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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



This document contains links leaving the EPA.gov domain. These links provide additional informa-
tion that may be useful or interesting and are being provided consistent with the intended pur-
pose of the EPA Web site. However, EPA cannot attest to the accuracy of information provided
by these links or any other linked site. Providing links to a non-EPA Web site does not constitute

an endorsement by EPA or any of its employees of the sponsors of these sites or the information

or products presented on these sites. Also, be aware that the privacy protection provided on the
- EPA.gov domain (see Privacy and Security Notice) may not be available at these external links.
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EXECUTIVE OFFICE OF THE PRESIDENT
NATIONAL SCIENCE AND, TECHNOLOGY COUNCIL
’ WASHINGTON DC. 20502

Members of Congress:

Iam pleased to transmit the National Acid Prectpz’tation Assessment ngram Report to

Congress:An Integrated Assessment. This report presents the latest scientific information and
analysis concerning the costs, beneﬁts, and environmental effectrveness of the Acid Rain
Program. This Program was mandated by Title IV of the. 1990 CleanAirAct Amendments to
reduce sulfur dioxide (SO2) and nitrogen oxides (NOx) emissions from electric generating
sources.The SO, program includes the use of an innovative emissions cap and trade program.
Title IX of the 1990 Clean Air Act Amendments requires the National Acid Precipitation
Assessment Program (NAPAP) to report to Congress the costs, benefits, and effectiveness of
the Acid Rain Program and characterize what deposition reductions would be necessary to
prevent adverse ecologlcal effects in acnd sensitive ecosystems. This report fulfills the require-
ments of Title IX. , : .

NAPAP coordmates federal acxd rain research and momtonng under the auspxces ofthe
National Science and Technology Council (NSTC) Committee on Environment and Natural
Resources (CENR).The NAPAP member agencies are the U.S. Environmental Protection Agency,
the U.S. Department of Energy, the U.S. Department of Interior/U.S. Geological Survey, the
U.S. Department of Interior/National Park Service, the National Aeronautics and Space
Administration, and the National Oceanic and Atmospheric Administration. This assessment
involved many individuals from across the federal agencies representing numerous scientific
disciplines. NAPAP sought review from several academic perspectives as well, and the results
reported here were subjected to extensive peer review.

The NAPAP Report analyzes the results of the Acid Rain Program through 2002.The report
uses quantitative and qualitative indicators to assess the effectiveness of the cap and trade
approach to reduce emissions, improve air quality and reduce acid deposition while minimiz-
ing compliance costs. It closely tracks emission reductions since implementation of Title IV in
1995 and includes analysis of emission reductions, compliance, the operation of the sulfur
dioxide (SO2) allowance market and program costs.The report also identifies emerging areas
of acid rain research, long-term environmental monitoring and assessment and urges contin-
ued support for integrated assessments.

The report also contains the status and trends of emission reductions in SOz and NOyx and

~ associated environmental impacts.The report concludes that Title IV has been successful in

improving air quality, visibility and achieving broad-scale reductions in sulfate deposition.
During Phase I of the program, SO2 emissions from power plants were 25-40% below




allowable levels, resulting in larger human health and environmental benefits during those
years. Such emissions will continue to decline to approximately 9.86 million tons in 2010.
While there have not been similar broad-scale reductions in nitrogen deposition, the report
indicates that nitrogen deposition has declined in some areas with resulting benefits. Overall
a 40% reduction in NOx emissions from power plants, compared with 1990 levels, is expected
by 2010 through Title IV and the NOx SIP Call.

As emissions of SOz approach the cap level established in Title IV and compliance occurs
under Title IV and the NOx SIP Call, air quality is expected to show continued improvement
and there will be some additional reductlon in deposition. Some lakes and streams, particu-
larly in the Northeast, are beginning to show signs of recovery from acidification.The report,
however, also indicates that emission reductions beyond Title IV alone are not sufficient to
allow sensitive forests and aquatic systems to recover. In this regard, the report analyzed
three scenarios that included reductions beyond those directly required by Title IV. While
the scenarios were able to include emission reductions from the NOx SIP Call and certain
state programs, they did not, however, include other existing Clean Air Act programs, includ-
ing mobile source reductions. ' '

Since the analysis for this report was concluded, EPA finalized several rules that will result in
further substantial reductions of SOz and NOx, including the Clean Air Interstate Rule, the
Non-Road Diesel Rule and the Best Available Retrofit Technology guidance for regional haze.
States will also reduce SOz and NOx as necessary to attain or maintain the new fine particu-
late matter and ozone National Ambient Air Quality Standards (NAAQS).As part of ongoing
work, NAPAP intends to further ana.lyze the improvements in air quality and the resultmg
benefits for air quality and the env1ronment

John H. Marburger,
Director
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About the National Acid Precipitation Assessment Program

U The National Acid Precipitation Assessment. - - -and to periodically assess the costs. benefits. and
Program (NAPAP) is a cooperative federal - effectiveness of Title IV. The NAPAP member agencies are
program first authorized in 1980 to coordinate . the U.S. Environmental Protection Agency, the U.S. -

. acid rain research and report the findings to ‘Department of Energy, the U.S. Department of Agriculture.

ki Congress. The research, monitoring, and . the U.S. Department of Interior, the National Aeronautics -
assessment efforts by NAPAP and others in and Space Administration, and the National Oceanic and

e the 1980s culminated in Title IV of the 1990 Atmospheric Administration. This report is the third

Ll Clean Air Act Amendments, also known as published by NAPAP since 1990 assessing Title IV.
the Acid Deposition Control Program.Ina -
bold new approach to environmental protec- ~

; tion, Title IV includes a market-based

Li ~ program that provides economic incentives
for controlling emissions of sulfur dioxide
from electricity generating facilities. Title IX

. of the CAAA reauthorized NAPAP to

L conduct acid rain research and monitoring

'~ In 1997 NAPAP began to operate under the auspices of

. the Committee on Environment and Natural Resources
{CENR) of the National Science and Technology Council.
NAPAP's goal continues to be providing credible technical
findings on acid deposition and its effects to inform the
public decision-making process. To ensure that this goal is
met, NAPAP coordinates its activities through the Air Quality
Research Subcommittee of the CENR.
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&1 Acid deposition, more commonly known as acid rain,

~ occurs when emissions of sulfur dioxide (SO2) and nitrogen
oxides (NO,) react in the atmosphere (with water, oxygen,
and oxidants) to form various acidic compounds. These
acidic compounds then fall to earth in either a wet form
(rain, snow, and fog) or a dry form (gases, aerosols, and
particles). Prevailing winds transport the acidic compounds
hundreds of miles, often across state and national borders.
At certain levels the acidic compounds, including small parti-
cles such as sulfates and nitrates can cause many negative

~ human health and environmental effects. While ecosystems
are subject to many stresses, including land-use changes,
climate change, and variations in hydrologic and meteorolog-
ic cycles, the scientific literature has clearly demonstrated
that these pollutants can: )

* Degrade air quality,
. lrmpéir visibility,
'* Damage public health,
o Acidify lakes and streams,
. Harm sénsitive forests,
* Harm sensitive coastal ecosystems, and

* Accelerate the decay of building materials, paints, and
cultural artifacts such as buildings, statues, and
sculptures. )

Title IV was passed by Congress as part of the 1990 Clean
Air Act Amendments to reduce emissions of SOz and NOy
from fossil fuel-burning power plants in order to protect
ecosystems suffering damage from acid deposition and to
improve air quality. At the same time, the National Acid
-Precipitation Assessment Program (NAPAP) was asked to
periodically assess and report to Congress on the
implementation of the Acid Rain Program, recent scientific
. knowledge surrounding acid deposition and its effects, and
the reduction in acid deposition necessary to prevent
adverse ecological effects. This NAPAP Report focuses pri-
marily on emission reductions from power plants, both in
terms of assessing past reductions under the Acid Rain
Program and in projecting the ecological effects of addition-
al reductions of SOz and NOx.

It should be noted that power generation
currently contributes approximately 69% of
the SOz emissions and 22% of the NOx emis-
sions nationwide. This contribution is
decreasing as emissions from power genera-
tion continue to decrease, making the other
sources of these pollutants more prominent.
Modeling suggests that even if SO;
emissions from power generation were
reduced to zero, some lakes and streams
would remain acidic due to acid deposition.
However, there are several other regulations
that reduce emissions of SO2 and NOy from
these non-power.generation sources, such
as the Tier ll mobile source standards, the
Heavy Duty Diesel standards, and the Clean
Air Non-Road Diesel Rule, that have also
been promulgated since 1990. These regula-
tions, primarily designed to bring counties
into attainment with fine particle and ozone
air quality standards, also incidentally reduce
emissions that contribute to acid deposition.

Implementation of Title IV has successfully

" and substantially reduced emissions of SO2

and NO, from power generation at a signifi-
cantly lower cost than expected:

* In 2002, SO, emissions were 10.2 million
tons, 35% lower than 1990 emissions and
40% lower than 1980 emissions.*

¢ In 2002, NO, emissions were 4.5 million
tons, 33% lower than 1990 emissions.

In addition, SO2 emissions from all sources
have decreased by 32% since 1990 and
emissions of NOy from all sources have
decreased by 12% since 1990. Power gener-
ating sources continue to close in on the
goal of reducing power plant SO, emissions
from 1980 levels by 50% (to 8.95 million
tons) as required by the 1990 Clean Air Act.
Power generating sources have also exceed-

B 2002 was the latest year for which emissions data were available when this report was written and reviewed. More recent emissions data are available on
the EPA Web site at www.epa.gov/airmarkets/emissions.
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ed the goal-of a two million ton reduction in_

NOx emissions from projected 2000 levels
as required by the 1990 Clean Air Act.

These emission reductions have contributed

to measurable improvements in air quality, -
reductions in acid deposition, and the begin-

‘nings of i recovery of acid- sensitive waters in"

some areas:

¢ SO, concentrations in the atmosphere (a
precursor to fine particles and acid deposi-
tion) have decreased since 1990. Average
annual SOz concentrations in the .
Northeast in 2000-2002 were 40% lower.
than they were in 1989-1891, concentra-
tions in the mid-Atlantic were 30% lower,
concentrations in the Southeast were 35%:
lower, and concentrations-in the Midwest -
were 45% lower.

Sulfate concentrations in the atmos-
phere (a major component of fine parti-
cles, especially in the East) have
_decreased since 1990 as well. Average
annual sulfate concentratlons in the
Northeast and Midwest in 2000-2002.

e Summary.

were approximately 30% lower than they were'in
1989-1991, and concentrations In the mid-AtIantic and
Southeast were 25% Iower.

¢ Wet sulfate depositlon, a ma]or component of acld ram.

has also decreased since 1990. Average annual sulfate
deposition in the Northeast in 2000-2002 was 40% lower
than it was in 1989-1991, deposition in the mid-Atlantic
and Midwest was 35% lower, and deposntion In the
Southeast was 25% Iower.

e Wet nitrate deposatlon has not decreased reglonally from

historical levels because of the relatively moderate NOx
reduction from power plants and the continuing large con-
tribution (over 50% of total NOx emissions) from other.
sources of NOy such as vehicles and nonroad vehicles.

* Although visibility has begun to improve in some parts

of the U.S., there is still significant impairment of visi- _
bility in many national parks and other Class | areas
throughout the U.S.

* Acid neéutralizing capacity Is beginning to rise in some

surface waters in the Northeast, including lakes in the
Adirondack Mountains (see graphic below). This isan -
indication that recovery from acndiflcatlon is occurring in
those areas.




* Reductions in fine particles due to reductlons in emis-
sions of SOz and NOy are expected to continue to bene-
fit human health by substantially lowering the incidence
of respiratory and cardiovascular ilinesses. -

Sources in both the more conventional emission rate based
NOx program and the cap and trade program for SO have
demonstrated a high level of compliance, and their efforts
have achieved measurable environmental results. The flexi-
bility for sources to choose how to control their emissions
inherent in the cap and trade approach for SOz has been
successful at reducing compliance costs to a fraction of
the cost estimated in 1990. It has not resulted in any sig-
nificant geographic shifts in SO, emissions. The annual
cost of the SOz trading program by 2010 is expected to be
approximately $1 to $2 billion per year ($2000), far lower
than the estimated $6 billion annual cost in 1990 ($2000).

Emissions of SOz are expected to continue to decline as the
bank of allowances that was built up in Phase | of the Acid
Rain Program (as a result of reductions beyond those
required) is largely depleted. At that point, annual emissions
will approximate annual allocations of emission allowances.
Thus, annual emissions will equal 8.95 million tons (the level
of the cap). Air quality, visibility, and ecosystems are expect-
ed to continue to improve as emissions decrease, and depo-
sition is also expected to continue to decrease. A recent
estimate of the health benefits of Title IV in 2010 indicates
that the benefits are substantial, including thousands fewer
premature deaths and hospital admussnons and emergency
room visits.

Despite anticipated environmental improvements, research
over the last few years indicates that recovery from the
effects of acidification is not possible for many areas that

* continue to be exposed to acid deposition. Many published
articles, as well as the modeling presented in this report,
show that the SO2 and NOy emission reductions achieved
under Title IV from power plants are now recognized as insuf-
ficient to achieve recovery or to prevent further acidification
in some regions. Additional SO2 and NOx emission reductions
from power plants and other source sectors are needed to
improve air quality, reduce deposition, and further reduce the
number of acidic lakes and streams in many regions of the
U.S. Some of these additional emission reductions may be
achieved through implementation of existing or future regula-
tions to address transport of ozone and fine particles and

mercury deposition, including the NOyx SIP call in the Eastern -

U.S., tier Il and diesel rules affecting mobile sources, state
implementation plans to achieve the ozone and fine particle
National Ambient Air Quality Standards, and the recent rules
to reduce interstate transport of fine particles and ozone and
mercury from power plants. .

Long-Term Envnrenmental
Monitoring

Emissions, air quality, deposition, and eco-
logical monitoring are critical components of
Title IV. These monitoring efforts allow
researchers and policymakers to assess the
effectiveness of the Title IV program.
Emissions monitoring is conducted by
affected sources; the other types of moni-
toring are conducted by a wide variety of
federal and state agencies, universities, and
other organizations. The agencies of the
National Acid Precipitation Assessment
Program (NAPAP) continue to have a strong
commitment to the research and monitoring
that makes assessments like this NAPAP
Report to Congress possible.

Key Components of a
Model Program

Title IV serves as a model structure of an air
pollution control program because of its sig-
nificant and measurable progress towards
meeting its emission reduction goals and the
low costs associated with its implementation.
The program's guiding principles of the cap
on emissions, complete accountability, and
simplicity are largely responsible for its
effectiveness. The cap is the core prerequi-
site of an effective and efficient trading pro-

* gram that guarantees the environmental

goals are achieved and sustained.
Accountability, including reliable emissions,
air quality, atmospheric deposition, and eco-
logical monitoring and regular assessment of
progress towards the goals, promotes both
public confidence in the environmental
integrity of the program and business confi-
dence in the financial integrity of the
allowance market. The simple, clear,
straightforward nature of Title IV has result-
ed in high levels of compliance, low adminis-
trative costs, and timely achievement of its
environmental goals.
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Introduction

NAPAP Mission

The National Acid Precipitation
Assessment Program (NAPAP) is
comprised of the U.S. Environmental .
Protection Agency, the U.S. Department of
Energy, the U.S. Department of
Interior/U.S. Geological Survey, the U.S.
Department of Interior/National Park
Service, and the National Oceanic and -
Atmospheric Administration. Under Title IX
of the 1990 Clean Air Act Amendments,
Congress reauthorized NAPAP to continue
coordinating acid rain research and monitor-
ing, as it had done during the previous
‘decade, and to provide Congress with
periodic reports. In particular, Congress
asked NAPAP to assess all available data.
and information to answer two questions:

e What are the costs, benefits, and
- effectiveness of Title IV? This question ad-

dresses the costs and economic impacts of
complying with the Acid Rain 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.

* What reductions in deposition rates are
needed to prevent adverse eoologncal .
effects? This complex questlon addresses
ecological systems and the depos:tlon levels
at which they experience harmful effects.

" The results of the assessment of the effects :

of Title IV and of the relationship between
acid depasition rates and ecological effects

were to be reported to Congress quadrenni-

ally, beginning with the 1996 report to

Congress. The objective of this Reportis to'

address the two main questions posed by
Congress and fully communicate the results
of the assessment to decision-makers. Given
the primary audience, most of this report is
not written as a technical document,

although information supporting the conclusions is provided

" along with references.

Impacts of SOz and NOx Emissions

Title IV of the 1990 Clean Air Act Amendments (CAAA)
requires significant reductions of sulfur dioxide (SO2) and
nitrogen oxide (NO,) emissions. These emissions contribute
to acid deposition, ultimately leading to a wide range of
environmental impacts, as well as the formation of fine par-
ticles and gases that can harm health and impair visibility.
Some places and people are more susceptible or sensitive to

_the impacts of SO2 and NOx emissions than others. Some
_people (especially children, the elderly, and those with exist-

ing respiratory or cardiovascular conditions) are more likely
to be harmed by fine particles formed from SOz and NOx
emissions and ozone formed from NOx emissions.

Areas where acid deposition damages ecosystems or where
gases and particles impair visibility are called “sensitive eco-
logical receptors.” Sensitive ecological receptors include
lakes and streams throughout the Appalachian Mountains;
forests in the Appalachian Mountains, the Colorado Front
Range, and westem coastal mountain ranges; and many
east and gulf coast estuaries and coastal waters (see
Figure 1). Many national parks and wilderness areas, includ-
ing Shenandoah National Park, Great Smoky Mountains
National Park, Acadia National Park, and Grand Canyon
National Park have impaired visibility due inpartto

- emissions of SOz and NOy from power generation sources.

Adirondack Park has a large number of lakes that have been
damaged by acidic deposition.

Many of these health and environmental impacts can occur
hundreds of miles from where the pollutants are emitted.

