lack of re c overy suggested by these revised model
p rojections is attributable partly to a decrease in the
modeled base saturation of wa t e rshed soils. These
re s u l ts may affect ex p e c tations of re c overy in
response to sulfur emission controls mandated by
Title IV.

The future response of lakes and streams to acid depo-
sition is also highly dependent on the extent to which
watersheds in acid-sensitive regions become nitrogen-

saturated. EPA scientists conducted MAGIC simula-
tions for 50 years into the future that effectively
bounded the range of possible water chemistry
re s p o n s e s — ranging from no wa t e rsheds re a c h i n g
nitrogen saturation to all simulated watersheds reach-
ing nitrogen saturation during the simulation period.
The model projections for Adirondack lakes, for exam-
ple, suggested that the percent of chronically acidic
lakes in the target population in 50 years could range
from 11% to 43%, depending on the number of water-
sheds that become nitrogen saturated (U.S. EPA ,
1995). Similarly, for mid-Appalachian streams, the
modeled percent of streams acidic in 50 years ranged
from 0% to 9%, depending on the extent of nitrogen
saturation (U.S. EPA, 1995).

Magic Model Confirmation

MAGIC has been tested after inclusion of many of the
model modifications discussed in the preceding sec-
tions. The revised model with Driscoll et al.'s (1994)
organic acid model yielded reasonable agreement
between model hindcast pH and diatom-inferred pH
for the data set of 33 Adirondack lakes. Differences
between diatom and MAGIC estimates of preindustrial
pH of Adirondack lakes, based on the version of
MAGIC that includes an organic acid representation,
were well within the range of expected differences due
to annual and seasonal variability and uncertainties in
the model algorithms.

H oweve r, "successful" comparison of MAGIC with
d i a tom hindcasts in one region does not constitute a
sufficient verification to impart complete confidence
in using MAGIC, or any process model, for pre d i c t i n g
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Table A-1

Cumulative Effects of Post–1990 Changes to MAGIC 

% of Lakes with % of Lakes with % of Lakes with 
Data Ty p e pH Below: ANC Below: Al Above:

5 5.5 6 0 25 50 50 100 200
(acidity) (µeqL -1) (µeqL -1)

Measured 1984 Values 12% 32% 38% 18% 48% 59% 30% 18% 10%

MAGIC Projections of 2034:
1990 Version of MAGIC 0% 8% 20% 6% 34% 44% 4% 0% 0%
Used for NAPAP

Current Version of MAGIC* 8% 32% 44% 14% 40% 44% 30% 10% 4%

*Does not include nitrogen dynamics, which are included in MAGIC-WAND.
Source:Sullivan and Cosby, 1995



the response of surface water chemistry to changes
in acidic inputs. Additional model confirmation in the
form of comparison of model output with measure d
d a ta is re q u i red. This has been the focus of modeling
e f fo r ts at the ex p e r i m e n tal manipulation site at Bear
B rook La ke in Maine and at two sites in Norway. 

Initial modeling efforts at Bear Brook (Norton et al.,
1992; Sullivan et al., 1994; Cosby et al., 1996) pre-
dicted a much larger increase in stream water sulfate
c o n c e n t ration than was observed in the tre a t e d
stream. Although there is considerable uncertainty
regarding the lag in sulfate release/adsorption in soils,
it appears that MAGIC overpredicted the increase in
stream water sulfate concentrations at Bear Brook by
nearly a factor of two. This overprediction was due to
the high value assumed for the half saturation of sul-
fur adsorption, which was based on laboratory mea-
surements. As a consequence, other key variables
(especially acid-neutralizing capacity and aluminum)
were also predicted to increase to a greater degree in
response to the experimental acidification than was
actually observed. 

The original calibration of MAGIC for the Bear Brook
forecast was based on four years of data from the ref-
erence stream, East Bear Brook. To assess the degree
to which discrepancies between predicted and
observed stream water chemistry at Bear Brook could
be improved by correcting the error in predicting sul-
fur dynamics and a priori differences between treat-
ment and control catchments, a revised calibration
was conducted. The revised calibration corrected for
the obvious large bias in effective sulfur adsorption in
watershed soils and also corrected for a priori differ-
ences between the treatment and reference catch-
ments. In essence, in the latter case, expert judgment
was substituted for strictly laboratory-derived infor-
mation. The resulting simulations matched measured
values in West Bear Brook to a substantially greater
degree than the earlier forecasts.

P rojected stream water sulfate concentrations closely
a g reed with measured values in West Bear Brook fo r
the first three ye a rs of manipulation in the rev i s e d
model simulation (Cosby et al., 1996). The model
simulation also showed much better agreement with
m e a s u red values for the sum of base cations and
a c i d - n e u t ralizing capacity, than the initial MAG I C
simulation. Although the effects of a drought ye a r
(1992) on base cation concentrations and acid-neu-
t ralizing capacity we re still not captured by the simu-
lation, the ove rall agreement between predicted and

o b s e r ved base cation concentrations and acid-neu-
t ralizing capacity was much improved. Slight under-
estimation of pH decrease and ove restimation of
aluminum increase we re still evident in the rev i s e d
p ro j e c t i o n s, although the magnitudes of these biases
we re reduced dramatically because of the improve-
ment in predicted sulfate concentration and acid-neu-
t ralizing capacity. 

Results of modeling efforts at Bear Brook, as well as
measured chemical changes at Bear Brook, illustrate
that a remaining major weakness of MAGIC (and other
process models) relative to the needs of NAPAP is the
failure to include algorithms to simulate nitrogen
cycling and nitrogen retention in watershed soils and
vegetation. The success of the nitrogen component of
the modeling effort at Bear Brook was totally depen-
dent on adjusting the nitrogen inputs to the model to
match measured outputs in stream water. Nitrogen
dynamics were extremely important at this site (Kahl
et al., 1993), although this had not been anticipated at
the inception of the Watershed Manipulation Project at
Bear Brook. 

The process of evaluating and improving MAGIC is
iterative. It has now been shown that the inclusion of
organic acids in the model is important and that
MAGIC often yields acceptable model simulations of
past and future change. It has also been shown that
further improvements are needed, particularly with
respect to nitrogen, which is the focus of the extended
version of the model MAGIC-WAND. The model simu-
lations at Bear Brook also revealed important weak-
nesses and uncertainties in several aspects of the
model structure and/or the manner in which the
model is applied to a given catchment. Results at Bear
Brook verified that key remaining uncertainties relate
to the modeling of aluminum dissolution, sulfur reten-
tion in soils, and the dependence of runoff chemistry
on hydrological variations that are difficult to simulate.
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Control of SO2 emissions under the 1990 Clean Air Act Amendments instituted
two important innovations in U.S. environmental policy. The more widely
acknowledged of these is the SO2 emission trading program. Less acknowl-

edged is the average annual cap on aggregate emissions by electric utilities, which
guarantees that nationwide emissions will not increase as economic growth occurs
in the future.

The two innovations are designed to work together. Firms are allocated annual SO2
emission “allowances” in proportion to their historic emissions, which they may
transfer among facilities or “bank” for future use. Under this approach, the envi-
ronmental goal emissions cap is established in the statute, but the means for
accomplishing that goal is left to the ingenuity of the interested parties. In addi-
tion, each affected plant must continue to meet all other applicable state and fed-
eral emission standards.

The main attraction of a permit trading program or, more generally, of what is
known as an incentive-based approach to environmental regulation, is the promise
that it can achieve an environmental goal at a lower cost than regulatory
approaches that dictate specific actions for individual facilities or groups of facili-
ties. Because the cost of reducing emissions often varies tremendously among
facilities, trading programs can help ensure that the least expensive means are
pursued before undertaking more costly efforts. The savings can be a boon for con-
sumers and industry by reducing the cost of regulation, and a boon for the envi-
ronment by allowing society to purchase greater environmental protection at the
same cost. The evidence to date for the SO2 emission trading program indicates
that the cost savings have been substantial.

A second type of cost savings from incentive-based regulation are those that are
expected to be achieved over time as firms find ways to lower the cost of reducing
their emissions. Emission trading provides incentives for firms to innovate because
firms can expect to keep the cost savings. At this juncture it is premature to say
whether significant innovation has resulted from the SO2 program, but there are
many anecdotes of process changes and efficiency improvements that have con-
tributed to the low cost of emission reductions to date. It can be said at this point
that competition between different methods of compliance has lowered the cost of
compliance.

With the apparent success of the SO2 trading program, the question arises whether
this approach should be used to guide other environmental protection efforts. To
be sure, there are other environmental problems that would seem to lend them-
selves to the use of one or another incentive-based approaches, such as tradable
permits, emission fees, or deposit-refund systems. However, there are also a vari-
ety of problems that are less well suited. This appendix considers the characteris-
tics of environmental problems in general that may or may not be amenable to this
approach, especially in the context of controlling air pollution. It evaluates why the
SO2 problem appears well suited to the use of tradable permits, and describes new
applications of incentive-based approaches for controlling CO2 and NOX.

Design and Performance of
Pollution Trading Programs
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Characteristics That Contribute
to the Success of Permit
Trading Programs
Emission permits are similar in many ways to other
goods traded in markets. The success of the market for
emission permits depends on the breadth of supply
and demand. The larger the number of firms that can
trade pollution permits the more successful a trading
program will be in reducing control costs.

Paradoxically, while the participation of many firms
makes it easier for buyers and sellers to find each
other, it also makes it easier for them to remain
anonymous. Firms may want to remain anonymous
when it comes to trading permits because they do not
want to signal to competitors their plans for the future.
In a small permit market, the actions of one firm are
easily recognized by its competitors. In a large permit
market, it is less likely that any one firm can dominate
the market. Most important, the greater the number
and diversity of firms, the greater is the likelihood that
there will be differences among firms in the cost of
reducing emissions and, hence, greater potential gains
from trading.