“This long-range transport makes it critical to reduce

emissions that contribute to acid deposition and other envi-
ronmental impacts, even those that occur far from sensitive
waters; forests or population centers. The purpose of Title
IV is to reduce the ecological impacts of acid deposition by
reducing emissions of SOz and NOy from power generation
sources. These emission reductlons have and wnll contmue
to benefit the nation by: -

* Improving air quality and protecting public health

¢ Restoring aéidified lakes and streams so they can once
again support fish and other aquatic life




* Improving visibility, especially at scenic vistas in national
parks

* Reducing the damage to sensitive forests, such as those
along the Appalachian Mountains and in the Colorado
Front Range

¢ Reducing the damage to nitrogen-sensitive coastal
waters along the east and gulf coasts

* Protecting our historic buildings and monuments from
degradation

Structure of the Report

This report is directed to Congress but provides valuable eco-
nomic and scientific information to all public officials who are
responsible for determining or evaluating air quality policy. Its
goal is to present highly technical information pertinent to
current public policy issues in a format that can be understood
by the nonscientific reader. Where more scientific or economic
detail is desired, references are noted in the text with super-
scripts and provided at the end of the report.

The status of implementation of Title {V by EPA and the af-
fected utilities at the end of 2002 is presented in the first
chapter. This is followed by an analysis of the observed

changes, both past and present, in emissions
of acid rain precursors, air pollutant concen-
trations, deposition of acidic species, and
various ecological endpoints, particularly
surface water quality, in the second chapter.
The third chapter covers advances in the
state of the science regarding atmospheric
deposition monitoring, the impacts of acid
deposition on aquatic and terrestrial
ecosystems, visibility, materials and cultural
resources, and human health. The fourth chap-
ter presents estimates of the changes in air
quality, deposition, freshwater acidification,
and the human health benefits of full imple-
mentation of Title IV in 2010. The fifth chap-
ter addresses the question posed by Congress
in the 1990 CAAA regarding the ecological
impacts of further emission reductions and
the uncertainties in the estimated
relationships between emission reductions
and the resulting ecological effects.
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Chapter 1: Program Elements
and Implementatron

Title IV has been successﬁxlly 1mplemented ac- ‘,
cording to the rules and guidance established by

the Acid Rain Program. Emissions have -
decreased significantly since 1990, and source

comphance has been extremely high since the ~

program began. The market-based system for
reducing SOz emissions is functioning well;
there is a significant amount of market activity
and SO; allowance prices, which have varied -
from $65~-$210 per ton, are significantly lower

than had béen predicted in 1990.

. SO; PROGRAM

Erri'is sion R‘educt'io‘hsl

Title IV has successfully reduced emussnons -

of SOz and NOy from power generation

sources. In 2002, there were approxrmately ‘

3,200 electric power units subject to the
SO provisions of Title IV.* By 2002, these
sources had reduced their combined SO2
emissions by approximately 40% from 1980
levels and 35% from 1990 levels. Although
not all sources in the SO; trading program
are also covered by the NOx program, the
sources in the SO2 program reduced their
NOx emissions by 33%. The approximately
1,000 sources affected by Title IV NOx
requirements reduced their NOy emissions
by approximately 27% from 1990 levels in

2002. The emission reductions achieved un- .

der Title IV are dlscussed in more detail in
Chapter 2. L

Program Desrgn ~

The SO2 component of Title IV represents a dramatic depar-
ture from traditional command and control regulatory
approaches that establish souroe-speciﬁc emission "~
limitations. Instead, the program uses an overall emissions
cap for SOz that ensures emission reductions are achieved -
and maintained as well as a trading system that facilitates
lowest-cost emission reductions. The program features trad-
able SO; emission allowances, where one allowance is a limit-
ed authorization to emit one ton of SO;. A fixed number of
allowances are issued by the government, and they may be
bought, sold, or banked for future use by utilities, brokers, or’
anyone else interested in holding them. Existing units are allo-
cated allowances for each year; new units do not receive
allowances and instead must buy them. Recent research on
the dynamics of the SO allowance market indicates that this

- is not a substantial barrier to entry; i.e., new sources have

had no trouble acquiring the allowances they need to compete
effectively in the market.! At the end of the year, all affected
sources are obliged to surrender to the EPA the number of al-

“fowances that correspond to their annual SO2 emissions (one

allowance for each ton of SO»).

- Title IV requires a two-phased tightening of allowances (or

S0, emission allocations) to fossil fuel-fired power plants in

-order to reach the permanent cap on the number of
_allowances at 8.95 million tons annually. Once the bank of

unused allowances is depleted, the cap on allocations limits

" -emissions to the level of the cap (8.95 million tons). This

permanent cap is approximately half the amount of SOz

"‘emitted by these power plants in 1980. Phase | of the SO,
_ -~ program (1995-1999) affected 263 of the larger (>100
" megawatt (MW)), higher emitting units which are located

primarily in the Eastern United States. Phase | SOz
allowance allocations were distributed to each source based

- on the following formula: the product of an emission rate of

2.5 Ib'SOz/million British thermal units (mm BTU) of heat

_ input and its average heat input for 1985-1987. Some

Phase |l sources chose to “opt-in" to Phase | and comply
early, bringing the total number of units in Phase | to over

* :400.** Phase 1l began in 2000 and extends to all existing

* These units, 8s well as an additional 273 units which were retlned or not yet operating, are Ilsted in Appendix A of the annua! Acid Rain Program

Progress Fteport available at www.epa. gov/airmarkets/cmprpt.

**The number of sources in Phase 1 varied slightly by year due to changes in the number of substltutlon eompensatlng and opt-in units in any given
year. These units, which were not identified in the 1890 Clean Air Act as Phase | sources, entered the SOz or NOx programs early in order to

reduce costs or take advantage of the SOz allowance market.




electric utility units serving generators larger than 25 MW
and all new fossil fuel-fired generation units throughout the
country. This has brought the total number of units covered
by the SOz program to approximately 3,200 sources (see
Figure 2). In Phase li, all Phase | and Phase Il SO; affected
sources are allocated allowances equivalent to an amount
no greater than the product of 1.2 Ib SO2/mm BTU and
their average heat input for 1985-1987. -

g - Affected sources must demonstrate compliance with the
SO; provisions of Title IV at the end of each year. Sources

" are granted a 60-day grace period during which additional
S0 allowances may be purchased, if necessary, to cover

~ each unit's emissions for the year. At the end of the grace
period (the Allowance Transfer Deadline), the allowances a
unit holds in its Allowance Tracking System (ATS) account
must equal or exceed the unit’s annual SO2 emissions for
the previous year. Title IV requires affected sources to moni-
tor emissions continuously and to report their emissions
quarterly. Failure to surrender sufficient allowances results
in two significant automatic penalties: a fine and a reduction
in the number of allowances allocated in the following year.
Any remaining SOz allowances not needed for compliance
may be sold or banked for future use. Sources may use their
banked allowances as needed to comply with the program in
future years until the bank is depleted.

NOx PROGRAM

There are no tradable emission allowances in
the NOy reduction portion of the Acid Rain
Program. Instead, sources control how much
NOy is emitted from coal-fired boilers based
on the use of cost-effective control technolo-
gies for each unit of fuel consumed (Ib
NO,/mm BTU). There were also two phases
to the NOy control program: Phase | began
in 1996 (delayed one year because of litiga-
tion) and Phase Il in 2000. During Phase |,
which applied to specific coal-fired boilers
statutorily affected by Phase | SO2 require-
ments, the NOx emissions rate was set at
0.50 Ibs/mm BTU for dry bottom wall-fired
units and 0.45 Ibs/mm BTU for tangentialty-
fired units. Beginning in 2000, Phase i
plants were required to meet emissions rates
between 0.40 Ibs/mm BTU and 0.86 lbs/mm
BTU depending on the type of boiler.

Although the NOx program does not include

emission trading, sources are provided a de-
gree of flexibility through emission averaging
provisions, whereby a company can meet its
emission limitations by averaging the




emission rates of two or more boilers. This
allows sources to reduce their emissions at
lower cost by allowing them to over-control
at units where it is technically easier to con-
trol emissions. In addition, specific Phase Il
units elected to comply with Phase | limits
beginning in 1997. These “early election

units” are not subject to the more stringent

Phase )# limits until 2008. In 2002 there were
over 1,000 units required to meet a NOx
emission limit under Title IV provisions. .

Since NOx emission reductions are achieved
by limiting the rate of NOy output per unit of
heat input and not through an emission cap,
emissions could increase through a combina-
tion of increased utilization of existing units
and/or construction of new units.

Sources affected by the NOy portion of Title
IV must also demonstrate that they have com-
plied with the NOx provisions at the end of the
year. Sources demonstrate compliance with
the NO program by achieving an annual emis-
sion rate at or below mandated levels as out-
lined in their EPA-approved compliance plans.

Title IV Affected Sources

Generally, boilers or combustion turbines that .

burn fossil fuel, serve generators with name-
plate capacity greater than 25 MW, and pro-
duce electricity for sale are subject to the
Title IV SO2 requirements. There are several
types of units, however, that meet these cri-
teria that are not affected by the program:

* Simple combustion turbines, regardless .

- of their nameplate capacity, if they began 7

to produce electricity for sale before
November 15, 1990

Cogeneration units whose annual electri-
- cal sales remain below the threshold - -

established by regulation (one-third of op- |

erating capacity or. 219,000 MW per hour.
whlchever is greater)

-~ * Specific quahfyung facilities and

independent power producers that are
contractually bound to sell electricity at a
price that was established before
November 15, 1990 '

implementation

Despite these exceptions, almost all non-cogeneration units
built in the future that serve generators with total
nameplate capacity greater than 25 MW and produce elec-
tricity for sale will be affected units that must participate in
the Acid Rain Program. Of the units subject to the SOz por-
tion of Title IV, some are also covered by the Title IV NOx
Progrem requirements. All units where coal accounted for
more than 50% of its heat input for at least one year during
the 1990 through 1995 time period and that are configured
for a specific type of boiler (cell burner, cyclone, dry bottom
wall-fired, tangentially-fired, vertically-fired, or wet bottom)
are affected by the Title IV NO, Program. For more details
on Acid Rain Program applicability criteria, see 40 CFR
72.6, the Acid Rain Program appllcabullty regulations estab-
lished under Tltle \VA

Com pliance

502 PROGRAM :

The Title IV SO; program has seen a near-perfect
compliance record since the program took effect in 1995.
During the compliance process, the number of allowances
surrendered at an individual unit must be equal to the num-
ber of tons emitted at the unit.* During Phase |~ .
(1995-1999) compliance was 100%; in each year since the
beginning of Phase Il a small number of units (1-6, depend-
ing on the year) were short allowances to cover their emis-
sions. For example, in 2002, due to an administrative error
on the part of the company, a single unit was short a total
of 33 allowances to cover its emissions for the 2002
compliance year. Thirty-three year 2003 allowances were

~ taken from this unit as an “offset.” In addition to the offset,

the operator of this unit was assessed an automatic mone-
tary penalty totaling over $90, 000 ($2002) as prescribed in
the Clean Air Act. ‘

The ﬂexibihty provided by Tltle IV enables the sources sub-
ject to the Title IV SOz program to pursue a variety of com-
pliance options, some of which, such as process innovation,
might have been discouraged under other types of control
programs.? Sources meet their SO, reduction obligations by

_installing scrubbers, running existing scrubbers more

efﬂclently. switching fuels, changing practices or
procedures to improve energy efficiency, and buying

. ‘allowances. Most sources are complying with the SO2
‘requirements in Title IV by blending or switching fuels. In
- 2001 this accounted for approximately two-thirds of the

$0:2 emission reductions (see Figure 3). Scrubbers installed
on 30 Phase | units accounted for almost all of the remain-
ing emission reductions in 2001.'

¢ The | deductions for

at each unit after the common stack apportionment was made can be found In Appendix A of the most recent annual

Acid Rain Program Progress Report available at www.epa.gov/airmarkets/cmprpt. Units sharing a common stack are listed directly under the entry for
their common stack.




NOx PrOGRAM

Instead of using aliowance trading to facnhtate NOx
emission reductions, Title IV establishes limits on NOy
emission rates (in Ib NOx/mm BTU) for coal-fired electric
generating units. The various ways a source can meet its
emission limit are described below. .

* Standard Limitation. A unit with a standard limit simply
meets the applicable individual NOx limit prescribed for
its boiler (Group 1: dry bottom wall-fired and tangentially-

_fired boilers; and Group 2: cell burner, cyclone, vertically-
fired, and wet bottom boilers) under the Title IV NOx
regulation (40 CFR part 76).

¢ Early Election. Under this compliance option, a Phase Il
Group 1 NOy affected unit meets a less stringent Phase |
NO; limit beginning in 1997, three years before it would
normally be subject to an Acid Rain NOx limit. in return
for accepting a NOx limit three years earlier than would
normally be required, an early election unit does not
become subject to the more stringent Phase 1| NOx limit
untit 2008.

¢ Emissions Averaging. A company can meet its NOx emis-
sions reduction requirements by choosing to make a
group of NO, program affected boilers subject to a group
NOx limit, rather than meeting individual NOx limits for

; Tdtélkl‘i}rv\is‘si,pn
Reductions from
7. - All Sources

each unit. The group limit is established at
the end of each calendar year, and the
group rate for the units must be less than
or equal to the BTU-weighted rate at
which the units would have been limited
had each been subject toan mdavndual NOy
limit.

Alternative Emission Limitation (AEL). A
utility can petition for a less stringent AEL
if it properly installs and operates the NOy
emissions reduction technology prescribed

.for that boiler but is unable to meet its -

standard limit. EPA determines whether an
AEL is warranted based on analyses of
emissions data and information about the
NOy control equipment.
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The NOx program has also had a high rate of
compliance. For example, in 2002, 1,047
units met their NOx emissions limits through -
compliance with their respective NOx compli-
ance plans. Only one unit failed to meet its
NO, emissions limit in 2002. That unit had
excess NOx emissions of 47 tons and was
assessed a monetary penalty totaling over
$133,000 ($2002)*. Emissions averaging
was the most widely chosen compliance op-
tion for NOy affected units in 2002; more
than 50 emission averaging compliance
plans involving over 600 units were in place
in 2002. , :

'SO; Allowance Market |

The number of allowances (authorizations to
emit SO2) allocated to each source in any
given year is determined by the Clean Air
Act. The presence of the allowance market
has given some sources the incentive to re-

duce their SO2 emissions below the level of their allowance

. allocation in order to sell their allowances to other sources

or bank them for use in future years. Other sources have
been able to postpone or reduce expenditures for pollution
control by purchasing allowances from sources that
controlled beyond their allowance allocation level. The SO2
allowance market is generally thought of as relatively well-
functioning due to the “clear, consistent rules that empha-
size transparency, fungibility, and market performance
{that] have been the key factors in creating the investor
certainty...”*

Under Title IV, the “bank” or store of unused allowances
grew throughout Phase | (1995-1999) as sources reduced
emissions more than required. These “early reductions” re-
duced the amount of fine particles and acid deposition
reaching sensitive ecological receptors in the early years of
the acid rain program, increasing the human health and
ecological benefits of the program in those years. -
Beginning in 2000, the tighter emission cap in Phase Il took
effect, and sources began to use previously banked
allowances in addition to allocations from the current year

-in order to comply with Title IV.

available at www.epa.gov/airmarkets/cmprpt.

* Detailed annual compliance information by unit can be found Iin Appendices B1 and B2 of the most recent annual Acid Rain Prqgram Progress Report




Note; Allowance prices are teponied in sominal yea
“Source: Cantor Fitzgerald Ervironmental Brokerage Servic

In 2002, a total of 9.5 million allowances were granted to
sources as prescribed in Title IV. Adding these 2002
vintage allowances to the unused allowances banked from
prior years, a total of 18.8 million allowances were
available for use in 2002. Sources emitted 10.2 million
tons in 2002, 650,000 tons more than the allowances
granted in 2002, but far less than the allowable level.
Figure 4 shows the changing size of the allowance bank
from 1995 through 2002. ; o

In a well-functioning market, the price of an allowance
should equal the expected marginal cost of compliance, the

cost of reducing the next ton of SOz emitted from the utility -

sector. Emission reductions continue to cost less than antici-
pated when Title IV was enacted, and this is reflected in the
price of an SOz emission allowance. The cost of an
allowance was initially estimated at $250 to $400/ton
during Phase | and at $500 to $1,000 for Phase Il.* As
shown in Figure 5, actual prices have been significantly low-
er than that. The market price for allowances has tended to
fluctuate between $100 and $200 per ton and was as low as
$65in 1996.*

Allowance prices for 2002 continued the downward trend
that started in the second half of 2001. Prices hovered in

the $170/ton dollar range early in 2002 and
decreased slightly during the summer
months, ending the year in the $130/ton
range. Prices stabilized back to historical av-
erages in 2002 after the more stringent limits
in Phase Il resulted in higher average prices
in 2001. Some market observers believe low-
er than expected allowance prices during the
first several years of the program were due
primarily to lower than expected compliance
costs (due mostly to increases in the
availability of low-sulfur coal) and larger than
expected emission reductions, which
increased the supply of allowances and put
downward pressure on prices.® Market
observers believe that technological innova-
tion that resulted in lower than expected
costs to operate scrubbers has also
contributed to the lower allowance prices.®

The level of activity in the allowance market
created under Title IV increased fairly steadi-
ly through 2000 to over 30 million transfers
and then leveled off somewhat in 2001 and

* All aliowance prices in this report are reported in current year dollars for the year in which they occurred, unless otherwise indicated.

f
£
]

-

r e
|



E . I

F_

2002, the second and third years of Phase Il
(see Figure 6). The number of transfers be-
tween economically unrelated
organizations—-i.e., trades other than those
between units or subsidiaries belonging to a
single company—also rose fairly steadily .
from 1994 through 2000 before leveling out

" in Phase Il. In most years, trades between

economically unrelated organizations _
accounted for half or more of all trades.

in 2002, over 5,700 allowance transfers that '

affected over 21 million alfowances {(of past,
current, and future vintages) were recorded
in the Allowance Transfer System, the”
accounting system developed to track hold--
ings of allowances. Of the allowances trans-
ferred, 11.6 million, or 54%, were transferred
in economically significant transactions (i.e.,
between economically unrelated parties).