While a greater number of participants may of f e r
g reater potential cost sav i n g s, it also makes monito r-
ing and enfo rcement more difficult. In cases where
re g u l a to rs cannot measure emissions accura t e l y —
either because of technological limitations or
because there are a very large number of emitters
( e.g., small sources and auto m o b i l e s ) — t h ey are like l y
to prefer specific technology controls to incentive -
based appro a c h e s. Technology sta n d a rds ensure that
the concentrations of pollution from a facility will
meet the design value of the controls in place. The
d rawback, howeve r, is that since the use of the fa c i l-
ity or vehicle may va r y, this approach will not allow
re g u l a to rs to achieve a cap on the to tal volume of
e m i s s i o n s.

The environmental consequences of pollution may
depend on where and when emissions occur. For some
pollutants, a ton of emissions will have basically the
same effect on the environment, regardless of its loca-
tion or source. These types of pollutants are called
“uniformly mixing,” and their homogeneity broadens
the potential market by expanding the realm for trades
among greater numbers of emitters. Ozone-depleting
substances and greenhouse gases are good examples
of uniformly mixing air polluta n ts, because their

effects on the environment do not depend on the indi-
vidual sources of emissions.

On the other hand, many pollution problems have
important local attributes. For example, NOX emis-
sions contribute to ground-level ozone, which is a
local and, sometimes, a regional problem. The role of
NOX in ozone creation depends not only on where
emissions occur, but also on the presence of other pol-
lutants and on the season and the time of day when
emissions occur. At the same time, NOX emissions
contribute to other environmental problems—such as
particulate pollution and nitrogen deposition—that
have distinct spatial characteristics.

Incentive-based approaches, such as tradable permits,
can be designed to overcome local concerns in a vari-
ety of ways. A trading program may restrict trading
between geographic zones, or may allow trading
among zones at ratios that reflect the relative environ-
mental damage that results from a unit of emissions at
each location. Similarly, concerns about the timing of
emissions can be addressed through trading rules that
restrict increases in emissions during certain time
periods. In some cases, these approaches have been
applied successfully. However, experience has shown
that restrictions on trading programs detract from
their likely success because they limit the breadth or
scope of the market and raise transaction costs.

In considering the applicability of trading programs to
various pollution problems, there appears to be a sim-
ple trade-off. The more localized over space or time
the environmental effect of concern is, the smaller the
potential market will be, and the less likely trading
programs will offer significant potential cost savings.

On the other hand, experience suggests that it is not
always necessary to allow local concerns about the
spatial and temporal effects of emissions to narrowly
determine the ultimate design of a trading program. In
some cases, the cost savings from a broader-scale,
less encumbered trading program outweigh local envi-
ronmental concerns and ultimately lead to net gains
for environmental protection. Moreover, in some cases
very simple safeguards are sufficient to protect against
most adverse local effects, while not significantly
restricting the scope for trading. For example, although
the local effects of some pollutants vary greatly, the
lion’s share of this variation may be controlled by a
simple system of trading zones that generally limits
the pattern of trading.



Elements That Led to the
Success of the SO2 Program

Several features of the SO2 problem make it a good
candidate for a permit trading program. Among these
is the large number of electricity-generation facilities
that are responsible for a significant majority of all SO2
emissions and that provide ample potential buyers and
sellers of pollution permits. The physical differences
among these facilities and their fuels correspond to the
great variation in the cost—and cost-saving opportu-
nities—of reducing emissions.

An interesting feature of the SO2 p ro g ram is that it is a
national trading pro g ram, absent restrictions on tra d i n g
b e t ween or among facilities in different locations. How-
eve r, the enviro n m e n tal problems caused by SO2 a re
regional and relate to the geographic source of emis-
s i o n s. For insta n c e, due to wind patterns, emissions
f rom a coal-fired power plant in the Ohio Va l l ey make a
g reater contribution to acidification of the Ad i ro n d a c ks
than do emissions from a plant in Mississippi.

By treating all emissions equally, the program has
extended the breadth of the market and has opened up
greater opportunities for trading. The presumption is
that opportunities to reduce costs and to apply those
savings to achieve greater emission reductions out-
weigh the possibility that pollution control will be
greater or less in some locations than in others. Any
differentiation in the benefits in local areas should be
measured against this substantial reduction overall.

The program also affords significant potential cost
savings by allowing sources of SO2 emissions to bank
their emission reductions in one period to offset nec-
essary future re d u c t i o n s. Enviro n m e n tal pro b l e m s
associated with SO2 emissions are not particularly
sensitive to the timing of emissions. For example, the
ecological impacts of acidification are primarily the
result of accumulated deposition of sulfur. The sec-
ondary particulates that cause health effects are evi-
dent in the atmosphere for time periods that extend
over several days, which also helps to mitigate the
effects of changes in emissions at a particular time.