The majority of the allowances transferred in’

economically significant transactions were .
acquired by utilities. In December 2001,
trading parties began to use the On-line
Allowance Tracking System (OATS). By the
end of 2002, OATS recorded 79% of all

transfers electronically over the Internet. All official
allowance transactions, as well as data on account
balances and ownership, are posted and updated daily at
www.epa.gov/airmarkets in order to better inform trading
participants and the public of the status of the market.
Cumulative market statistics and additional analyses are
also available. It should be noted that some allowance
transfers are not included in this data because they are not -
recorded or publicly declared until the allowances are used
for compliance purposes. : :

Program Costs

The cap and trade mechanism in Title W, for reducing SO
emissions has led to lower than expected costs as well as to
cost savings compared to conventional regulatory approaches.
Emissions trading gives electricity generators the flexibility to
choose between reducing emissions at their own units and
purchasing allowances from other units that can reduce emis-
sions at lower cost. Thus, with efficient trading, each unit faces
the same marginal cost of compliance. In addition, there are no
technological or permitting restrictions on the means by which
SO; emissions are reduced. Units under Title IV have many
compliance options, including switching to a different type of
fuel, switching the grade of fuel, or installing equipment that
removes SOz after it is created (e.g., scrubbers).




-Puast [ Costs

Early projections of annual Phase | comphance costs ranged
from just.under $678 million’ to $1,511 million® ($2000).
‘These cost estimates took into consideration the allowance

* trading provisions of Title IV, unlike earlier higher cost
estimates for the same level of SOz reductions under more
restrictive regulatory options. The most recent ex post study
of Phase | costs found that in 1995, Phase 1 units reduced
emissions of SOz by 3.9 million tons at an estimated cost of
$814 million ($2000). The cost of this emission reduction
was approximately 50% less than it would have been under a
command and control program.* An earlier study produced
similar results, estimating total compliance costs to be $940
million ($2000), although the costs could have been lower
still with fully efficient trading.’ Both estimates of actual
Phase | costs account for the “over-compliance” that
occurred in Phase | while building up a bank of unused
allowances (used to reduce costs of compliance in Phase 1)
and are at the lower end of the range of expected results.

Prase 11 Costs .

Early proposals to reduce SOz emissions that mandated
scrubbers or other command and control options were es-
timated to cost as much as $7.5 billion/year ($2000).* The
first EPA estimate (1990) for annual Phase Il costs was
approximately $6 billion. As the approach of Phase |

neared, the estimates for Phase Il costs
declined with the General Accounting
Office (GAO) revising the estimate to
approximately $2.5 billion per year in 2010
($2000)" (see Figure 7).

Current estimates of the cost of full
implementation of Title IV SO2 emission
reductions are significantly lower than
originally estimated. Independent analyses
have estimated costs in the range of $1 to $2
billion per year in 2010 ($2000) when the pro-
gram is nearly fully implemented, substantial-
ly less than was predicted in 1990. The most
recent estimates provided by Ellerman and by
Carlson are $1.3 to $1.5 billion per year
($2000) and $1.1 billion per year ($2000) by
2010, respectively.*® A recent Office of
Management and Budget (OMB) analysis es-
timated costs of the SO program between
$1.1 and $1.8 billion ($2000).

NOx program costs will add to total program
costs. EPA expects cost for NOy reductions to
be no more than $1 billion ($2000) annually,
and based on the limited analysis that has
been done, likely to be substantially less.

ﬁcm; 1. Estimated costs of implementat

“emission reductions in 2010
19894 998
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Several factors are responsible for the -
relatively low cost SO reductions that have _
been realized under Title IV.: -

Low Sulfur Fuel Swutching to Iow-sulfur

coal was the most widely used means of re-'. :
ducing SO emissions under Phase | and is

continuing under Phase IL.® Historically, low-

sulfur sub- b:tummous coal from the Powder .-

River Basin of Wyoming and Montana has
been relatively inexpensive to mine but cost-

ly to transport long distances. In the 1980s,

railroad deregulation increased competition
and opened the possibility for lower industry
freight rates, which would make low-sulfur
western coal competitive for units in the

Midwest and East. The demand for low-sul- -
.- fur coal coupled with.deregulation helped

drive rates down during Phase I. Title IV fa-
cilities have taken advantage of reduced

costs in complying with the SOz limits under

both Phase | and Phase I1.° Units have also
taken advantage of mid-sulfur bituminous
coal from the Midwest and Central o
Appalachia because, despite its higher sulfur
content than western coal, mid-sulfur coal
requires fewer modifications to bonlers and
operating procedures g

Scrubber Costs. The costs of scmbbing

SO, are lower than anticipated.® Prior to - .-

Title IV, the initial capital investment for .- -
installing scrubbers was expected to be pro-
hibitively high. As Phase | continued, these -

. initial capital costs decreased, as did the

marginal cost of scrubbing an additional ton
of SO2 once the technology was installed. It
was estimated that scrubbing SO2 from ex-
isting units would cost over $400/ton . .

($1994) SO2F The actual price perton of - - :

S0 scrubbers in 1995 was on.the order of
$280 ($1994); i.e., 40% less than predicted.

Banking. Another aspect to the Title IV pro-
gram that has led to cost savings in compari-
son with other regulatory approaches is the
option to save or “bank” unused allowances -
for future use. Over-compliance in Phase |,
particularly for those units that installed

-scrubbers, enabled banking of a large

number of allowances forward to Phase Il

This is expected to lower compliance costs during Phase I
despite the more stringent national cap on overall SO2 emis-
sions. According to recent research, the overall amount of
banking during Phase | was roughly efficient over time given
the current and projected costs of compliance."

Technologncal lnnovation The technological |mprovements
that facilitated coal switching and the speed at which they
emerged were also not anticipated.® By experimenting with
blends of fow- and high-sulfur coal that did not lower gener-
ating capacity, operators were able to take advantage of
the coincidental drop in freight costs for western coal and
increased production of mid-sulfur coal in the Midwest.
industry also came up wut_h innovative ways to lower opera-.
tion and maintenance costs for scrubbers, and ways to
Increase their utilization rate and efficiency.*

Allowance Market. To be fully realized, the anticipated -
cost-saving benefits of the flexibility provided under Title IV
required the creation of an efficient high-volume market for
allowances. This has indeed been the case, as discussed -
above. Since the inception of the program trading has been
very active, and trading between distinct orgamzations has
increased in recent years. . .

ADMINISTRATIVE COSTS

The costs to the government of administering the Title IV
S02 program are less than in conventional regulatory
programs. For example, Title IV's performance-based
approach eliminates the need to devise source-speciflc
emission limits, review contro| technologles. and prepare
and approve detailed compliance schedules and permits. In
addition, eliminatmg case-by-case review and approval of -
each trade (including determmmg the “useful life” of equip-
ment, the intent of the sources regarding future emission
and activity fevels, and “real” emission reductions expected
to be achieved) greatly reduces the administrative and .
transaction costs associated with emissions trading
programs.”? During Phase |, costs of the program were
roughly $12 mllhon/year or approximately $1.50/ton of pol-'
lution reduced.’ Most of the functions in the allowance
market are carried out by private entities; the govemment s
role is primarily to ensure that units are monitoring - :
emissions throughout the year and to ensure that‘each unit.
has enough allowances to cover emissions at the end of the

~ year..In 2003, EPA estimates that sources, as a group,

spent approximately $250 million on administrative.. -
functions of the program, including allowance transfers, -
permitting, emissions monitoring, compliance, and other

_administrative costs.




Program Assessment

EMISSIONS MONITORING

Title IV includes strict emission momtonng requnrements to
guarantee compliance with both the cap and trade and

- emission rate limit components of the program. Most
affected sources installed required monitoring equipment
‘on time; the few that did not were subject to stringent
emission estimation procedures. The monitoring regulations
that implement Title IV include strict procedures to
estimate emissions when approved methods are not used.
These procedures, which overestimate total emissions, pro-
vide a strong incentive to install and maintain accurate
monitoring equipment, minimize emission monitor down-
time, and ensure that emissions are not under-reported. All
monitors are required to meet stringent initial and ongoing
performance standards to demonstrate the accuracy, preci-
sion, and timeliness of their measurement capabilities. The
monitors used by sources to comply with Title IV have
achieved an unparalleled leve! of performance with respect
to all of these criteria.

Sources have now completed installation of all continuous
emission monitors (CEMs) required under the Acid Rain
Program. Coal-fired units must use CEMs to measure
concentrations of SOz and NOy, as well as volumetric flow, -
to determine hourly mass emissions of SOz, hourly NOy
emission rates, and hourly heat input. Coal-fired units may
estimate their CO2 emissions, but virtually all have chosen
to use CEMs to measure them instead. Oil- and gas-fired
steam units may either use CEMs or they may use certified
fuel flow meters and frequent fuel sampling analyses to de-
termine the hourly SO2 and CO; mass emissions and hourly
heat input. Most oil- and gas-fired steam units are required
to use CEMs to determine hourly NOx emission rates.
However, for an oil- or gas-fired peaking unit, the owner or
operator may develop a correlation curve between heat
input and NO, emission rate, in lieu of installing a CEM. If
this option is selected, the hourly heat input is monitored us-
ing a certified fuel flow meter, and the correlation curve is
used to estimate the hourly NOx emission rate.*

One measure of the accuracy of a CEM is the relative accura-
cy test audit (RATA), which is required for initial certification
of a CEM and on at least an annual basis, thereafter. The
RATA ensures that the installed monitor measures the “true”
value of a pollutant by comparing the monitor to a reference
method, which simultaneously measures the stack gas pollu-

tant. All monitoring systems must meet a rela-

tive accuracy standard allowing no more than
10% deviation from the true value in order to
continue to be used for emissions reporting.

Further, if the CEM is biased low compared to

the true value, a bias adjustment factor must
be applied to all future data from that monitor-
ing system to ensure there is no underreport-
ing. This “self-correcting” provision, coupled
with daily quality assurance testing
requirements, creates a strong incentive to
maintain monitor performance (since failure to
meet the accuracy requirements can result in
sources being required to surrender more
allowances at year's end) and helps insure
that each allowance is truly equivalent toa
single ton of SO2.

AIR QUALITY, DEPOSITION, AND

ECOLOGICAL MONITORING

Air quality and deposition monitoring are also
important components of the overall
implementation of Title IV, Several monitoring
networks designed to measure changes in air
quality and acid deposition as a result of
emission reductions are currently in
operation. There is also a surface water
monitoring network in acid-sensitive areas in
the Eastern U.S. that measures changes in
lake and stream chemistry as a result of
changes in emissions and atmospheric depo-
sition. Finally, many researchers continue to
conduct studies to assess the impacts of
emission reductions on lakes, streams,
forests, and coastal ecosystems. Together,
this information allows policymakers to accu-
rately assess the impact of Title IV and other
air quality policies and to determine’if the en-
vironmental goals are being achieved.
Additional and more detailed information
about the monitoring networks is presented
in Chapter 2. In addition, there is ongoing
work in the U.S., Canada, and Mexico to fur-
ther evaluate the air quality and deposition
impacts of pollutants that cross over interna-
tional boundaries.
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Chapter 2: Results of the Acid Rain
Program Status and Trends of Emissions

and Environmental Impacts (1990-2002)

Both SOz and NOx emissions from power gen-
eration sources have significantly declined un-
der Title IV In 2002, SO2 emissions from Title
IV-affected sources totaled 10.2 million tons
and NOx emissions from all Title IV-affected
sources totaled 4.5 million tons, down 35% and
33% respectively from 1990 levels. Sources in
states with the highest emissions continue to re-
duce their emissions the most, and there have
been no significant geographic shifts in
emissions. The benefits of these emission reduc-
tions include improvements in air quality
(which are expected to lead to significant
human health benefits), broad-scale reductions
in sulfate deposition, and improvements in visi-
bility. While surface waters in some areas have
begun to show signs of recovery from acidifica-
tion, acidification is still occurring in many
areas. Although there have been no broad-scale
regional reductions in nitrogen deposition, nitro-
gen deposition has declined in some areas, bene-
fiting some nitrogen-sensitive forests and coastal
waters and acid-sensitive lakes and streams.

Emissions

SO2 EMISSIONS

SOz emissions declined significantly in
1995, the first year Title IV took effect.
Emissions climbed slightly from 1995 levels
during the late 1990s but remained far
below the number of allowances allocated.
These “extra” reductions allowed sources to
build up a large bank of unused allowances
that could be used in the future when the
emission cap decreased during Phase ii.
Beginning in 2000, the first year of Phase I,
sources complied with the lower cap by

- decreasing emissions signiﬁcantly as well as by using some
of their banked or stored allowances. In 2002, the 3,208

sources in the SO2 program had reduced their SO2 emis-

.- sions by 41% (7.1 million tons) compared to 1980 levels

and 35% (5.5 million tons) compared to 1990 levels.
Figure 8 shows the trend in 802 emissions since 1980 for
all affected sources.

The electric utility industry is by far the largest single
source of SOz emissions, accounting for approximately 69%
of total SO2 emissions nationwide in 2001
(www.epa.gov/ttn/chief/trends/index. htmi). In addition to

“the significant reductions from-the electric power

generation sector, reductions in SO2 emissions from other
sources, including smelters and sulfuric acid manufacturing
plants, and use of cleaner fuels in residential and commer-
cial burners, have contributed to the 39% decline of SO-
emissions from all sources since 1980 (EPA Web site,
2003). Figure 9 shows the trend in total SO2 emissions
from all sources since 1980. \

NOy EMISSIONS ;

NOx emissions from all Title IV sources dropped approxi-
mately 1.6 million tons between 1990 and 1996, when
Phase | of the Acid Rain NOy program was implemented.
Subsequently, NOx emissions remained fairly steady
through 1998 before dropping significantly in 1999 and

“again in 2000 to comply with the stricter emission limits

under Phase Il. By 2002, emissions from the 1,048 NOx
program affected sources were 27% (1.5 million tons)
lower than they had been in 1990. NOy emissions for all
3,208 Title IV units were 33% (2.2 million tons) lower than
they had been in 1990.

Title IV of the 1990 Clean Air Act requires the NOx program
to achieve a 2 million ton reduction in emissions from
projected 2000 NOy emission levels without Title IV. Total
NO, emissions from all Title IV affected units surpassed
that goal by 1 million tons in 2000 (see Figure 10).

These reductions have been achieved by reducing the
amount of NOy emitted per unit of heat input and despite
the fact that the amount of fuel burned to produce electrici-
ty in power plants has increased 30% since 1990. As
illustrated in Figure 11, many states with increasing
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electricity production had lower total NOy
emissions in 2002 as compared to 1990 lev-
els. Without further reductions in emissions

rates or institution of a cap on NOx émissions,

however, NOx emissions from power plants
could rise as more fossil fuels are used to
create energy in most areas of the 00untry

NOx emissxons come from a wsde variety of . .-

sources including those affected by Title IV.
In 2001, NOy emissions from electric power .
generation accounted for approximately 22%

of NOy emissions from all sources (4.9 million-

tons). NO, emissions from transportation
sources were 56% of NOx emissions from all
sources (12.4 million tons). Nationally, NOx
emissions have decreased 12% (3.2 million
tons) between 1990 and 2001. This occurred
in spite of an increase of 10% in NOx emis-

sions from non-road vehicles since 1990 that -

has been more than offset by the emission
decreases from electric power generation -

and other fuel combustion sources. Thisis -~

due to a variety of federal and state emis- "~
sion reduction programs (including Title IV
the Ozone Transport Commission NOy
Budget Trading Program, and anticipation of

the NOx SIP call) and reductions from on-road vehicles
(EPA Web site, 2003). In the past few years, EPA has prom-
ulgated several rules to reduce SOz and NOy emissions
from mobile sources, including the Heavy Duty Diesel Rule
and the Non-Road Rule. As these rules take affect they will
significantly reduce emissions from trucks and other diesel
and off-road vehicles (see Figure 12). In addition, new rules
for stationary sources (the Clean Air Interstate Rule, the
Clean Air Mercury Rule, and the Clean Air Visibility Rule), as -
well as State plans to attain the fine particle and ozone
NAAQS. will »a(lso sngnlﬁcantly reduce future NOy emissions.

Geographnc Distribution of Emussmns
from Power Generation '

‘ , GEocmmc TRENDS IN SOz EMISSIONS

Total SOz emissions from power generatlon have decreasedi
approximately 35% under the cap and trade approach since
1990. Emission reductions are taking place throughout the -

‘ country; the geographic distribution of SO2 emissions has

not changed significantly since 1990." Figure 13 compares
state SOz emission trends from power generation before
implementation of Title IV (1990), during Phase | of Title
IV (1995-1999 average), and in Phase I to date
(2000-2002 average).
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Several geographic trends are evident. Although most SO2
emissions still occur in the midwestern U.S., it is important
to note that, over time, this same region has also seen the
most significant decrease in SO2 emissions in the country
(see Figure 13). This confirms an important principle of the
cap and trade approach: reducing emissions is cheapest for
the largest sources. These sources will, therefore, reduce
emissions before others in the industry and take advantage
of their ability to sell excess allowances to other sources
where emission reductions are more expensive.” The:
highest SO2 emitting states in 1990 (Ohio, Indiana, and
Pennsylvania) reduced emissions an average of 39% in
Phase 1 of the program (48%, 46%, and 24%, respectively)
compared to 1990 levels. Other states in the region show
similar trends since 1990. SOz emissions decreased 57% in
lllinois, 41% in Kentucky, 70% in Missouri, 53% in Tennessee,
and 45% in West Virginia. The 27 shaded states represent
states where SOz emissions in Phase H (2000-2002) were
lower than both 1990 levels and the 1995-1999 Phase | av-
erage. Most SOz emission reductions during Phase |
occurred in approximately a dozen states in the Eastern U.S.
(Phase i affected the larger, higher emitting utilities in the
eastern half of the country). Unlike the SO, emission reduc-
tions achieved during Phase |, Phase Il reductions are
geographically more widespread, occurring in a larger num-
ber of southeastern and some western states. -

In 20 mostly western and southern states,
average SOz emissions in Phase | were high-
er than they had been in 1990. This is due to
the large number of Phase Il sources in
these states that were not required to
control for SO until 2000. In the 20002002
period (Phase il), emissions in these states
declined as their sources became subject to
the provisions of the Acid Rain Program. For
example, SO; emissions in Texas increased
from 1990-1999 because no Texas sources
were affected by Title IV at that time. SO-
emissions in the state decreased more then
100,000 tons in Phase Il when Title IV
requirements took effect for Texas sources.
In fact, sources in all the states where aver-
age emissions in Phase | were higher than
emissions in 1990 collectively reduced their
emissions approximately 500,000 tons in
Phase Il (2000-2002). '

In addition, some sources increased their
emissions since 1990 due to increasing
utilization of units. However, over half these

units actually decreased their.emission rate, -

indicating that increases in demand for elec-
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tricity caused those emission increases.
These emission increases, while not insignifi-

cant, were more than offset by the emission -
reductions that have occurred since 1990, In "
the 16 states where state-wide emissions in-’

creased, the emission increases totaled
430,000 tons of SOz between 1990 and

2002; over that same period of time, the re-

maining states reduced SO2 emissions more’
than 13 times that much by 5.5 mllhon tons.

GEOGRAPHIC TRENDS IN Nox EMISSIONS
Total NOx emissions from NO | program

affected sources (coal-fired) have decreased -

approximately 27% since Title IV was author-
ized by Congress in 1990. The geographic -
distribution of NO, emissions has not
changed significantly since 1990." Even -
though most emission reductions have taken
place in the areas of the country with the
highest NOyx emissions, these reductions have
not resulted in a large change in the pattern
of NOx emissions in the U.S. NOy emission
reductions since 1999 are due Iin part to
implementation of the OTC NO, Budget
Program, the NO, SIP call, and several state

Acid Fain Program

reduction programs as well as Phase Il of Title IV. Figure 14
displays bar graphs illustrating relative state NOx emission
trends from power generation sources affected by the NOy
program before Title IV (1990), during Phase | (1996-1999
average), and In Phase Il (2000-2002 average)

Several geographic trends are evident. NOx emissions were
lower in 34 states in Phase Il compared to 1990 levels, with
the greatest reduction occurring in the Eastern United States.
In 1990, the highest NOyx emissions occurred in the
midwestern and southern regions of the U.S. (see Figure 14).
By 2002, emissions in many of these states had been
significantly reduced from 1990 levels. The states with the
highest emissions in 1990 (Ohio, Texas, and Pennsylvania),
achieved an average reduction of 38% (33%, 30%, and 52%,
respectively) in Phase Il compared to 1990. Other states in -
the region show similar trends since 1990. NO, emissions
decreased 27% in Indiana, 23% in lllinois, 35% in Kentucky,
34% in Tennessee,-and 31% in West Virginia. The 32 shaded
states had lower average NOx emissions in Phase I} ,
compared to both 1990 levels and the 1996-1999 Phase |
average. NO; reductions occurred predominantlyin the
northeastern U.S. during Phase I. in Phase I, NOy
reductions are geographically more extensive and occur in a
larger number of southern and midwestern states.




In several states, average NOy emissions during Phase | -
were higher than they had been in 1990. This is due to the
large number of Phase Il sources in these states that were
not required to control NOx emissions until 2000. In the
2000-2002 period (Phase il), emissions in many of these
states have declined. There are also several states where
average Phase ll NOy emissions were higher than emissions
in 1990 and/or the Phase | average. This is because the
rate-based Title IV NOx limits on coal-fired power plants do
not limit total emissions of NOy in the way that total emis-
sions of SO, are limited. Since heat input (or fuel use)
increased in those states due to additional power
generation, overall NOy emissions also increased.

Air Quality, Deposition,
and Visibility

Many government agencies, states, and universities work to-
gether to monitor the effects of emissions changes on air
‘quality and acid deposition. A mosaic of national air quality
and deposition monitoring networks has evolved to provide
scientists and policymakers robust data for assessing the ef-
fectiveness of emission reduction programs and to determine
environmental effects, particularly those caused by regional

Primary Air Quahty an

Atmosphenc Deposm(m Monitoring

Networks

sources of emissions for which long range
transport plays an important role. The .
information derived from these networks is
used to determine how well existing air pollu--
tion control strategies are working and
whether additional emission reductions are
required to improve public health-and
facilitate ecosystem recovery. Measurements
from these networks are also important for
understanding non-ecological impacts of air
pollution such as visibility impairment and
damage to materials (e.g., historical sites and
cultural monuments). Figure 15 shows the
monitoring station locations of the primary
long-term air quality and atmospheric deposi-
tion networks: The National Atmospheric
Deposition Program/National Trends Network
(NADP/NTN), CASTNET, and the - '
Interagency Monitoring of Protected Visual
Environment (IMPROVE) program. Figure 15
also includes a table listing the major chemi- -
cal species measured by these networks as
well as the other networks discussed below.
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AR QUALITY: SULFUR -~ : ‘
Analyses of regional monitoring data from -
CASTNET show the geographic pattern of
S0: and airborne sulfate in the Eastern
United States, where concentrations from
power plants are highest. Three-year mean
annual concentrations of SOz and sulfate
from a set of 34 CASTNET long-term moni-
toring sites were compared from 1989-1991
and 2000-2002. In 1989-1991, prior to -
implementation of Phase | of Title IV, the
highest ambient concentrations of SOz in the

East were observed in western Pennsylvania, -
and along the Ohio River Valley in the vicini-

ty of Chicago, llinois, and Gary, Indiana. The
highest ambient sulfate concentrations, - -
greater than 7 micrograms per cubic meter
(ug/m3), were observed in this area and in -
northern Alabama. Most of the Eastern U.S.

experienced annual ambient sulfate concen- -

trations greater than 51g/m3.: o

Dunng the late 1990s following implementa- :

tion of Phase 1, dramatic regional :
lmprovements in SO, and sulfate air quahty

were observed at CASTNET sites throughout the Eastern
U.S. Ambient concentrations of SOz in 2000-2002
decreased 45% in the Midwest, 40% in the Northeast and
30% in the mid-Atlantic compared to concentrations in the
early 1990s (see Figure 16). Other researchers, using
different statistical methods, have also reported reductions
in SO2 concentrations of 30-40% in the northern mid-:
Atlantic and Midwest.” The largest decreases in ambient
SO: concentrations were noted in high emissions and con-
centration areas (e.g., vicinity of Chicago and throughout _
Indiana, Ohio, Pennsylvania, Kentucky, and West Virginia).
The highest SO concentrations observed in the rural parts
of the United States are now concentrated in eastern Ohio
and southwestern Pennsylvania.

For ambient sulfate, both the size of the affected region

and magnitude of the highest concentrations were dramati- -
cally reduced following implementation of Title IV, Suifate
concentrations decreased up to 30% in the Midwest and
Northeast and 25% in the mid-Atlantic compared to concen-
trations observed in the early 1990s (see Figure 17). The .
largest decreases were observed along the Ohio River
Valley in Hllinois and Pennsylvania. These reductions have
also been confirmed by other researchers using different
statistical methods 18




The urban monitoring networks (SLAMS/NAMS) also
detected the environmental signal from Title IV SO:
emission reductions. Analyses of urban monitoring data
from 480 monitoring stations show a decreasing trend in
S0z in the atmosphere following implementation of Title IV.
Between 1992 and 2001, annual arithmetic mean
concentrations of atmospheric SOz decreased 35%.'

AR QUALITY: NITROGEN

Emissions of NOx are transformed in the atmosphere into a
series of pollutants, including nitric acid vapor (HNO3) and
nitrates (NO3). From the perspective of acid deposition, ni-
tric acid is a key chemical species, for which the rural air
quality and dry deposition monitoring networks now have
an extensive record. While there is strong evidence of sta-
tistically significant declining trends in the concentrations
of SOz and sulfate, trends in nitrogen concentrations have
not been as pronounced.

Atmospheric nitrogen concentrations are a result of
emissions of several different forms of nitrogen from many
different types of sources; therefore, they tend to exhibit a
more complicated pattern than sulfur concentrations. Nitric
acid concentrations, for example, are highest in eastern
Ohio and south central Pennsylvania/north central
Maryland, areas with high emissions from power plants.

Ammonium concentrations, in contrast, are
highest from Ohio west to Missouri and lowa
and in northern Alabama as well as central
Pennsylvania. Nitrate concentrations are
highest even further west, in southern
Wisconsin/northern lllinois and westward
into the Plains, areas with large amounts of
agricultural activity.

Scientists have not reported any evidence of
a statistically significant decreasing trend in
nitric acid concentrations over the past 15
years, but a recent analysis of CASTNET
data does indicate that nitric acid concentra-
tions may be lower than they were in the
1989-1991 timeframe. CASTNET data indi-
cate reductions of nitric acid concentrations
between 1989-1991 and 2000-2002 of
approximately 10% in the Northeast, mid-
Atlantic, Southeast, and Midwest, and
approximately 25% in the North Central and
South Central Plains states (see Figure 18).

In contrast, the only statistically significant
publlshed results seem to suggest nitric acid
is increasing over time, particularly in the
Northeast.” Any increase in airborne nitric
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acid concentrations is of concern because of

the potential for corresponding increases in
deposition. It is not clear whether the cause
is associated with changes in nitrogenous
fertilizers, difficulties measuring nitric acid
vapor, the length of the record, or-some oth-
er reason not associated with upwind point-
source emission measurements. Scientists -
continue to monitor concentrations of nitric
acid, as well as all the components of atmos-
pheric deposition discussed here, and it is
hoped that additional data will clarify the -
trends in nitric acid concentrations. =

Analyses of mean annual total ambient
nitrate concentration data have not revealed
any statistically significant changes from
1989 through 2002. Although there are some
indications that amblent nitrate concentrations
are increasing, particularly in the Midwest,
nitrate changes at individual CASTNET mon-
itoring stations have been minimal over this
period (see Figure 19). The highest nitrate
concentrations in the East were recorded in
llinois, Wisconsin, and lowa (>4 ug/m3).
Ambient ammonia (NH3) eoncentrations,

which might also indicate changes in emissions in states

- with significant agricultural activity, are not routinely meas-
“ured by either CASTNET or AIRMoN.

Ambient airborne concentrations of ammonium (NH,) are

- typically associated with nitrate and sulfate compounds.

The highest annual mean ammonium concentrations have

_been observed in the Midwest and in northern Alabama.
- Between 1989 and 2002, decreases in ammonium concen-

trations in the atmosphere were observed in some parts of

“the U.S. (see Figure 20). The largest decreases of approxi-

mately 0.5 1g/m3 were noted in the Midwest. The decrease
in ambient ammonium concentrations between 1989-1991
and 2000-2002 appears to be associated with reductions in
ambient levels of sulfate which bind to ammonium to form
ammonium sulfate. Agricultural ammonia emission -
themselves have not decreased over the same time period.

- In fact, ammonia emissions from crops and livestock have

increased 14% between 1990 and 2001.%*

AciD DEPOSITION: SULFUR IN PRECIPITATION -

Scientists have documented that both wet and dry sulfur
deposition (and the acidity associated with sulfur
deposition) have declined with reductions of SO, emissions
over a large portion of the Eastern U.S. following implemen-
tation of Title IV.?"* Strong correlations, near linear, between
large scale SO2 emission reductions and large reductions in
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sulfate concentrations in precipitation have
been noted for the Northeast, one of the ar-
- eas most affected by acid deposition.”

A main reason for reduced concentrations of
sulfate in precipitation’in the Northeast is a
reduction in the long-range transport of sul-
fate from emission sources located in the
Ohio River Valley. The reductions in sulfate

~documented in the Northeast, particularly

across New England and portions of New
York State, were also affected by SO2 emis-
sion reductions in eastern Canada. ,
Concurrent with these sulfate reductions
were similar reductions In precipitation acidi-

" ty, expressed as H* concentrations.

However, acidity may not have decreased as
dramatically as sulfate concentrations due to
a simultaneous decline in acid-neutralizing
base cations which act to buffer acidity.
Other factors influencing the decline of sul-

fate in precipitation may include climate vari- -
- ability (i.e., wet and dry summers) or

temporal changes in base cations and
ammonium concentrations.”

Some of the greatest reductions in wet sul-
fate deposition occurred in the mid-
Appalachian region, including Maryland,
New York, West Virginia, Virginia, and most
of Pennsylvania (see Figure 21). Wet sulfate
deposition decreased 40% in the Northeast
and 35% in the Midwest and mid-Atlantic
since the early 1990s. Reductions of 25%
have occurred in the Southeast.

ngre 22 shows the total (wet plus dry)
change in sulfur deposition inthe =~ -
conterminous U.S.-between 1989-1991 and

2000-2002. Total sulfur deposition is defined .
as the sum of the dry components (SO2 and

particulate sulfate) and wet components (sul-

- fate in precipitation) as sulfur. Wet sulfate -
‘and SO are the largest components of total
sulfur deposition. In general, dry deposition is -

a larger percentage of total deposition in
those areas nearest to SO, emission sources.
The highest rates of total sulfur deposit:on
have been observed in the areas containing

the highest SOz emissions—the Midwest and

the East. Most areas where total sulfur depo-
sition has been calculated have had
reductions in total sulfur deposition since
1989-1991.

Baumgardner et al. report that in the early 1990s, the mean
annual total sulfur deposition at CASTNET sites in the Ohio
River Valley was 15-22 kg/ha. Sites located in
Pennsylvania, southern New York, and West Virginia also
had tota! sulfur deposition greater than 15 kg/ha. From
1997-2000, total sulfur deposition ranged from 12-17
kg/ha for sites in the Ohio River Valley. Appreciable decreas-
es in total sulfur deposition of 15-25% have occurred

- throughout the Eastern U.S. since the early 1990s.*

AcID DEPOSITION: NITROGEN IN PRECIPITATION

Nitrate concentrations in precipitation measured at
NADP/NTN sites have generally remained the same or in-
creased In some regions (e.g., the Southeast) over the past
15 years, Unlike sulfate concentrations, sharp declines in
nitrate concentrations have not been observed in the

- Northeast, but some decline has occurred.?® While wet

nitrate deposition does appear to be substantially lower in the
East in 2000-2002 (see Figure 23), nitrate concentrations in
precipitation did not change (see Figure 24). Therefore, the
lower nitrate deposition in 2000-2002 appears to be relat- -
ed to lower precipitation levels over those same years.

Other researchers have also not found significant
reductions in nitrogen deposition since 1890. Lynch,
Bowersox, and Grimm found that most areas of the country

- were not substantially different in reduced or oxidized nitro-

gen in 1997-1999 compared to historic levels. These
findings were not unexpected and are consistent with the
NOx emissions that were not appreciably affected by Title

IV In 1996 or 1997 on a broad, regional basis.”’ The control

of NOy emissions under Title IV was not required until
1996. Moreover, any decreases in NO, emissions from pow-

“er generation have been significantly offset by increases

from the vehicle sector from 1991 to 2000.% In addition, it
is interesting to note that while air quality concentrations of

" ammonium have decreased in the Midwest, both concentra-

tions of ammonium in precipitation and deposition of ammo-
nium havevlncreased in that region since 1985.%

Figure 25 shows the difference in total (wet plus dry) nitro-

~ -gen deposition in the conterminous U.S. between

1989-1991 and 2000-2002, Total nitrogen deposition is
the sum of the dry deposition components (nitric acid, par-
ticulate nitrate, particulate ammonium) and wet deposition
components (nitrate and ammonium in precipitation). Wet
nitrate, wet ammonium, and nitric acid are the largest con-
tributors to nitrogen deposition. As is the case with sulfur,
the dry nitrogen components comprise a larger part of to-
tal nitrogen deposition in those areas nearest to sources of

. NOx emissions. In some areas of southern California, for

example, where NOx emissions are predominantly from
mobile sources, the ratio of dry to wet deposition is
approximately 4:1.
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ficure 25. Comparison of annual to
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~ Visibility in the East is still significantly

Total nitrogen deposition is highest in the
Eastern U.S., although several monitoring
stations in the West observe high levels of
total nitrogen deposition. There are no
observable broad-scale reductions in total
nitrogen deposition, :

Baumgardner et al. report that in the early
1990s, the highest mean annual total
nitrogen deposition noted was 8-11 kg/ha in
the Midwest and portions of the Northeast.
From 1997-2000, little change occurred from
the nitrogen deposition values recorded in
these areas earlier in the decade.?

VISBILITY = : :

S0; and NOy gases are transformed in the
atmosphere into fine particles of sulfates and
nitrates. Sulfate and NOg particles scatter

-and absorb light, impairing visibility and con-

tributing to regional haze. Sulfates are gen-
erally the largest contributor to visibility
impairment in both the East and the West.
The visual range under naturally-occurring
conditions without pollution in the U.S. is
approximately 75-150 km (45-90 miles) in -
the East and 200-300 km (120180 miles) in
the West. ' R

Data from the IMPROVE network, which
monitors visibility trends in national parks,
show that visibility has remained virtually
unchanged since the early 1990s (see
Figure 26). The level of visibility impairment
on the worst visibility days in the West is

similar to the levels seen on the best visibili-

ty days in the East. In 2001, mean visual
range for the worst days in the East was
only 29 km (18 miles) compared to 117 km
(73 miles) for the best visibility. In the West,
visibility impairment for the worst days
remained relatively unchanged over the 10-

_year period, with the mean visual range for

2001 (103 km or 63 miles) nearly the same
as the 1992 level (98 km or 61 miles).

impaired in national parks and wilderness

. ‘areas, especially on the haziest days.

Ecological Recovery

The atmospheric and environmental response to a reduction
in pollutants is a complex and lengthy process.” It takes
only a few hours for a reduction in emissions to improve air
quality; it takes days to weeks for reductions in deposition
to appear. Once the pollutants are deposited on the ecosys-
tem, biogeochemical and hydrologic cycling processes drive
the rate of recovery. Previous research tells us that, even
after acid deposition decreases, ecosystems can
experience lag times of several decades between chemical
recovery (e.g., Increased pH) and biological recovery (e.g.,
repopulation of fish or forest regrowth). A short “episodic”
period of acidification can be eased in a few weeks to
months; recovery from long-term “chronic” acidification can
take years or even decades. Some soil processes can

- recover in a few weeks to months; building up the appropri-

ate soil nutrient reserves can take centuries. Recovery of
forest ecosystems generally takes years to decades.
Therefore, while some ecological recovery processes occur
quickly, others will take place more gradually over a genera-
tion or more. Every additional year of monitoring, research,
and analysis improves our understanding of these recovery
processes and allows us to better predict environmental re-
sponse to emission reductions.

FRESHWATER ACID-SENSITIVE ECOSYSTEMS

Acid deposition can lead to acidification of surface waters.
Acidification and low acid neutralizing capacity (ANC) can,
in turn, lead to the loss of sensitive fish populations from
those waters ¥ (see Figure 27). In the 1980s, acid rain was

" found to be the dominant cause of acidification in 75% of

acidic lakes and 50% of acidic streams.* Broad areas of

_ the United States still contain large numbers of lakes and
~streams with little ability to absorb acid deposition (a con-
.dition known as low acid neutralizing capacity or ANC).