One further important ingredient in the successful fo r-
mula for SO2 t rading is the availability of continuous
emissions monitoring sys t e m s, which provide a means
to ensure compliance when re g u l a to rs are not sure what
actions should be ta ken by individual firms. Indeed,
compliance has been achieved by 100% of fa c i l i t i e s
affected under the first two ye a rs of the Title IV pro g ra m .

Closely Related Experiments

Several closely related experiments on a somewhat
smaller scale also provide lessons about the potential
viability of permit trading programs in different set-
tings. One of the earliest and most successful was the
program to phase out lead in gasoline.

In the 1980s, EPA set a schedule to virtually eliminate
lead in gasoline. To achieve this schedule, it allowed
trading among refineries in order to obtain an average
lead content in gasoline specified in their 1983-1987
phase-out time schedule. The program also allowed
refineries to bank their lead rights, so that a refiner
could lower the average lead content of its fuels ahead
of schedule in order to fall behind schedule at a later
point in time.

The primary success in the case of the lead phase-out,
as in the case of any environmental program, rests in
achieving its environmental goal. However, the trading
aspect of the phase-out program contributed to this
success because it helped to reduce the cost of achiev-
ing the environmental goal and, in so doing, helped
build consensus among industry and consumers for
the viability of that goal. Environmental concerns were
not significantly affected by the program, and moni-
toring lead content and measuring performance were
straightforward. Further, although some variation in
the timing and geography of emissions inevitably
resulted under the program, there is no evidence that
it was significant.

Another closely related experiment is the phase-down
of chlorof l u o rocarbons and halons—collective l y
described as ozone-depleting chemicals—under inter-
national agreements to which the United States has
been a signatory. The ultimate goal is to phase out or
severely limit the use of these chemicals. To achieve
this goal, EPA issued regulations to control both the
production and the consumption of ozone-depleting
chemicals through a quota system that allocated trad-
able quotas to producers and consumers in proportion
to their historic levels of use. Producers need to use
both types of allowances, while importers only need to
use consumption allowa n c e s. Allowances may be
traded domestically or internationally among signa-
tory countries.

An interesting aspect of this phase out was concern
that the decreasing availability of ozone-depleting
chemicals would raise their profitability. In response,
Congress imposed a tax on these chemicals in part to
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capture some of the windfalls that would result from
their increased scarcity, and also to promote develop-
ment of substitutes.

The ozone-depleting chemical pro g ram is widely
viewed as a success. The cost of the phase-out has not
been exorbitant, due in part to the large number of
substitutes that have been brought to the market,
allowing the phase-out schedule to be moved forward
in some cases. One class of ozone-depleting chemicals
was eliminated in 1996, except for very limited uses. A
second class of chemicals is to be phased out in the
early decades of the next century.

A third experiment that has been repeated in a num-
ber of local settings is the use of emission-reduction
credits for criteria air pollutants. These experiments
have taken a number of forms. “Offset” programs
allow a new source of emissions locating in an urban
area in violation of the National Ambient Air Quality
Standards to obtain “offsets” for new emissions by
reducing emissions at older sources. The “bubble”
program allows new or modified emission sources to
avoid stricter new source performance standards as
long as total emissions from an entire industrial facil-
ity do not increase as a result of the changes. In some
cases, emission reduction credits may be “banked” for
subsequent use.

Most analyses of the numerous efforts to promote
local emission reduction credit programs have con-
cluded that the programs have fallen short of their
expectations. One reason is the programs have had to
accommodate the geographic and time-sensitive
nature of emissions of criteria air pollutants in urban
nonattainment areas. Also, there has been concern
that offsets may be generated from reduced activity at
facilities that were about to shut down anyway, and
that trading a credit to a new facility effectively
increased emissions in an urban area. The result of
these concerns has been a variety of controls on the
nature of trading that limit the scope of the market,
effectively raising transaction costs and reducing the
volume of trading.

Programs other than emission-reduction credit pro-
grams are geared toward controlling the total quality
of emissions. For instance, both the SO2 and ozone-
depleting chemicals programs cap overall emissions.
The lead phase-out program comes close to doing the
same thing because there was expected to be relatively
little variation in refinery production over the brief
period when the phase-out was achieved. However,

the emission-reduction credit programs are calibrated
with emission rates (tons of pollutant per volume of
output), rather than emission quantities (tons of pol-
lutant per year). This provides no guarantee that emis-
sions will not increase with intensified economic
activity.

Such a possibility meant the program had to impose
additional constraints to make sure emissions remain
stable or decrease. These constraints undermined the
performance of the emission-reduction credit pro-
grams to some extent. This approach was taken in
many cases, since it was not possible for environmen-
tal agencies to consider the alternative approach of
capping emission quantities. For many types of emis-
sion sources, monitoring of emissions has not been
established, and an historic emissions profile is not
known with which a baseline can be established, mak-
ing an overall cap unattainable.