This includes portions of the Northeast (particularly Maine
and the Adirondack and Catskill Mountains), the
Appalachian Mountains, and areas of the Western United
States (see Figure 1). High-elevation watersheds with

- steep topography, extensive areas of exposed bedrock,

deep snowpack accumulation, and shallow, base-poor soils

- are very sensitive to episodic acidification.’? Such systems

are common throughout the mountainous West and in por-

~_ tions of the Northeast and Appalachian Mountains.

Freshwater.monitoring in the Eastern United States is con-
ducted by many programs, including the EPA's Temporally
Integrated Monitoring of Ecosystems (TIME) and Long-Term
Monitoring (LTM) projects that were initiated in the early
1980s by EPA's Office of Research and Development (see
Figure 28). The purpose of these networks is to detect
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trends in regional populations of lakes or streams to
determine whether emission reductions have had the intend-
ed effect of reducing acidification of lakes and streams.
TIME/LTM monitors a total of 145 lakes and 147 streams,
representing all of the major acid-sensitive regions of the
northern and eastern U.S. (upper Midwest, New England, -
Adirondack and Catskill Mountains, northern Appalachian
Plateau, Ridge and Blueridge Provinces of Virginia).
Additional sites in acid-sensitive regions of the Southeast,
Midwest, and West would make more complete
‘assessments possible. TIME/LTM measures a variety of im-
portant chemical characteristics, including ANC, pH, sulfate,
nitrate, major cations (e.g., calcium and magnesium), and
aluminum. While the representativeness of the TIME/LTM
network is somewhat limited, the TIME program is the most
coherent individual regional dataset for this kind of analysis.

In addition, the U.S. Geological Survey has been measuring
surface water quality at several research watersheds through-
out the United States, where sample collection during hydro-
logic events and ancillary data on other watershed
characteristics have been used to assess the watershed
processes controlling acidification of surface waters.** The
NSF Long-Term Ecosystem Research (LTER) watershed at
Hubbard Brook, New Hampshire, and university-sponsored
watersheds throughout the East are also being monitored for
long-term changes in water quality. Like the LTM program,
these watersheds were selected to represent specific environ-
mental conditions (alpine lake outlet, streams draining shallow
acidic soils, etc.). The TIME program and the broader
Environmenta! Monitoring and Assessment Program (EMAP)
are the primary programs that provide probability-based
data on surface water quality, and thus can be used to
provide regional estimates of acidification recovery at base
flow conditions. The current advantage of the TIME and LTM
programs is that the data reside in a common database and
common methodologies have been applied to all samples.

A recent report using this TIME/LTM data concludes that
measurable improvements in surface water chemistry (low-
er sulfate concentrations and decreases in acidity) have re-
sulted from emissions regulations promulgated pursuant to
the 1990 CAAA, primarily under the Acid Rain Program.*
This conclusion was reached while acknowledging that oth-
er changes, including climate variability, forest maturation
and recovery from disturbances, and land use history are
also contributing to changes in the chemistry of lakes and
streams in the Eastern United States. A summary of the
TIME/LTM data is presented in Figure 29. A prediction of
the long term response of lakes and streams to reductions
in acid deposition is provided in Chapter 4,

In three of the five areas studied by
Stoddard et al.* one-quarter to one-third of
lakes and streams previously affected by
acid rain are no longer acidic at base flow
conditions, although they are stil} highly sen-
sitive to future changes in deposition. In oth-
er areas, signs of recovery are not yet
evident, suggesting that additional
reductions are necessary for further ecosys-
tem recovery. In general, trends in nitrate
concentrations were much smaller than
trends in sulfate concentrations, though
lakes in the Adirondacks and streams in the
northern Appalachian Plateau exhibited sig-
nificant downward trends in nitrate in the
1990s. It should be noted however, that
nitrate increased during the 1980s and
decreased dramatically in 1992 for reasons
unrelated to changes in deposition. Analysis
of stream nitrate concentrations based on
the 20-year record indicates no significant or
slightly decreasing trends.” Increasing ANC,
an indicator of aquatic ecosystem recovery,
was evident in three of the regions
(Adirondacks, northern Appalachian Plateau
and upper Midwest) and was unchanged in
New England and the Ridge/Blue Ridge re-
gion. Modest increases in ANC have
reduced the number of acidic lakes and
stream segments in some regions:

* Eight percent of lakes in the Adirondacks
are acidic, down from 13% in the early
1990s.

* In New England, 5.5% of lakes are acidic,
an insignificant change from the early
1990s when 5.6% of lakes in the region
were acidic.

* Fewer than 1% of lakes in the upper
Midwest are acidic, down from 3% in the
early 1980s.

¢ Eight percent of the stream length in the
northern Appalachian Plateau region is
currently acidic during base-flow conditions,
down from 12% in the early 1990s.

* There has been no change in the number
of acidic waters in the Ridge/Blue Ridge
region in the past decade.
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Lake and stream recovery is due to
reductions in acidic deposition, primarily -
sulfate deposition, achieved by Title [V.*
There have been decreases in sulfate
concentrations in almost all Adirondack lakes

that coincide with reductions in atmosphenc .

concentrations of sulfur.® These reductlons
in sulfate, as well as reductions i in nitrate
concentrations that do not appear to be
due to changes in atmospheric deposmon.
have resulted in increased pH and ANC as

well as reductions in the amount of toxic in-b»

organic aluminum in these lakes.* In spite

of declining sulfate concentrations, howeVe?r,'i
TIME/LTM data show that some lakes and

streams have not begun to recover.

Recovery was not evident in New England or
in the Ridge and Blue Ridge Provinces
(Virginia); the latter region is not expected

to recover immediately, due to the nature of -
forest soils in the province. In part,-declining

levels of base cations (calcium, magnesium,
and potassium) in lakes and streams
throughout the East are believed to delay

the onset of recovery.® In addition, it should be noted that,
although chemical recovery {(i.e., an increase in ANC and
decrease in sulfate and nitrate concentrations) has begun
in some lakes and streams, full biological recovery of fish
and other aquatic organisms takes significantly longer.®

Throughout the Appalachians, many waterbodies are still
acidic enough to damage sensitive fish and aquatic life. In
Virginia, for example, over a decade of quarterly stream
monitoring shows that the predominant trend, as indicated |
by declining ANC, has been continued acidification. The
number of chronically acidic Virginia trout streams has
increased, while the number of transitional and not-acidic
streams has declined.* The consequences for individual
species have been well documented in the Shenandoah |
National Park by the Fish in Sensitive Habitats (FISH)
Project. The FISH project demonstrated that acid-sensitive
fish in both chronically and episodically acidic streams in .-
Shenandoah National Park have lower body size and

. weight, both Indications of chronic stress.

Some lakes in the Colorado Front Range are showing indi-
cations of being affected by higher atmospheric nitrogen
loads from urban, agricultural, and industrial sources.® In
the central and northern Rockies, sediment record studies
strongly suggest that lakes began responding to nitrogen




deposition levels in the region as early as the 1950s.%-#
Recent analyses demonstrate regional differences in lake
surface water chemistry and show evidence of ecological
change in the region. For example, studies of high-elevation
lakes in the central Rockies found significantly higher
nitrate concentrations in lakes on the east side of the Front
Range, where emission sources are numerous, as compared
to lakes on the west side.** An intensive sampling study
projected that at least two sites in the Green Lakes Valley
in the Colorado Front Range could become chronically
acidic within the next decade, and a third site could become
episodically acidified at present rates of ANC decrease.® it
has also been demonstrated that algal communities, soils,
and subalpine forests on the east side of the Front Range
are beginning to show signs consistent with receiving more
nitrogen deposition from fixed, mobile, and agricultural
nitrogen sources.® With the accumulating weight of
evidence, some researchers conclude that high-altitude wa-
tersheds in the Colorado Front Range show symptoms of
nitrogen saturation.®

In some forest ecosystems, particularly in the Northeast,
sulfur and nitrogen have accumulated so much that the
soils are unable to retain them. This leads to leaching of
important nutrients and higher nitrate and sulfate
concentrations in some surface waters. The release of
decades worth of previously accumulated atmospheric dep-
osition may delay the recovery of these surface waters in
response to emission reductions.® Recovery of acidified
waters is also slowed by continuing acid deposition, the
presence of nitrate in surface waters, the contribution of
naturally occurring acid sources, and the number of
physical, chemical, and biological changes needed in the
ecosystem before it can function as an ecosystem unaffect-
ed by acid deposition. Nitrogen export from recovering
streams in the Catskill Mountains was reported to be
greater during warm years than cool years, suggesting that
a warmer climate could enhance acidification of surface wa-
ters if nitrogen deposition rates remained the same.”

Throughout the United States, most streams and drainage
lakes experience some decline in ANC during heavy
rainstorms, snowmelt, or other episodic events. Current

programs for monitoring trends in surface water chemistry °

either specifically avoid hydrologic ‘episodes’ (high flows
during rain events or snowmelt) or sample with a set perio-
dicity that ultimately samples random flow conditions. The
trends presented are therefore representative of baseflow
or median flow conditions over time and do not indicate
trends in surface-water chemistry during high-runoff
periods. In the Northeast and mid-Atlantic regions of the
United States, the number of lakes and streams that expe-
rience episodic acidification are estimated to be much
greater than the number of chronically acidic waterbodies.*

Episodic acidification has been reported in
the mid-Atlantic and Northeastern region in
areas such as the Ridge and Valley Province
of Pennsylvania, Virginia, and Maryland, the
northern Appalachian Plateau of
Pennsylvania, the Catskill and Adirondack
Mountains of New York, and the Atlantic
Coastal Plain of Maryland.* Several recent
studies also have demonstrated episodic
acidification of streams in Shenandoah and
Great Smoky Mountains National Parks.*#
A recent study of brook trout streams in
Virginia estimated that 24% experience regu-
lar episodic acidification at levels harmful to
brook trout and other aquatic species.® Due
to the difficulties and expense associated
with collecting water samples during
episodes of acidification, limited data on
episodic acidification have been published
since the 1988-1990 sampling, and few data
collected after 1994 have been published. As
a result, it is unknown whether the regional
incidence of episodic acidification has
decreased as a response to declines in acidic
deposition in the 1990s.

FOREST ECOSYSTEMS

Acid deposition especially combined with
other pollutants and natural stresses, can
also damage forest ecosystems. Sulfates
and nitrates from acid deposition leach nutri-
ent base cations (calcium, magnesium, and
potassium) from tree needles and leaves and
from forest soils, reducing the forest's
capacity to buffer further acidification and
removing elements essential for tree growth.
Acidification also leads to the mobilization of
naturally-occurring aluminum, which may in-
terfere with nutrient uptake by rootsin
forest soils. In addition, exposure to ‘
tropospheric ozone (a product of NOx emis-
sions interacting with volatile organic carbons
(VOCs)) has both acute toxic effects on
plant leaves and chronic toxic effects on the
entire plant. The combined effects of deple-
tion of foliar and soil nutrients, mobilization
of aluminum and exposure to ozone make
trees more susceptible to drought, tempera-
ture extremes, and diseases.” Several
forests throughout the U.S. are beginning to
show signs of nitrogen saturation,a
condition where the inputs of nitrogen
exceed the forest's need for them and
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excess nitrogen is leached into surrounding
waterways.® There are as yet no forests in
the U.S. where research indicates recovery
from acid deposition Is occurring, as indicat-.
ed by reversal of the soil acidification such
as net accumulation of base cations and re-
ductions in aluminum concentrations, . -

There is no broad-scale assessment of forest :

health the way there has been for freshwater
lakes and streams. However, both a series of

individual studies in a variety of locations in ~

areas sensitive to acidic deposition and
regional studies across a gradient provide a
snapshot of the status and trends in forest-
ecosystems. For example, mortality of red
spruce in the mountains of the Northeast has

increased, due in part to exposure to acidic -
- cloudwater.? Acid deposition hasledto ™
reduced growth and/or vitality of red spruce _
across the high elevation portion of its range,

thereby increasing the trees’ sensitivity to

cold weather injuries and eventually resulting ‘

ina hlgh rate of mortahty‘2

Forest soals are also adversely affected by
acid deposition. Studies in New .
Hampshire,* ™ the Catskill Mountains in
New York,® the Adirondacks in New York,
West Virginia,® North Carolina,” South
Carolina,® Tennessee,® and Ontario, .
Canada,® have documented nutrient base
cation (e.g. calcium, magnesium,
potassium and others) depletion in soils
due to acid deposition and forest regrowth.

Resampling of forest soils in northwestern i

Pennsylvama ongmally sampled inthe
1960s shows an increase in soil acldity.®" In
contrast to these studies,” at one site in

New Hampshire, Hamburg et al.,® inferred

(not direct re- measurement) no decline in
calcium in the forest floor in a

chronosequence study in New Hampshlre 8
~ At sites where there may be appreciable

amounts of dolomitic parent material* that
are accessible to trees, soil calcium may
not be depleted to the extent it can be in
nearby soils that lack a dolommc source »

In these and other examples of calcium -
depletion in forest soils'in Europe,™ ® it has
not been possible to quantify the component
of depletion attributable to anthropogenic
acidic deposition versus tree uptake.

Similarly, in reported instances of forest decline it has not
been possible to attribute the decline to calcium depletion’
directly. However, calcium depletion has been implicated in-
directly in the decline in sugar maple in the U.S.and
Canada®, and calcium depletion adversely affects many as-
pects of tree physnology and forest ecosystem health,®-

The potentlal for weathenng re-supply of exchangeable soil
calcium remalns an important uncertainty because
estimates of weathering are based on indirect estimates.®
Soil acidification may increase the rate of weathering, but .
the incremental increase in calcium release is likely to be
small in soils that are already acidic. Studies that have -
attempted to quantify calcium weathering rates in acidic
forest soils'in the Eastern U.S. generally have found that |
rates are low™ 5™ |n comparison with typical comblned
rates of tree uptake and soll Ieachlng '

Acid deposition has also contributed to a reg|ona! decline in
the availability of soil calcium and other base cations in

many different types of forest ecosystems. In the high ele- )

vation and mid-elevation spruce-fir forests of New York, .
New England, and the southern Appalachians, the change
in soil nutrient ratios (lower calcium/higher aluminum) can
disrupt physiological processes that are important to main-
taining forest health, These changes lower resistance to
natural stresses, such as insects, disease and climatic
extremes.”-® Acid deposition is also contributing to the de-
pletion of base cations in many poorly buffered soils
supporting southern pines. While this may slightly bolster
growth of southern pines in the short-term, it is expected to
have adverse effects on productivity over the long-term.
Finally, the high mortality rates and reduced vigor reported
for sugar maples experienced in northern Pennsylvania and
Quebec, Canada over the last decade may be attributed in
part to cation depletion from those soils.™™

Whereas the vast majority of forest ecosystems inthe *

“ Western U.S. do not appear to be significantly affected by

acid deposition, certain ecosystems in southern California
and the Colorado Front Range are negatively affected, es-
pecially by high rates of nitrogen deposition. Nitrogen dep-
osition in most affected areas of the Colorado Front Range,
southern California, and in the Sierra Nevada is generally -
from .a mix of mobile, industrial, and agricultura!l emissions
sources.™ in some cases, ozone {formed from NOx
emissions and other precursors) is also causing damage
Many of these sites are showing signs of nitrogen -
saturation. Nitrogen saturation occurs when the supply of
nitrogen from deposition exceeds the nutritional demands

of the ecosystem and nitrogen is gradually released or
leached from the watershed into the surface waters as .-
nitrate.” in the Colorado Front Range, responses to chronic
nitrogen deposition are evident in changes in the chemical




composition of pine needles and soils. These results are in-

terpreted as subtle signs of the effects of nitrogen deposi-

tion, suggesting that the trajectory towards nitrogen -
saturation may be in the incipient stages.® Additional stud-
ies along air pollution gradients demonstrate that forest .
and chaparral sites in southern California and alpine
ecosystems of the Front Range in Colorado are showing
signs of nitrogen saturation.**® The sites most affected are
near intensive livestock operations and high population cen-
ters, although extremely high streamwater nitrate concen-
trations have been reported from a low-elevation chaparral
watershed in Sequoia National Park in the Sierra Nevada
Mountains in central California.*

While forest ecosystems are clearly still suffering
significant damage from acid deposition, the reduction in

" acid deposition due to Title IV is expected to be beneficial
to these forest ecosystems in the long-term. Forests are
generally thought to recover more slowly than aquatic
ecosystems because of the complex series of processes
that must take place. Leached nutrients must be restored
through weathering of the bedrock or atmospheric deposi-
tion, and soilwater aluminum concentrations must be
reduced. Even after soil chemistry is restored, recovery of
sensitive forests is not expected to occur for decades
because of the extensive recovery time of trees.

CoAsTAL ECOSYSTEMS

The nitrogen component of acid deposition is a significant
source of nitrogen to many estuaries and coastal waters in
the Eastern U.S. Excessive nitrogen loads from a variety of
sources, including atmospheric deposition and runoff from
agricultural practices, cause many of these estuaries and
coastal waters to periodically become eutrophic.® Eutrophic
conditions include algal blooms (some of which may be
harmful), low levels of dissolved oxygen in the water
(hypoxia or anoxia) which can stress or kifl fish and
shelifish, and changes in the ecological structure of the
ecosystem. There are currently 44 estuaries in the U.S. that
are considered highly eutrophic, 37 of which are on the
eastern or gulf coasts. Many of these are expected to
become more eutrophic—to have worsening symptoms, in-
cluding more algal blooms and fish kills—in the future.®
Title IV has reduced nitrogen deposition in some coastal ar-
eas compared to what it would have been without Title IV
(see Figures 23 and 25). However, in many sensitive coastal
watersheds there has been little or no reduction in nitrogen
deposition since 1990.

Materials and Structures

There is no monitoring network in place to assess the
effects of reductions in acid deposition on materials and
structures. However, based on our understanding of the

processes involved, it is possible to predict
likely changes that will take place.