In general, as noted previously, one finds the greater
the number and type of sources emitting a pollutant,
the more difficult it is to monitor emissions. This
m a kes it difficult to design an incentive - b a s e d
approach to regulate emissions, and more likely that a
traditional command-and-control approach will be
necessary. Given the inability to monitor total emis-
sions, regulators have relied on the use of specific
technologies to ensure that emission rates are con-
trolled, even though total emissions are not known or
controlled with certainty.

New Applications of Emission
Trading Programs

Two air pollution problems have recently attracted
growing attention as potential new applications of
emission trading programs. These two problems—CO2
and NOX emissions—are aligned at opposite ends of
the spectrum with respect to the breadth of their envi-
ronmental impacts. CO2 emissions contribute to global
climate change, regardless of their location. However,
the contribution of NOX emissions to pollution prob-
lems depends strategically on the timing and location
of those emissions. Also, CO2 emissions cannot read-
ily be controlled through post-combustion abatement
technologies, so emission reductions must be achieved
through efficiency improvements and fuel switching.
However, NOX emissions can be controlled through
abatement technologies, although significant opportu-
nities also exist for efficiency improvements and fuel
switching.
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In other ways the two pollutants are similar. A signifi-
cant portion of national emissions of both pollutants
comes from large electricity-generating facilities and
industrial facilities, which are easily monitored. How-
ever, a significant portion of both pollutants also
comes from smaller sources, including vehicles, which
are not easily monitored. Furthermore, in both cases
there is tremendous variation in the costs of reducing
emissions among the various sources, which provides
considerable motivation to find ways to design trading
programs that can overcome these obstacles.

The prospects for a CO2 trading program were signifi-
cantly bolstered by the Draft Protocol Framework for
an international agreement proposed by the United
States in January 1997. The protocol promotes the use
of permit trading for CO2 reductions among so-called
Annex A and Annex B countries, which roughly corre-
spond to the more developed economies. Furthermore,
the draft protocol calls for expanded use of “joint
implementation” between Annex A/B and other coun-
tries, allowing more-developed countries to invest in
projects in less-developed countries to generate requi-
site CO2 emission reductions. The prospect for the
proposed CO2 trading program is very uncertain at the
time of this report’s publication, as well as is the
potential design for such a program. However, the dif-
ferences in the cost of emission reductions among
potentially affected sources and different countries is
e n o r m o u s. These differences argue strongly fo r
designing a program that will allow the international
community to reduce emissions more cost-effectively
than uniform national approaches would allow.

At the other end of the spectrum are local experiments
to reduce NOX emissions. Previously established emis-
sion reduction credit programs for NOX and other pol-
lutants are delivering important cost savings. However,
some of their conditions have prevented them from
achieving widespread success. Also, as with the use of
traditional technology standards, they cannot neces-
sarily contain the level of emissions that result. 

I n c re a s i n g l y, re g u l a to rs are considering the use of cap
and trading pro g rams to explicitly limit the to tal quan-
tity of emissions and to allow flexibility in attaining this
goal. Howeve r, these trading pro g rams must consider
the local nature of the NOX p o l l u t i o n — h e n c e, calling fo r
local or regional marke ts, sometimes with re s t r i c t i o n s
on the direction or timing of trading. Consequently, an
emission trading pro g ram will produce less sav i n g s
than a market covering a larger geographic area with
m o re potential tra d e rs. Although, there are such a larg e

number of potential sources of NOX emission re d u c t i o n s
( e.g., potential tra d e rs), that cost savings could still be
g reat. Re g u l a to rs are striving to design pro g rams that
m a i n tain enviro n m e n tal safeguards while prov i d i n g
i n c e n t i ves to capture these potential sav i n g s.

Table B-1 provides a status report on a number of
efforts to establish markets for NOX trading. In some of
these cases, regional markets have been established
that are significantly large enough to overcome this
geographic limitation. For instance, the RECLAIM pro-
gram in Los Angeles has over 500 participants. Others,
such as the Texas market, have been so small as to all
but prevent trading between firms, though some trad-
ing among facilities within the same firm has occurred.

The regional nature of the enviro n m e n tal impacts of
N OX emissions also has restricted NOX t rading in other
ways. The southern California RECLAIM and emerg i n g
O n tario, Canada marke ts can only trade in dire c t i o n s
that reflect regional wind patterns. The Texas marke t
has regional boundaries trades may not cro s s, and the
p roposed northeastern market may have similar barri-
e rs. These restrictions limit the amount of, and the cor-
responding potential gains from, tra d i n g .

As mentioned, NOX emissions come from a wide vari-
ety of sources that include mobile and stationary emit-
ters, small and large sources, and facilities that may be
on the geographic fringe of the emission trading mar-
ket. When many small and mobile sources exist in this
market, it is difficult to include all of them because of
problems in monitoring and administering the pro-
gram. Nonetheless, in some cases, the small sources
can contribute significant emissions to the local air-
shed. Therefore, regulators tend to rely on conven-
tional approaches to control emissions fro m
n u m e ro u s, small sourc e s, which typically contro l
emission rates but not the overall level of emissions
from these sources. Their exclusion from the trading
program misses not only significant opportunities for
cost savings, but also significant opportunities for
emission reductions and, hence, is an issue attracting
increasing attention.