S0,, NO,, and many of the pollutants they
form corrode materials, particularly those
made of limestone or marble. Monuments
and historic buildings, outdoor structures
such as bridges and buildings, and automo-
tive paints and finishes are all susceptible
to damage by acidic pollutants. One set of
studies indicated that several air pollutants
from coal combustion are the main sources
of soiling on a limestone building in
Pittsburgh, Pennsylvania followed by ero-
sion due to rainfall.®** In general, most
damage from air pollutants appears to come
from dry deposition. The rate of dry deposi-
tion is often accelerated when the surface is
wet, so that structures affected by dewfall
are expected to be especially vulnerable.
Rain wets exposed structures, again modify-
ing the dry deposition rates that would be
expected if the same structures were dry.
Hence, there is a strong interplay among dry
deposition, wet deposition, and surface wet-
ness that serves to complicate the under-
standing of causes of damage in specific
locations.® In addition, in rural areas and in
areas where buildings and monuments -
remain wet for long periods of time, wet
deposition can be a-significant or primary
cause of damage.®*

Weathering due to acid deposition often
harms cultural assets (e.g., statues and
monuments) more than purely operational
resources (e.g., bridges and buildings). This
is because the appearance of cultural
resources, where much of their value lies, is

particularly vulnerable to damage. There are .

also historic and emotional values attached
to cultural assets, which increase the value
of their preservation. Title IV has reduced
the risk of damage to sensitive buildings and
materials by reducing the amount of SO2
and NOy emitted into the atmosphere and
the amount of dry sulfur deposition reaching
sensitive structures. Therefore, ongoing
monetary costs and cultural losses due to
acid gases, particles, and deposition are also
expected to be declining under Title IV.

r

-



Chapter 3: Assessmg Acid Deposition:
Advances in the State of the Smence

NAPAP hasa long history of conductmg :
research related to acid deposition. Throughout
the 1980s NAPAP supported a large number of
research projects that confirmed the link -
between SO and NOx emissions and acidic
lakes and streams hundreds of miles away.
Recent research is confirming the tight link be-

tween emissions of SO2 and the amount of sev- .

eral different forms of sulfur in the atmosphere-
and in precipitation, and improving our ability
to measure acid deposition. Research has con~
tinued since 1990, albeit on a smaller scale, to
increase our understanding of how acid deposi-
tion affects trees, soils, lakes, streams, coastal .
waters, and building materials such as stone .
and copper. Some of the areas where the most
research has been done include: the importance

of calcium in mediating soil and forest response:

to acidification; the role of nitrogen in acidifica-
tion and recovery from acidification; and the
role of nitrogen deposition in coastal . ,
ecosystems. In addition, substantial advances
have been made in understanding the human
health impacts of fine particles, including
sulfates and nitrates, Wthh are bneﬂy
mentzoned here A

Air Quahty, Deposmon and.~

Visibility

Reductions of S0O; emissions from poWer .

generation under Title IV have resulted in

significant declining trends in alrborne con-

centrations of SOz and sulfate throughout
the Eastern U.S. Scientists have determined
that the reduction in SOz emissions has led
to a comparable decrease in SOz air
concentrations, mdlcating that'the relatlon-

ship between emissions and air concentrations for SOz is
close to 1:1. For example, in the Midwest, which
experienced some of the highest emission levels and the
greatest annual change in SOz emissions since 1990, the
approximately 35% regional reduction of SOz air concentra-
tions corresponds well to the approximately 35% national
reduction in SO2 emissions. Reductions in ambient airborne
sulfate concentrations in the Midwest were not as linear;
ambient sulfate concentrations declined by only 26%.% The -
relationship between SOz emission reductions and ambient
sulfate concentrations is influenced by a number of chemi-
cal and meteorological factors that contribute to the non-
linear response between emission reductions and
downwind concentrations.”. . -

Scientists have also recently documented that both wet

and dry components of sulfur deposition (and the acidity
associated with sulfur deposition) have declined in a near
linear fashion with the decline in SOz emissions impacting
the Eastern U.S. 2% Strong correlations between large-
scale SO, emission reductions and large reductions in
sulfate concentrations in precipitation have been noted for
the Northeast—one of the areas most affected by acid dep-
osition.Z A main reason for reduced sulfate concentrations -
in precipitation in the Northeast is a reduction in the long-
range transport of sulfate from emission sources located in
the Ohio River Valley. The reductions in sulfate documented
in the Northeast, particularly across New England and por-
tions of New York State, were also affected by SOz
emission reductions in eastern' Canada. Factors influencing -
the decline of hydrogen ions (H*) in precipitation may include
climate variability (i.e., wet or dry summers) or temporal
changes in base cations and ammonium concentrations.?
Concurrent with these sulfate reductions were similar
reductions in precipitation acidity, expressed as H* concentra-
tions. However, acidity may not have decreased as dramat-
ically as sulfate concentrations due to a smultaneous o
decline in deposition of acld-neutralizing base cations that

-act to buffer acidity.

Emissions of NOx are transformed in the atmosphere into'a
series of pollutants, including nitric acid and nitrates. Nitric
acld reacts with ammonia and primary particles such as sea’
spray, soil, and soot to form particle phase ammonium
nitrate. From the perspective of acid depositaon. nitric acid




is an acidifying gas and a key chemical species for which
the dry deposition monitoring networks now have an exten-
sive record. While data from the monitoring networks
provide strong evidence of statistically significant declining
trends in the concentrations of sulfur species, trends in ni-
trogen concentrations have not been as pronounced over
the past decade.

Scientists are confident that the causes of acid rain and the
response of deposition to reductions in emissions are well

" understood. Most of the recent advances in acid deposition

research and monitoring, therefore, are related to improving
the quality of data collected by the monitoring networks
and developing new statistical methods of analyzing all ex-
isting data to better document any environmental change.

Although several direct approaches to measuring dry depo-
sition have been developed and applied over the past
decade, inferential models that calculate dry deposition
from atmospheric concentrations and other information
have been the only practical way to quantify seasonal and

annual dry deposition rates of acidic pollutants on the scale’

needed to operate a nationwide network.® CASTNET and
AIRMoN-Dry use this approach, which requires local meas-
urements of ambient pollutant concentrations, observations
of surface conditions, and standard surface meteorological
conditions.” Both these networks use the Multi-layer Model
(MLM) to model air pollutant deposition velocity, a key
component of dry deposition measurements. Scientists are
working to improve the MLM and its effectiveness over a
range of vegetation types and weather conditions. .
Research into deposition velocity modeling has led to inno-
vations that will enable the development of a more
accurate, next-generation-model.”® The Canadian Air and
Precipitation Monitoring Network (CAPMON) and the
European Monitoring and Evaluation Program (EMEP) have
been able to “scale up” this approach from site-specific es-
timates to broader landscapes or regions.

The air quality measurements required for using these infer-
ential models are also being improved. Simultaneous sam-
pling using colocated filter packs and duplicate annular
denuder systems (ADS), revealed similar precision
estimates for most of the measured species between the
two approaches.* Comparisons of weekly ADS resuits and
composite weekly filter pack results generally show good
agreement for sulfate and total nitrates. However, in some
instances, filter pack nitric acid determinations may be
biased high when substantial photochemical reactivity in
the atmosphere is documented and filter packs may under-
estimate SOz results by 12% to 20%. While perhaps signifi-
cant, this amount of bias is not expected to substantially
change the trend analyses in the Report.

Researchers are also working to improve
methods of measuring actual dry deposition
that can provide higher quality data. Surface
wash techniques such as throughfall (precip-
itation collected after it has passed through
the tree canopy) and stemfall {also called
stemflow; the process whereby precipitation
drips down the branches and trunk of a tree
or other rooted plant) that measure deposi-
tion quantities and chemical compositions
are considered more reliable, especially for
sulfur in complex mountainous terrain or lo-
cations where patchy forest conditions
exist.® % Although throughfall is not a widely
used technique for routine atmospheric dep-
osition monitoring, it is being evaluated by
national dry deposition networks as an inex-
pensive method that produces high quality
data representative of an area beyond a sin-
gle point for a long period of time. At a mini-
mum, throughfall is a cost-effective way to
enhance inferential modeling results with ac-
tual field measurements.

In recognition of the need to quantify total
deposition rates across natural landscapes
of mixed vegetation, sometimes in complex
terrain, there is need to build upon the
developments made in several other
programs in EPA and in other agencies. For
example, the aircraft flux systems developed
within the NOAA AIRMoN program to
address this issue offer a new opportunity to
determine how surface complexity influences
dry deposition rates. Moreover, the bounding
techniques developed in the acid rain decade
of the 1980s require new attention and veri-
fication, possibly using throughfall methods
as well as micrometeorological models.

The NADP/NTN, the largest wet deposition
monitoring network in the U.S,, is seeking

- new technologies to incorporate into their

sample collection protocols to further
improve the accuracy of the wet deposition
monitoring. Improving wet deposition moni-
toring methods entails advancing sample col-
lection techniques, the methods used for
evaluating the data generated and the .
approaches for estimating site-specific and
regional trends.

A large amount of the research in the wet
deposition field has involved developing new
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ways to analyze the monitoring data. To de-
termine whether emission reductions have
had their intended effect of reducing wet -
deposition, measurement data can be statis-
tically modeled to characterize the
magnitude and spatial distribution of reduc-
tions in wet deposition. The estimation of
long-term trends with statistical modelsis
affected by a number of factors such as the
magnitude and shape of the underlying trend
to be estimated and the length and variabili-
ty of the data record. The advantage, howev-
er, is in deriving estimates of trend and -
uncertainty in data that have been adjusted

for the sources of variability that may also "
~influence the observed temporal pattern.”

Aquatic and Forest
Ecosystems

Soils, forests, surface waters, and aquatic
biota (e.g., fish and algae) are inextricably
linked, sharing water, nutrients, and the oth-
er essential building blocks of a successful
ecosystem. Therefore, to understand the full
effects of acid deposition it is necessary to
understand the interactions between all of

these systems. For example, sulfur and nitro-‘

gen from acid deposition can be retained in

watershed soils and released as sulfate and
nitrate drainage into lakes and streams even .

after the levels of acid deposition decrease
The effect of acid deposition on an

ecosystem depends largely upon the ecosys-

tem's ability to neutralize the acid.* This is

referred to as an ecosystem s acid neutraliz- :

ing capacity (ANC).

Acid neutralization occurs when positlvely
charged ions such as calcium, potassium,
sodium, and magnesium, collectively known -
as base cations, are released. As water-. -
moves through & watershed, two important
chemical processes act to neutralize acids.

- The first involves cation exchange in soils, a -

process by which hydrogen ions from the
acid deposition displace other cations from
the surface of soil particles, releasing these

cations to soil and surface water. The second’

process is mineral weathering, where base
cations bound in the mineral structure of
rocks are released as the minerals gradually

ssing Acid Deposition

break down over long time periods. As the base cations are
released by weathering, they neutralize acidity and increase
the pH level in soll water and surface waters. Acid deposi-
tion, because it consists of acid anions (e.g., sulfate,
nitrate), leaches some of the accumulated base cation
reserves from the soils into drainage waters. The leaching -
rate of these base cations may accelerate to the point
where it significantly exceeds the resupply via weathering
and atmospheric deposition.® '

FRESHWATER ACID-SENSITIVE ECOSYSTEMS

Acid deposition causes acldification of sensitive surface
waters. These waters are sensitive due to their posntion in
the landscape, geomorpholog)'. and/or watershed soils. In
the 1980s, acid rain was found to be the dominant cause of
acidification in 75% of acidic lakes and 50% of acidic
streams.” Areas especially sensitive to acidification include
portlons of the Northeast (particularly Maine and the
Adirondack and Catskill Mountains) and southeastern
streams. Some high elevation western lakes, particularly in °
the Rocky Mountains, have become acidic, especially
during snowmelt. However, although many western lakes
and streams are sensitive to acidification, they are not sub-
ject to continuously high levels of acid deposition and so
have not become chronically acidified.® A significant
amount of research conducted since 1990 has focused on
western acid-sensitive ecosystems. -

ANC, a key indidator of the ablllty of the water and water-
shed soll to neutralize the acid deposition it receives, de- .
pends largely on the watershed’s physical characteristics:
geology, soils, and size. Waters that are sensitive to acidi-
fication tend to be located in small watersheds that have
few alkaline minerals and shallow soils. Conversely,
watersheds with ‘high ANC tend to contain alkaline miner-
als, such as limestone. Larger watersheds with well devel-
oped riparian zones generally have a greater capacity to
neutralize the acids being transported from their headwa-
ters, but large forested watersheds have been shown to

acidify dunng large rainfall and snowme!t episodes.®

As amdxty increases aluminum leached from the soil flows

Into lakes and streams and can be toxic to aquatic -

species. The lower pH levels and higher aluminum levels

" that result from acid:ﬁcatlon make it difficult for some fish

and other aquatlc species to survive, grow, and reproduce
In some waters, the number of species of fish able to sur-
vive has been directly correlated to water acidity.
Acidification can also decrease fish population densuty and
individual fish size.* ;

Recent watershed mass balance studies in the Northeast
reveal that loss of sulfate from the watershed exceeds
atmospheric sulfur deposition.” This suggests that these




soils have become saturated with sulfur, meaning that the
supply of sulfur from deposition exceeds uptake by biotic
and abiotic processes in the ecosystem. As a result, sulfur
is gradually being released or leached from the watershed
into the surface waters as sulfate. Scientists now expect
that the release of sulfate that previously accumulated in
watersheds will delay the recovery of surface waters in the
Northeast that is anticipated in response to the recent SO;
emission controls.* S

A recent study at a stream in the Catskill Mountains found
that stream nitrate concentrations were positively correlat-
ed to mean annual air temperature but not to annual nitro-
gen deposition.® This research suggests that, in soils with
large amounts of nitrogen, microbial processes (N mineral-
ization and nitrification), that are sensitive to changes in
temperature and moisture, are the primary factors control-
ling nitrate leaching, rather than atmospheric deposition or
vegetation uptake of nitrogen. Therefore, declines in nitro-
gen deposition in nitrogen-saturated soils may not immedi-
ately lead to improvements in streamwater chemistry.®

A major study of the ecological response to acidification is
taking place in the Bear Brook watershed in Maine.
Established in 1986 as part of the U.S. Environmental
Protection Agency's Watershed Manipulation Project, the
project has found that experimental additions of sulfur and
nitrogen to the watershed increased the concentrations of
both sulfate and nitrate in the West Bear Brook stream.
Streamwater concentrations of several other ions, including
base cations, aluminum, and ANC changed substantially as
well." During the first year of treatment, 94% of the nitro-
gen added experimentally to the Bear Brook watershed was
retained, while the remainder leached into streams as ,
nitrate. Nitrogen retention decreased to about 82% in sub-
sequent years."" ' Although the forest ecosystem contin-
ued to accumulate nitrogen, nitrate leaching into the stream
continued at elevated levels throughout the length of the
experiment. This nitrate contributed to both episodic and
chronic acidification of the stream. This and other similar
studies have allowed scientists to quantify acidification
processes in eastern watersheds in much more detail than
was possible in 1990.

The Appalachian Mountain region receives some of the
highest rates of acid deposition in the United States.'® The
acid-base status of streamwaters in forested upland
watersheds in the Appalachian Mountains was extensively
investigated in the early 1990s.'"*'® A more recent assess-
ment of the southern Appalachian region from West
Virginia to Alabama identified watersheds that are
sensitive to acid deposition using geologic bedrock and the
associated buffering capacity of soils to neutralize acid.
The assessment found that approximately 59% of all trout

stream length in the region is in areas that
are highly vulnerable to acidification and
that 27% is in areas that are moderately vul-
nerable.'” Another study estimated that
18% of potential brook trout streams in the
mid-Appalachian Mountains are too acidic
for brook trout survival.'® Perhaps the most
important study of acid-base chemistry of
streams in the Appalachian region in recent
years has been the Virginia Trout Stream
Sensitivity Study.'® Trend analyses of these
streams indicate that few long-term
sampling sites are recovering from acidifica-
tion, most are continuing to acidify, and the
continuing acidification is at levels that are
biologically significant for brook trout popu-
lations.®

During the 1980s and 1990s, an integrated
study of atmospheric deposition, terrestrial
ecosystems, and aquatic ecosystems was
conducted in several watersheds in the
Sierra Nevada Mountains to determine if
acid deposition was affecting these areas
and to infer the implications of acidification
on other surface waters in the region.'®'"
Nitrogen deposition in this region is due to a
combination of sources, including power
plant emissions, vehicle emissions, and
emissions from agricultural activities.
Chronic acidification of high elevation
surface waters in the Sierra Nevada was not
found, but episodic changes in streamwater
chemistry did occur. in many of the
watersheds studied, for example, pH
decreased (waters became more acidic) with
increasing runoff, reaching a minimum near
peak snowmelt.'"" In contrast, an accumulat-
ing weight of evidence has led some
researchers to conclude that high-altitude
watersheds in the Colorado Front Range
show symptoms of nitrogen saturation (as'
opposed to acidification).s* '

Further west, levels of streamwater and
groundwater nitrate in the San Gabriel and
San Bemardino Mountains have been found
to be strongly linked to the magnitude of ni-
trogen deposition in watersheds throughout
the region. Streamwater nitrate -
concentrations at Devil’'s Canyon in the

San Bernardino Mountains'? and in chapar-
ral watersheds with high smog exposure in
the San Gabriel Mountains northeast of
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Los Angeles''*'' are the highest in North’

America for forested watersheds. Chronic ni-

trogen deposition and nitrate export from
these watersheds contribute to the ground-
water nitrate problems in the eastern San

Gabriel Basin where levels often exceed the '

federal drinking water standard "4
FOREST ECOSYSTEMS

Current understanding of the effects of acud v

deposition on forest ecosystems has come
to focus increasingly on the biogeochemical

processes that affect plant uptake, retention,

and cycling of nutrients within forested
ecosystems. Research results from the
1990s indicate that documented decreases
in base cations (calcium, magnesium, potas-
sium, and others) from soilsinthe =~
Northeastern and Southeastern United
States are at least partially attributable to
acid deposition.* "8 Base cation depletlon is
a cause for concern because of the role -
these ions play in acid neutralization and, in
the case of calcium, magnesium and potassn-
um, their importance as essential nutrients

for tree growth. It has been known for some

time that depletion of base cations from the
soil interferes with the uptake of calcium by
roots in forest soils."® Recent research mdl-
cates it also leads to aluminum
moblhzatnon'" which can have harmful
effects on fish®

A recent study using strontium lsotopes to :
investigate base cation nutrition in acid dep-

_osition impacted forests raises new . .

concerns about the capacity of mineral
weathering to replenish exchangeable base
cations. Unpolluted temperate forests can
become nutritionally decoupled from deeper
weathering processes, virtually functionlng
as atmospherically-fed ecosystems.”® One
group of researchers showed that base’

cation turnover times are considerably more

rapid than previously recognized in the p|ant
available pool of soll.""® These results

challenge the prevalent paradigm that plants :-

largely feed on rock-derived cations and
have important implications for understand-
ing sensitivity of forests to air pollution,

The plant physiological processes affected:
by reduced calcium availability include cell
wall structure and growth, carbohydrate me-

tabolism, stomatal regulation, resistance to plant
pathogens, and tolerance of low temperatures.® Soil struc-
ture, macro and micro fauna, decomposition rates, and
nitrogen metabolism are also important processes that are '
significantly influenced by calcium levels in soils. The impor-
tance of calcium as an indicator of forest ecosystem
function is due to its diverse physiological roles, coupled -
with the fact that calcium mobility in plants is very hmlted
and can be further reduced by tree age, competition, and
reduced soil water supply.!" =

A clear link has now been established in red spruce stands -
between acid deposition, calcium supply, and sensitivity to
abiotic stress. Red spruce uptake and retention of calcium
is impacted by acid deposition in two main ways: leaching
of important stores of calcium from needles;* and
decreased root uptake of calclum due to calcium depletlon :
from the soil and aluminum mobilization."s % 2 Acid depo-
sition leaches calcium from mesophyll cells of one-year old
red spruce needles,'? which in tum reduces freezing toler- .
ance.® These changes increase the sensitivity of red spruce
to winter injuries under normal winter conditions in the
Northeast, result in the loss of needles, and impair the
overall health of forest ecosystems.® Red spruce must also .
expend more metabolic energy to acquire calcium from soils
in areas with low calcium/aluminum ratios, resulting in
slower tree growth.'” : :

Losses of calcium from forest soils and forested
watersheds have now been documented as a sensitive early -
indicator of the soil response to acid deposition for a wide
range ‘of forest soils in the Northeastern U.S.%*% There is a
strong relationship between acid deposition and leaching of
base cations from solils in hardwood forests (e.g., maple,
oak), as indicated by long-term data on watershed mass
balances,™ '® plot-'and watershed-scale acidification experi-
ments in the Adirondacks ' and in Maine,'” '® and studies

- of soil solution chemistry along an acid deposntion gradlent

from Minnesota to Ohio.'”