Episodic constraints are also an important issue in
NOX trading markets. In contrast to the SO2 emission
trading market, some experts believe that the potential
of emission “spikes” from NOX are a key issue. Some
markets have restrictions on the amount of trading or
banking between seasons of the ye a r. Ad d i t i o n a l
episodic restrictions placed on NOX trades include lim-
itations on when banked credits may be used.
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Table B-1

EXTENT A L L O T M E N T S /
OF MARKET BASELINE EMISSIONS

Chicago—Potential rules submitted in October 1996.

Michigan—Market started in 1996.

Ontario, Canada—Trades have occurred, but the market is not yet of f i c i a l .

N o rtheast Ozone T r a n s p o r t Region (OTR)—Market is still in the planning stage.

S o u t h e r n California (RECLAIM)—Market started on January 1, 1994.

Te x a s — S t a t i o n a r y market started in 1992; mobile sources joined in 1995. 

The year-round market is currently open, but is in
the process of designing cap and trade systems. It
includes NOx and VOCs mobile, area, and stationary
sources. The market originally included the Hous-
ton–Galveston area, and has since expanded to
include Beaumont and Dallas–Ft. Worth. As of March
3, 1997, only six intra-firm trades had occurred.

The initial allotment is based on a two-year average
plus a standard deviation.

The market currently includes all stationary sources
that emit more that 4 tons of NOx or SOx per year.
An extension of the market to include VOCs is
planned. The market, which covers the Los Angeles
basin, contains 535 sources of NOx and SOx.

Each facility is given an emission factor based on the
type of facility. The initial allotment is calculated by
multiplying the maximum throughput for each NOx
source from 1989 to 1992 by the applicable starting
emission factor for that source. Once this is calcu-
lated, any additional reductions made from 1992 to
1994 are then added to the baseline level.

The market includes NOx and VOCs and runs from
May 1 to September 30. It includes CT, DC, DE, MA,
MD, NH, NJ, NY, PA, VA, and VT. There is a possibil-
ity of expanding the market to include mobile
sources.

Two possible scenarios: (1) A credit model that cal-
culates an emission responsibility and a uniform
emission rate for each facility. (2) A method where
allocations are auctioned off or given away based on
historical emissions. This historical allotment then
becomes the baseline. Once the nature of the emis-
sion allotment is determined, the allotment is given
to each state to decide how to allocate it within the
state.

The market includes NOx and VOCs. It runs from
April 1 to September 30 and is focused around the
Windsor–Quebec corridor. There is a strong desire to
have the market be similar to the Michigan market
to promote cross-country trades. 

Baselines are calculated relative to each company’s
specific process operations.

Established in 1996, this voluntary program for
mobile and stationary sources includes VOCs, NOx,
and criteria pollutants. The market covers the entire
state and includes all sources. 

The baseline is determined as the average of two
ozone seasons prior to the creation of the emission
reduction credit.

The market originally included NOx and VOCs. NOx
emissions were later dropped. The market runs from
May 1 to September 30, covers the Chicago area
(Cook, DuPage, Kane, Lake, McHenry, and Will
counties) and only includes stationary sources. Facili-
ties that emit more than 50 tons of NOx per year
must submit emission abatement plans by 1998;
firms with 10 tons of NOx emissions per year must
submit plans by 1999.

Firms are given emission allotments measured
against baseline emissions from the two highest
ozone seasons from 1990 to 1997. This amount is
reduced by 12% in 1999 and then reduced accord-
ing to the State Implementation Plan.

Status Repor t
on Efforts 
to Establish
NOx Trading
Markets
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BANKING AND S PATIAL NEW 
EPISODIC CONSTRAINTS C O N S T R A I N T S S O U R C E S

Chicago ( c o n t i n u e d )

M i c h i g a n ( c o n t i n u e d )

Ontario, Canada ( c o n t i n u e d )

N o rtheast OTR ( c o n t i n u e d )

S o u t h e r n California (RECLAIM) ( c o n t i n u e d )

Te x a s ( c o n t i n u e d )

Emission reduction credits may be banked
for up to 10 years. The shelf life of mobile
emission reduction credits is a function of
the vehicle mileage. All credits are dis-
counted at 3% per year.

The unit that created the emission
reduction credit must be in the same 
zone (Dallas–Ft. Worth, Beaumont,
Houston–Galveston) as the unit that
consumes the credit.

For the three areas, new facilities must
comply with best achievable control tech -
nology standards. They currently do not
need to purchase any additional offsets.
However, this may change, depending on
additional evidence regarding the effect of
NOx emissions on the production of
ozone.

Banking is not allowed due to the possibil-
ity of emission spikes. However, permits are
allocated for overlapping time periods, pro-
viding one mechanism for short-run bank-
ing.