Although sulfate is the primary cause of base cation leach--
ing, nitrate is a significant contributor in watersheds that
are nearly nitrogen saturated.'® Recent studies of the - -
decline of sugar maples in the Northeast demonstrate a link
between low base cation availability, high levels of
aluminum and manganese in the soil, and increased levels
of tree mortality due to native defoliating insects.™ The
chemical composition of leaves and needles may also be al--
tered by acid deposition, resulting in changes in organic
matter turnover and nutrient cycling. The sensitivity of -
hardwood soils to acld deposition is largely controlled by in-
herent properties and land use; unfortunately, tools to
assess present conditions or susceptibility to nutrient




depletion are not readily available or widely applicable.
- However, recent studies have shown that forest harvesting
‘has the potential to greatly accelerate calcium losses
currently experienced due to leaching in low cation soils.'®

The last NAPAP assessment reported that significant
impacts of acid deposition had not been detected over ex-
tensive forested areas in the southern pine and pine-
hardwood region. That understanding has not changed, and
there is very little new information to report for this region.
Acid deposition is contributing significantly to the depletion
of base cations in many poorly buffered soils where south-
ern pines grow. However, short-term positive effects on
tree growth in some nitrogen deficient soils are also expect-
ed due to higher levels of nitrogen deposition.?

A significant amount of research has been conducted since
1990 on the effects of nitrogen deposition in the Los™
Angeles air basin in southern California. Nitrogen
enrichment, in combination with ozone exposure, causes
major changes in tree health by reducing fine root biomass
and carbon allocation below ground and by greatly
decreasing the life span of pine foliage.'®**' Nitrogen
enrichment results in greater leaf growth, while ozone
causes premature leaf loss at the end of the growing sea-
son. The net result of these pollutants is significant litter
accumulation on the forest floor.'?Nitrogen cycling rates in
soil are also stimulated by the high nitrogen inputs, result-
ing in large leachate losses of nitrate from these
watersheds and elevated fluxes of nitric oxide gas from
soil.® 112122 In coastal sage ecosystems that occur in the
low elevation sites, greenhouse and field studies indicate
that nitrogen deposition may be one factor enhancing.the
invasion of exotic annual grasses.’*'* Recent controlled
exposure studies demonstrate that nitric acid vapor
(HNO3), a component of photochemical smog, injures
leaves of wildland shrub and tree species at near-ambient
doses in the Los Angeles air basin.'*

CoASTAL ECOSYSTEMS

Nitrogen is present in high enough quantities in many
coastal ecosystems to be identified as a poliutant. There
are many sources of nitrogen to estuaries and coastal
waters, including point discharges from wastewater
treatment plants, urban and agricultural runoff, and atmos-
pheric deposition. Since 1990, a large amount of research
has been conducted on the impact of nitrogen deposition to
coastal waters. It is now known that nitrogen deposition is
a significant source of nitrogen to many estuaries.'” ' The
amount of nitrogen entering estuaries due to atmospheric
deposition varies widely, depending on the size and location
of the estuarine watershed and other sources of nitrogen in
the watershed. There are a handful of estuaries where

atmospheric deposition of nitrogen
contributes well over 40% of the total nitro-
gen load; however, in most estuaries where
estimates exist, the contribution from atmos-
pheric deposition ranges from 15-30% (see
Table 1). The areas with the highest deposi-
tion rates stretch from Massachusetts to
the Chesapeake Bay, and along the central
gulf coast. '

Nitrogen is often the limiting nutrient in
coastal ecosystems. Increasing the levels of
nitrogen in coastal waters can cause signifi-
cant changes to those ecosystems.
Approximately 60% of estuaries in the U.S.
(65% of the estuarine surface area) suffer
from over-enrichment of nitrogen, a -
condition known as eutrophication.®®
Symptoms of eutrophication include
changes in the dominant species of
plankton (the primary food source for many
kinds of marine life) that can cause algal
blooms, low levels of oxygen in the water
column, fish and shellfish kills, and cascad-
ing population changes up the food chain.
In addition, increased levels of turbidity in
the water due to large amounts of algae
can kill off submerged aquatic vegetation
(SAV), which is important habitat for many
estuarine fish and shellfish species. Many
of the most highly eutrophic estuaries are
along the gulf and mid-Atlantic coasts,
overlapping many of the areas with the
highest nitrogen deposition, but there are
eutrophic estuaries in every region of the
conterminous U.S. coastline.

Materials and Stkuctures

S0 and NOy emissions, as well as many of
the compounds they form in the atmos-
phere, are damaging certain materials, pri-
marily cultural resources made of stone.
Bronze, paint, and other surfaces and sur-
face coatings are also susceptible to dam-
age from acid pollutants and deposition.
Weathering due to acid deposition often
harms cultural assets (e.g., statues and
monuments) more than purely operational
resources (e.g., bridges and buildings). This
is because the appearance of cultural
resources, where much of their value lies,
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is partlcularly vulnerable to damage. There
are also historic and emotional values
attached to cultural assets that increase
the value of their preservatlon. -

A recent: review of the scientific literature
on the contribution of acid deposition to

stone deterioration indicates that dry depo-

sition, which is mainly infiuenced by short-
range transport of pollutants from local
sources, is the main source of damage."”a A
secondary source of damage Is wet deposi-
tion from long-range transport of :
pollutants. In areas where buildings and .
monuments remain wet for long periods of
time, and in rural areas, wet deposition can

be a'vmajer source of damage. If poll'utioh is vefy low, this
phenomenon becomes indistinguishable from the “normal”

-weathering of stone due to the dissolution effect from

pure water,®

Although the details of the mechanisms mvolved in" _
pollutant-induced deterioration of materials are not fully un-
derstood, various kinds of research are expanding the base
of knowledge available to address the problem. Damage to
stone from acid deposition is @ complex process that
depends upon many factors. The type of stone, how it
weathers, the porosity and texture of the stone, and even
how it is cleaned, all contribute to the type and rate of dam-
age. Geographic location and the natural environment of
the stone also affect the extent and magnitude of damage. :
For example, stone degradation rates are negligible in dry




areas‘such as the Southwestern United States. -

Stone weathering involves interactions between ever
changing meteorological variables—rain, wind,
temperature, humidity, and continually changing complex
stone surfaces. The way water flows over a carved stone
surface influences the mobilization of salts and particulate
materials on the surface and can change the stone's chem-
istry and porosity. 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 can radi-
cally influence the erosion and soiling patterns.?

The porosity of the stone is another critical factor within

the deposition process. Once sulfur dioxide gets into the
pores, it is difficult to get out. Cleaning treatments have
the potential to change the surface texture; therefore, some
cleaning methods may result in increased pollutant deposi-
tion and subsequent damage to the building stone.

Although scientists continue to study stone systems and
describe the uptake of air pollution by stone, it is unlikely

* that research will define dose-response functions in the

near future. Research to date leads scientists to believe
that there is no pollution threshold below which no damage
will occur; rather, any amount of SOz will lead to some lev-
el of deterioration. In addition, the time it takes for stone
to respond to pollution is extremely long; effects can
appear 25, 50, or even 100 years after exposure.® This un-
derstanding has led recent research efforts to focus more
on treatments and mitigation for existing damage and
methods to prevent damage to stone structures. However,
preliminary attempts at preventing damage and restoring
materials have met with limited success.

Research is progressing on the development of new
treatments to strengthen stone, including limestone and
marble, that has been degraded by SO,.'*** Chemical
interactions between SO, and stone leads to the formation
of calcium sulfate, or gypsum. Because calcium sulfate is
relatively water soluble, rain can dissolve and remove mate-
rial, including the cementitious materials that bind the
grains of stone together. The result is 2 weak, “sugaring”
stone. Several methods are being investigated to strength-
en these types of stone. One is ethyl silicate-based consoli-
dants. The main limitation of using these products is their
reported cracking behavior during drying. A more promising
method under investigation is particle modified
consolidants. These compounds consist of a silicate matrix
plus colloidal oxide particles that are used to consolidate
degraded stone. The presence of the particles physically
limits the silicate network from shrinking under capillary
pressure, and thereby reduces strength loss during drying.

In addition, because the dried consolidants
remain porous, the network maintains a
higher permeability.

In addition to this work on stone, additional
research is focused on developing new coat-
ing systems to protect outdoor bronze.'
Atmospheric pollutants such as SOz, NOy,
CO,, and chlorides affect various materials
including bronze, and cause greater
corrosion. The research explores new coating
technologies that would be appropriate for
outdoor bronze sculptures. The coatings cur-
rently under investigation include a
fluorocopolymer blended with various
acrylics, conductive polymers, BTA pretreat-
ments, and a very fine titanium dioxide.
These coatings are being studied on both
rolled bronze and satin-finish, cast monumen-
tal bronze substrates using electrochemical
impedance spectroscopy.

Human Health

Scientific understanding of the human health
effects of fine particles has changed dramat-
ically since 1990. In 1996, EPA published Air
Quality Criteria for Particulate Matter
(“Criteria Document”), a comprehensive re-
view and summary of the scientific

" literature.'*? At that time, a large body of epi-

demiological evidence indicated that serious
health effects were associated with PM at
levels even below the then-current air quality
standards. These health effects include:

* Premature death and increased hospital
admissions and emergency room visits, es-
pecially for heart and lung diseases, prima-
rily in the elderly and individuals with
pre-existing cardiopulmonary disease.

* Increased respiratory symptoms and
disease, primarily in children and individu-
als with cardiopulmonary disease such as
asthma. o

* Decreased lung function, particularly in
children and individuais with asthma.

* Alterations in lung tissue and structure and
in respiratory tract defense mechanisms.

y
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The epidemiology studies provided
evidence for effects with both acute (e.g.,
hours or days) and long-term (e.g., months
or years) exposures to PM. Important
uncertainties remained, however, such as
issues related to the interpretation of the
role of gaseous co-pollutants in PM associ-
ations with health effects and the lack of

accepted biological mechanisms that could -

explain observed effects. .

An unprecedented number of new studies
containing further evidence of serious health

- effects have been published since the 1996

Criteria Document, with important new
information coming from epidemiological,
toxicological, controlled human exposure,
and dosimetry studies. For example, impor-
tant new epidemiological studies include
multi-city studies that use uniform method-
ologies to investigate the effects of PM on

health with data from multiple locations with

varying climate and air pollution mixes."® .
The multi-city studies have increased confi-
dence that the associations found with PM
are not an(artlfact of associations with
potential confounders such as the gaseous
co-pollutants. In addition, a comprehensive
validation and reanalysis study has used
data from two cohort studies (the “six
cities™ and American Cancer Society

cohorts); the results have generally support- )

ed the findings of the earlier studies show-

ing associations between premature

mortality and long-term PM exposure.’*

idence that adverse health effects were as-

. sociated with ambient PM. A number of the -

new studies used measured fine particle -
concentrations {e.g., PM2s) or other fine -
particle indicators (e.g., sulfates, black
smoke). This group of studies indicated that
fine particles are likely important

contributors to the observed PM-associated " .

effects. A number of new studies have eval-
uated independent assocnations between ef-

fects and fine- and coarse-fraction particles,

and the results support the earlier studies’

findings of associations between serious health effects and
ambient fine particles. Other organizations have reviewed
the health evidence and drawn similar conclusions; for
example, Health Canada and the World Health Organization
have recently published scientific reviews, finding that it is
largely the fine fraction of particulate matter that is
involved in exacerbations of cardiorespiratory disease.'*'*

In addition, new toxicological and controlled human

exposure studies have provided insight into potential mech-
anisms for PM-related effects. These studies include animal
and controlled human exposure studies using concentrated
ambient particles, new indicators of response (e.g., heart -
rate variability), as well as animal models representing sen-
sitive subpopulations. Some potential mechanisms and the
available evidence regarding those mechanisms have been
summarized in recent review articles.'’:'* These potential
mechanisms include effects of oxidative stress in the respi-
ratory tract, effects on the autonomic nervous system,
changes in the blood system to‘increase coagulability of the
blood, or lung injury and Inflammation. While evidence is
not available to fully support any of these mechanisms, it is
likely that there will be multiple mechanisms underlylng the
range of PM-related health effects. .

For additional information on the latest research regarding the
health impacts of fine particles, see “Air Quality Criteria for
Particulate Matter” (October 2004) volumes | & II, which
can be found at http://cfpub2.epa.gov/ncea/cfm/
recordisplay.cfm?deid =87903

Modellng

““Researchers have used models to help them understand

and predict atmospheric, environmental, and human health

) " responses to acid deposition for well over 20 years. Since
Many epidemiology studies have used meas- - ‘

urements of PMip or other PM indicators. As
stated previously, the full body of scientific . -
studies provided consistent and coherent ev-

1990, there have been significant improvements in

-atmospheric modeling capabilities due to better

understanding of the atmospheric chemistry and physics
that play a role in transport and deposition of acid
compounds, as well as significant improvements in comput-
ing capabilities. New models have also been developed that

“allow researchers to model sulfur and nitrogen transport

and deposition nationwide (previously used models for NA-

- PAP covered only the Eastern U.S.). Watershed modeling
capabilities have also improved as researchers are continu-

ing to refine and expand models that project acidification of
waterbodies. A significant amount of research published
since 1990 detailing how fine particle concentrations

adversely impact human health has made human health
“benefits modeling an integral part of the assessment of the

benefits of Title IV,
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ATMOSPHERIC MODELING

‘Mode! developments have continued, especially for intended
application in other parts of the world. In Europe, the Multi-
layer Acid Deposition model for Europe (MADE-50) has
been developed to address the deposition of a range of sulfur
and nitrogen species.'® For application in Asia, the Sulphur
Transport Eulerian Model 2 (STEM-II) has been expanded to
address a number of chemical species, including photochem-
ical oxidants. Many other models have been developed,
some addressing seasonal and annual averages and others
targeting shorter periods of intensive investigation.™

Nonlinear Responses to Decreases in SO2
and NOx Emissions

The relationships between reductlons in SOz and NOy
emissions and changes in sulfate and nitrate formation
involve a complex group of gas- and aqueous-phase
chemical reactions between acid deposition and aerosol
precursors and oxidants. These reactions can produce
nonlinear responses to emission reductions.'™ For exam-
ple, reducing NOy while leaving SOz unchanged can lead
to an increase in suifate formation under certain
conditions. Reducing NOyx emissions could increase the
concentrations of the oxidant hydrogen peroxide (H2032).

Similarly, reducing SO2 but not NOx could, under certain
conditions, lead to increased nitrate formation. In gas-

phase/aqueous-phase chemistry, ammonia
preferentially neutralizes sulfate over nitrate
to form ammonium sulfate aerosols. If SOz is
reduced, the excess ammonia that becomes
available can neutralize nitric acid and form
ammonium nitrate aerosols. These aerosols
absorb gas-phase nitric acid, which increases

. the formation of particle nitrate. -

This non-linear chemistry makes it important
to reduce emissions of SO2 and NOy
simultaneously whenever possible to get the
full health and environmental benefits of re-
duced particle formation. :

‘WATER/WATERSHED MODELING :

The Model of Acidification of Groundwater
in Catchments (MAGIC) is a prominent
model developed to estimate acidification of
lakes and streams in response to sulfur dep-
osition.'®' MAGIC was the principal model
used by NAPAP to estimate future damage
to lakes and streams in the Eastern United
States in the 1990 Integrated Assessment. .
MAGIC is a lumped-parameter model of in-
termediate complexity, developed to predict
the long-term effects of acidic deposition on
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veloped at Argonne tion:
early 1980s, is a Lagrangia
simulate long-term (an

surface water chemistry. The model simulates soil solution
chemistry and surface water chemistry to predict the
monthly and annual average concentrations of the major
ions in waterbodies. At the heart of MAGIC is the size of
the pool of exchangeable base cations in the soil. As the
fiuxes to and from the pool change over time due to
changes in atmospheric deposition, the chemical equilibria
between soil and soil solution shift to give changes in sur-
face water chemistry.