The Los Angeles basin is divided into two
zones—coastal and inland. Trade is allowed
within each zone and from the coastal
zone to the inland zone. Trade is prohib -
ited from the inner zone to the outer zone.

New firms must comply with best achiev-
able control technology standards and
must purchase offsets at a 1-to-1 ratio.

Unlimited banking of credits is allowed,
with a price-based, progressive-flow con-
trol. The flow control is based on the num-
ber of credits banked. A certain number of
credits may be used at a 1-to-1 ratio. After
this level has been reached, the remaining
credits may be extracted at a 2-to-1 ratio.

If the market is large enough and there is a
sufficient amount of trading, then there
should be no limits to the direction of
trade. This issue will be revisited in three
years.

New sources must follow all CAAA rules and
p u rchase allotments either (1) from sourc e s
in the same nonattainment area or (2) fro m
a source that is in a nonattainment area that
has an equal or worse classification, or
w h e re the emissions from that area con-
tribute to the National Ambient Air Quality
S t a n d a rd violations in the area where the
facility will be located.

No external measure is placed on banked
credits—no shelf life or discounts for future
use. Same-season trades are not favored
over inter-seasonal trades.

Trades involving more than 2,000 tons in a
single ozone season may only follow the
prevailing seasonal downwind pattern.

Two options: (1) government could hold
additional allotments for new entrants, or
(2) new entrants could be required to pur-
chase allotments.

Banking is allowed for up to five years with
no discounts for use during this period.
Credits generated during the ozone season
may be used at any time; credits generated
outside of the ozone season may only be
used outside of that season.

No spatial restrictions exist within market
boundaries.

New sources must purchase allotments for
2.5 years.

Allotments are available for use during the
season they are given out and during the
following ozone season.

No spatial restrictions exist within market
boundaries.

New sources will have to acquire allot-
ments through the market. Small emitters
must purchase allotments at a 1-to-1 ratio.
Large emitters must purchase them at a
1.3-to-1 ratio.



Background

The 1990 Clean Air Act Amendments require that the National Acid Precipitation
Assessment Program (NAPAP) prepare biennial reports to Congress, and that
“every four years … the report … shall include the reduction in deposition rates
that must be achieved in order to prevent adverse ecological effects” (Public Law
101-549, Title IX, Section 903 (j)(3)(F)(i), codified as amended at 42 USC
§7403(j)(3)(F)(I)). This report is the first to address this requirement. 

Although the term adverse ecological effects is not specifically defined in the Clean
Air Act Amendments, a working definition can be derived from relevant statements
at various locations in the statute. Congress expresses its concern with ecological
components (the scope is broad and inclusive, since ecology encompasses the
interrelationships of organisms and their environment) in the preceding subsection
(E) of the statute. It requires reporting on “the status of ecosystems (including for-
est and surface waters) … affected by acid deposition … including changes in sur-
face water quality and fo rest and soil conditions … [and] high eleva t i o n
watersheds” (42 USC §7403(j)(3)(E)(iii-v)). The adverse effects of concern to Con-
gress, as evidenced in its findings and declaration of purpose, are the “dangers to
the public health and welfare … including injury … damage … and … deteriora-
tion” (42 USC §7401(a)).

Working Definition

Based on the intent of Congress, as expressed above and elsewhere in the Clean
Air Act Amendments, and shaped by indications of intent expressed in other rele-
vant environmental statutes and regulations, the following working definition of
adverse ecological effects has been derived and is used in the preparation of this
report: 

any injury (i.e., loss of chemical or physical quality or viability) to any
ecological or ecosystem component, up to and including at the regional
level, over both long and short terms. Similarly, adverse effects for other
areas of concern addressed in this report—i.e., visibility, materials, and
human health—consist of loss of quality up to and including at the
regional level, over both long and short terms.

Bases for Working Definition

Ecological components of concern to Congress are addressed in the Clean Air Act
Amendments section titled “Research, investigation, training, and other activities”
(42 USC §7403). In the subsection that includes the provision for the continuation
of NAPAP, the ecological components mentioned include ecosystems, forests, sur-
face waters, soil, and high-elevation watersheds; ecological effects that could be
adverse include changes in surface-water quality, changes in forest and soil con-
ditions, and occurrence of episodic acidification (especially in high-elevation

Interpretation of “Adverse”
Effects for NAPAP Biennial
Reports to Congress

Appendix C



watersheds) 42 USC §7403(j)(3)(E)(iii-v). Additional
ecological components and attributes of interest to
Congress with respect to adverse effects are named in
a preceding Clean Air Act Amendment subsection
titled “Ecosystem research” (42 USC §7403(e)), and
include “regionally representative and critical ecosys-
tems … crops, biological diversity, wetlands, estuaries,
g ro u n d wa t e r, other terrestrial sys t e m s, and other
aquatic systems”; effects named that could be adverse
include those that are “short-term and long-term …
[show] trends of ecosystem damage …. [are due to]
chronic and episodic exposures … [and] multiple envi-
ronmental stresses.” Also, “sensitive and critically
sensitive aquatic and terrestrial resources” are the
subject of specific congressional protection to be
achieved through the adoption of an acid deposition
standard(s) (Appendix B of §404 (42 USC § 7651c) of
Title IV of the 1990 Clean Air Act Amendments).

Nowhere in the Clean Air Act Amendments, or associ-
ated case law, is the specific type of damage or injury
that would constitute an adverse ecological effect
specified. Other environmental statutes, however, deal
with similar concepts. The Comprehensive Environ-
mental Response, Compensation, and Liability Act
( C E RCLA) assigns liability for damage to natura l
resources from releases of hazardous substances—a
b road concept encompassing adve rse ecological
effects. The term damages is defined as “injury or loss
of natural resources.” Natural resources are “land,
fish, wildlife, biota, air, water, groundwater, drinking
water supplies, and other such resources” 42 USC
§9601(6,16). The regulations delineating how natural
resource damage assessments may be carried out for
CERCLA (and also the Clean Water Act (CWA)), are at
43 CFR §11.10 et seq., and define injury as: 

a measurable adverse change, either long or short
term, in the chemical or physical quality or the via-
bility of a natural resource resulting either directly
or indirectly from exposure to … a hazardous sub-
stance, or … to a product of reactions resulting
from … a hazardous substance (43 CFR §11.14(v)).

There are, in turn, detailed injury definitions applica-
ble to specific resources. Portions of these definitions
potentially relevant to ecological effects of acid depo-
sition are at 43 CFR §11.62 and include:

(e) Geologic resources. An injury … has resulted
… if one or more of the following changes … is
measured:

(4) Concentrations of substances suffi-
cient to decrease the water holding
capacity such that plant, microbial, or
invertebrate populations are affected;

(5) Concentrations of substances suffi-
cient to impede soil microbial respiration
to an extent that plant and microbial
growth have been inhibited;

(6) Concentrations in the soil of sub-
stances sufficient to inhibit mineralization
resulting from a reduction in soil micro-
bial populations;

(7) Concentrations of substances suffi-
cient to restrict the ability to access,
develop, or use mineral resources within
or beneath the geologic resources 

(9) Concentrations in the soil of sub-
s tances sufficient to cause a tox i c
response to soil invertebrates;

(10) Concentrations in the soil of sub-
stances sufficient to cause a phytotoxic
response, such as retardation of plant
growth.

( f ) Biological re s o u rc e s. (1) An injury … has
resulted … if concentration of the substance is suf-
ficient to:

(i) Cause the biological resource [fish and
wildlife and other biota] or its offspring to
have undergone at least one of the fol-
l owing adve rse changes in viability:
death, disease, behavioral abnormalities,
cancer, genetic mutations, physiological
malfunctions (including malfunctions in
reproduction), or physical deformations.

Since natural resources are ecological components,
and the injuries are adverse effects, these definitions
give a further indication of adverse ecological effects
that lie within the intent of Congress within the envi-
ronmental statutes of CERCLA and the CWA. 

Incorporating the content and concepts above, the
adverse ecological effects of acid deposition that could
lie within the scope of this NAPAP report are those
effects that cause—
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injury, damage, or deterioration

consisting of

a measurable adverse change, either long or short
term, in the chemical or physical quality or the via-
bility of

ecosystems (sometimes causing trends), regionally
re p re s e n ta t i ve ecosys t e m s, critical ecosys t e m s,
other terrestrial systems, other aquatic systems,
sensitive and critically sensitive aquatic and terres-
trial resources, forests, surface waters, wetlands,
estuaries, groundwater, high elevation watersheds,
soil, crops, biological diversity, land, fish, wildlife,
biota, air, water, drinking water supplies, and other
such resources;

due to

occurrence of episodic and chronic exposures,
short- and long-term exposure, multiple environ-
mental stresses; and resulting either directly or
indirectly from exposure to acid deposition, or
exposure to a product of reactions resulting from
acid deposition;

and including for geological resources

d e c reases in the water holding capacity such that
plant, microbial, or inve r t e b rate populations are
affected; impedance of soil microbial re s p i ration to
an extent that plant and microbial growth have been
inhibited; inhibition of minera l i zation resulting fro m
a reduction in soil microbial populations; re s t r i c t i o n s
in the ability to access, develop, or use minera l
re s o u rces within or beneath the geologic re s o u rc e s ;
toxic responses to soil inve r t e b rates; and phy to tox i c
re s p o n s e s, such as re ta rdation of plant grow t h ;

and including for biological resources

changes sufficient to cause the biological resource
or its offspring to have undergone at least one of
the following adverse changes in viability: death,
disease, behavioral abnormalities, cancer, genetic
mutations, physiological malfunctions (including
malfunctions in reproduction), or physical defor-
mations.

From this detailed, descriptive, lengthy, and sometimes
redundant definition, the working definition of adverse
ecological effects in the text was derived. 
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