The original data collected on acidification in lakes and
streams, the National Surface Water Survey (NSWS), used
statistically representative methods to sample approximate-
ly 28,000 lakes and 56,000 stream reaches in the U.S.% The
MAGIC model predicts changes in lakes and streams that
are a statistically representative subset of the waterbodies

from the NSWS survey and, therefore, of
the region being modeled. Therefore, within
the limitations of the NSWS survey (primari-
ly the limitation that it only sampled lakes
larger than 4 hectares), the MAGIC model
can estimate the level of acidification in wa-
terbodies throughout the entire Adirondack,
northeastern, and southeastern Appalachian
regions of the U.S. Although there are some
uncertainties with regard to the model, par-

‘ticularly concerning watershed nitrogen dy-

namics, MAGIC provides a generally -
accurate, well-tested, and widely accepted
tool for modeling the response of surface
water chemistry to sulfur deposition.
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PnET-BGC is an integrated biogeochemical
model that simulates the concentrations and
transport of major elements, including nitro-
gen, in forest vegetation, soil, and water. The
model enables simultaneous simulation of
major element cycles In forest and intercon-
nected aquatic ecosystems.' PnET-BGC
uses measured and estimated data on mete-
omlogy and atmospheric deposition to simu-
late estimates of changes in atmospheric
deposition from 1850 to the present day. .
Future scenarios of changes in atmospheric.

~ deposition are simulated using projections
provided from air quahty modeling based on -

model runs of air emission control scenarios.

PnET-BGC has primarily been applied to for-

est watersheds in the Northeastern U.S. -
HEALTH EFFECTS MODELING

When the Clean Air Act Ainendments were

passed in 1990, the health effects of fine
“particles were just begmmng tobe -
understood. In the years since, a series of
studies have demonstrated the relationship

between exposure to fine particles and a se-

ries of health impacts, including premature
mortality and asthma attacks.' As a result
of this new understanding, NAPAP now
includes the estimated health benefits of
S0z and NOy emission reductions and the
monetary impact of those benefits as part of.
its analysis of the impacts of Title IV.

EPA developed a new methodology for quantifying and

“-monetizing the health benefits of improved air quality as
- part of EPA's Report to Congress in 1999 entitled The
Benefits and Costs of the Clean Air Act 1990-2010.'*

Each phase of the Report’s preparation, which spanned
nearly three years, was thoroughly reviewed by academic
and industry experts serving on EPA's Science Advisory
Board Council on Clean Air Compliance Analysis.
Currently, health benefits are calculated using the same

" concentration-response functions and economic valuation

functions that EPA uses in analysis of major rules that ad-
dress fine particles and ozone.

The air quality modeling data serve as inputs to both the
Benefits Model for Air Quality (BenMod) and the Benefits
Mapping and Analysis Program (BenMAP), two different
modeling systems that translate air quality changes to
changes in health outcomes (e.g., premature mortality,
emergency room visits, cases of chronic bronchitis, asthma

attacks) through the use of concentration-response

functions. Peer-reviewed, published scientific literature on
the health effects of air pollutants provides the source of
these concentration-response functions. Health benefits are
related to the change in air pollutant exposure experienced
by individuals. Because the expected changes in pollutant
concentrations vary from location to location, individuals in
different parts of the country may not experience the same
level of health benefits. Benefits are apportioned among in-

* dividuals by matching the change in air pollutant concentra-

tion change with the size of the population that experiences
that change. Using the expected population exposure, the
concentration-response functions are applied to derlve esti-
mates of the number of incidences of the health outcomes
that are associated with change in exposure to amblent
partaculate matter and ozone.




Chapter 4: Expectations for Full
Implementation of Title IV in 2010

By 2010, emissions of SO are projected to be approximately
9.86 million tons, less than a million tons above the cap of 8.95
million tons, and approximately three million allowances are
projected to be in the allowance bank. Emissions are expected
to reach the level of the cap after 2010 once the power sector
has depleted the allowance bank. Air quality in 2000-2002
reflects the significant emission reductions that have already
occurred since Title IV was passed. Air quality is expected to
continue to improve as emissions approach the level of the cap.
Some lakes and streams, particularly in the Northeast, are ex-
pected to begin showing signs of recovery from acidification;

however, recovery is expected to continue for decades after 2010

due to the fact that soils and biological communities recover
more slowly than air quality or deposition improvements
occur. A recent estimate of the human health benefits of
Title IV indicates that the benefits are substantial.

This analysis of full implementation of Title IV in 2010
includes emissions modeling, air quality modeling, and
freshwater quality modeling. It also includes an estimate of
the health benefits of Title IV reported in the literature.
Estimates of emissions, air quality, and acid deposition
were projected for 2010 and compared to averaged
monitored data from 1989-1991, before Title IV was
passed. Although the SO, allowance bank will still be in use
in 2010, analysts have used that date, twenty years after
Title IV was passed and ten years after Phase Il began, as
the marker for the time when emissions are close to the
level of the 2010 cap and most of the emission reductions
are expected to have taken place. The freshwater quality
modeling projects conditions in 2030 and compares them to
conditions in 1984 or 1985. The health benefits estimate re-
lies on estimates of air quality changes and the annual ben-
efits per ton of reducing emissions of SO..

Emissions modeling from power plants was conducted
using the 2003 version of the Integrated Planning Mode!
(IPM). IPM is an economic model that predicts emissions
from the power sector due to changes in environmental reg-
ulations and the costs of various emission control options.

To provide a more comprehensive understanding of the state
of the environment in 2010, the 2010 projections of
emissions from power plants are based on implementation of

Title IV and the NO SIP call and several state
regulations that were finalized before April
2003. (See text box “What Will Air Quality
be Like in 20107” on page 58.) They do not
include any co-benefits that might be
achieved from implementation of mercury
controls on power plants, any possible New
Source Review determinations or other
administrative or legal agreements, reductions
undertaken in order to meet the National
Ambient Air Quality Standards (NAAQS) for
which states are required to submit ‘
implementation plans by 2007, the Clean Air
Interstate Rule (CAIR), the BART Rule, any
additional actions taken by Congress, or any
further reductions from sources in Canada.
Mobile source rules will also result.in NOx re-
ductions as they are implemented. The 2010
emissions projections were compared to 1990
emissions data collected by the EPA,

The air quality and deposition modeling
analyses were conducted using REMSAD
(see page 54 for a description of REMSAD).
The scenario used was a 2010 Title IV imple-
mentation scenario that includes the SO;
and NOy emissions in 2010 with Title IV as
projected by IPM (the “with Title {V" run)
The scenario also includes NOx emission re-
ductions from power plants and industrial
boilers due to the NOx SIP call and finalized
state emission reduction programs.
Stationary and area sources were modeled
in the scenario as projected emissions in
2010 as estimated based on the 1996
National Emissions Inventory (NEI). The sce-
nario does not reflect future reductions from
mobile source programs. The results of the
2010 Title IV implementation scenario were
scaled to monitoring data by comparing a
2001 baseline modeled scenario to
1999-2001 monitoring data. This allows a
comparison of 2010 modeled projections of
full implementation of Title IV with monitor-
ing data from before the program took effect
(1989-1991).
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The magnitude of emission reductions affects
both the amount of recovery that takes place
in a lake or stream and the rate at which that
recovery occurs.® Lake conditions in the
Adirondacks and Northeast and stream condi-
tions in the Southeast were modeled using
the MAGIC model (see page 53 for.a descrip-
tion of MAGIC). These regions were chosen be-
cause they are among the most acid-sensitive
ecosystems and are downwind of many of the
emission sources affected by the Acid Rain
Program. SOz emissions under Title IV were
assumed to continue to decrease during the
model run time frame; emissions from

electric generating sources in 2030 were estimated to be ap-
proximately 9 million tons). Projected lake and stream condi-

~ tions were compared to modeled estimates of lake and

stream conditions in 1984 and 1985. Since lake and stream
quality in 2010 would represent only a very small portion of
the recovery expected due to Title IV, lake and stream condi-
tions for 2030 are considered 8 more appropriate representa-
tion of the environmental benefits of Title IV.

Emissions
As a result of Title IV, emissions of SO are expected to be

-9.86 million tons in 2010, less than a million tons above the

annual allocation (cap) of 8.95 million tons. Emissions can
be above the cap because it is expected that on January 1,
2010, the bank of unuséd allowances will still contain
approximately 3 million allowances available for use. The
S0, bank was created when affected sources overcomplied
with the emission reduction requirements during the first
years.of the program. During Phase 1, emissions were
25-40% below allowable levels, resulting in larger human

‘health and environmental benefits during those years. NOx

emissions from power plants are expected to be 3.94
million tons in 2010, approximately 500,000 tons below
where they are now. This 40% reduction from the 1990 level
of 6.7 million tons is due to reductions under both Title IV
and the NOy SIP call. Note that implementation of CAIR is
expected to reduce emissions of SOz and NOx to 6.1 million

tons and 2.4 million tons, respectively, in 2010.

'Aci_d' DepoSitidn

Alr concentrations respond very quickly, In a matter of
hours to days, to changes in SOz and NO, emissions.
Therefore, while NAPAP expects some small additional
emission reductions to take place after 2010, air quality in
2010 reflects the vast majority of the improvement in air
quality that is expected to occur due to Title IV. The data
presented in Chapter 2 on the status and trends of air con-
centrations of SOz Indicate that Title IV has substantially
reduced concentrations of SO2 and sulfate. This reduction
in air concentrations has occurred in many heavily populat-
ed areas where concentrations of SOz and sulfate in the air

. cause respiratory, cardiac, and other health problems. This

improvement in air quality, therefore, is expected to result
in improvements in human health, as discussed below.

Acid deposition also responds quickly to reductions in emis-

“sions of SOz and NOx. Therefore, as is the case with air
. quality, NAPAP believes that the acid deposition rates in

2010 reflect the vast majority of the reductions in deposition
expected due to Title IV. Most of these reductions in acid
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deposition have already taken effect, but some additional
reductions in both sulfur and nitrogen deposition are
expected by 2010.

The largest reductions in sulfur deposition are expected in
the Ohio River Valley and in downwind areas, including the
acid-sensitive regions of the Northeast and mid-Atlantic
(see Figure 30). Some additional reductions in deposition in
the Midwest and Northeast beyond what has occurred by
2000-2002 are expected as emissions continue to drop to
‘the level of the cap.

Wet sulfate deposition is expected to be significantly lower
in 2010 than it was in 1989-1991. This reduction in sulfate

deposition has already led to improvements in the health of
some acid-sensitive lakes and streams, particularly those in
the Adirondacks, northern Appalachian Mountains, and the
upper Midwest, as discussed in Chapter 2.

Wet inorganic nitrogen deposition (deposition of nitrate and

WmAREmEAcmmcm N N V;B
The extent of acndvi_ﬁx tlp ]

is different than that re
assessment reported i

activities. In"rths Adird c
4 hectares (10 acres) and greate

ammonium) is also expected to continue to

. decline substantially between 2000-2002

and 2010. This is in addition to the large re-
ductions that occurred between 1989-1991
and 2000-2002 (see Figure 31). This is
primarily due to implementation of the NOx
SIP call, which reduces emissions of NOx
from power plants, industrial boilers, and oth-
er sources in the Eastern U.S.

Acidification of Freshwater
Lakes and Streams

Throughout acid- sensntlve ecosystems in the
Eastern U.S., acid deposition alters soils, .
stresses forest vegetation, acidifies lakes and
streams, and harms fish and other aquatic
life. For example, some acidified lakes in the
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Adirondacks and streams in Virginia no -

longer support populations of fish.%'® Unlike:
the response of air quality and deposition to

changes in emissions, lakes and streams

take years to decades to fully reflect reduc- "~

tions in acid deposition. In some cases soil
chemistry has been significantly altered, and
ions must either build up (i.e. base cations)
or be leached out (1i.e. sulfate and/or -
nitrate) before the chemistry can return to

its pre-acidification status.'In addition, algae,
zooplankton, and fish communities take time -

to rebuild their food webs, or, in some cases,
to migrate back into areas where they have
become completely absent due to acidifica- -

tion. Therefore, lake and stream conditions in’

2010 refiect only a small part of the recovery
that is expected due to Title IV. The full
impacts of Title IV are not expected to be

seen in the Northeasterm U.S., including in the Adirondacks,

. for several decades after emission reductions begin.®

Streams in the Southeast, because of their soil chemistry,
are expected to take even longer.' Lake and stream quality
in 2010 would represent only a small portion of the
recovery expected due to Title IV. Therefore, lake and
stream conditions are presented for 2030 and reflect emis-
sion reductions that occured between 1990 and 2010

Modeling conducted wnth the MAGIC mode! indlcates
that, by 2030, the percentage of chronically acidic lakes in
the Adirondacks is expected to be 12%, down from 33% in .
1984 (see Figure 32). The percentage of non-acidic lakes
is expected to remain constant at 36%. In the Northeast, .
the percentage of chronically acidic lakes is expected to
be 6%, down from 13% in 1984, The percentage of non-
acidic lakes Is expected to be 69%, up from 67% in 1984.
The percentage of episodically acidic lakes in both the
Adirondacks and the Northeast as a whole actually grows
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in this stage of recovery. This is because more chronically
acidic lakes become episodically acidic than episodically
acidic lakes become non-acidic (see Figure 33). While
chronically acidic lakes are most affected by acidification,
episodically acidic lakes are also ecosystems that are sig-
nificantly impaired by acid deposition and biological
endpoints (i.e. sensitive fish species) remain susceptible.

In the Southeast, because of the type of soils in the region,
emission reductions are expected only to slow the rate of
acidification in acid-sensitive streams. In 2030, the percent-
age of chronically acidic streams in the Southeast is ,
expected to be 17%, up from 8% in 1985 (the southeastern
streams were assessed the year after the northeastern
lakes) (see Figure 32). The percentage of non-acidic
streams is expected to be 56%, down from 73% in 1985.
This is not because Title IV has had no effect in the
Southeast; on the contrary, as indicated in Figure 32, there
would be many more chronically acidic streams-in 2030 if
Title IV were not being implemented. The unglaciated (often
sand or clay) soils in the Southeast have absorbed a large
amount of acid deposition already and, because of their
composition, are expected to continue releasing it into wa-
ters in the region for many decades. This lag time, which'is
much longer than the lag time seen in northern glaciated
(often granite) soils, means that the streams are still show-
ing the effects of historic emissions and will not show the
full effects of emission reductions for many decades.'

Human Health

S02 and NOy emissions react in the atmos-
phere to form fine particles and ozone.
These gases and fine particles are associat-
ed with a number of significant health
effects in sensitive populations. While high
S0z concentrations can result in temporary
breathing impairments in sensitive people,
including asthmatics and those who are
active outdoors, most of the health effects
are due to fine particles. '

A large number of epidemiological studies
over the past 10 to 20 years show an associ-
ation between ambient fine particle
concentrations (e.g. sulfates and nitrates
formed in the atmosphere from SO, and NO
emissions) and health effects, such as
increased numbers of hospital admissions
and emergency room visits for heart and lung
disease, increased incidences of respiratory
disease and symptoms (such as asthma), de-
creased lung function, and even premature
death. Children, the elderly, and individuals
with existing cardiovascular or lung
conditions, such as asthma, are especially vul-
nerable to the effects of particles.”™ Title IV
has reduced the amount of fine particles in
the air (see Figures 16-20) by lowering SO2
and NOy emissions, achieving significant
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human health benefits nationwide long before
emissions drop to the level of the cap. it is ex-
pected that Title IV.will achieve further bene-
fits as SO2 emissions continue to decrease to
the leve! of the emissions cap.

NOy emissions react with volatile organic
compound gases in the atmosphere in the
presence of sunlight to form ozone. The sci-
entific literature shows associations
between ozone and a number of effects on
the respiratory system, including aggrava- - -
tion of asthma, increased susceptibility to .-
respiratory illnesses like pneumonia and -
bronchitis, and permanent lung damage.
Children, the elderly, and people with exist-
ing respiratory problems are most vulnerable
to-the health effects of ozone. Those exer-
cising or working outside during the ozone
season (May—-September) tend to have the -
highest exposures to ozone. Health benefits
have been achieved under Title IV due to
NOx reductions not only because NOy con-
tributes to the formation of fine particles but
also because reducing NOx emissions
reduces ozone concentrations. -+

The value of Title IV's health benefits has
been estimated by several organizations and
analysts since its passage in 1990.'¢"! In
each case, these analyses found that the
quantified health benefits of Title IVare
very substantial. For example, in their most

_recent analysis, OMB estimates that the an-

nual health benefits of Title IV in 2010 will
be $79 billion to $83 billion ($2001) Title
V's SO, reductions account for. $78 to $79 7

A

billion of this total, and Title IV's Phase Il NO, reductions
account for an additional $1 to $5 billion.” These benefits

include only the benefits of avoiding premature mortality
‘due to air pollution. Title IV has provided additional benefits
as well, that are not included in this most recent monetized

estimate from OMB, including reductions in the number of
non-fatal heart attacks, cases of acute and chronic bronchi-
tis, emergency room visits, asthma attacks, and days lost
from work and school. As with other benefits analyses, the
benefits estimates are subject to uncertainties such as
those associated with estimates of future-year emissions
and air quality and uncertainties in the estimated
relationships between changes in pollutant concentrations
and resulting changes in health effects.

Other Benefits of Title IV

In addition to the reduced acidification and human health
benefits of Title IV, there are other, un-quantified, benefits
of full implementation of Title V. These benefits from -
reductions in sulfur deposition and sulfate and nitrate con-
centrations include healthier forests, less erosion of build-
ings, monuments, and other historic structures, and
improved visibility. These benefits occur throughout the
Eastern U.S. in national parks and wilderness areas, cities
and urban areas, and in rural areas. The reductions in nitro-
gen deposntlon. while not extensive, are expected to bene-
fit nitrogen-sensitive coastal waters along the eastern and
gulf coasts as well. For more information on the
environmental effects of acid deposition see Chapters 2
and 3. Acidification of lakes has been linked in some areas ‘
to hlgher levels of mercury contammatlon in fish; o
reductions in the acidity of these lakes may help reduce
levels of mercury contamination in fish.™ ' Finally, these

“environmental benefits can result in'economic benefits by

helping to preserve natural resources critical to industries
such as forestry and fishing and increasing the’ amount of
tourism, as well as improving the overall quality of life in i
areas where ecosystems have suffered from acidification.




Chapter 5: Beyond Title IV: Ecological
Impacts of Further Emission Reductions

A broad consensus of scientists studying acid deposition and
ecosystem recovery have published reports since publication of
the last NAPAP report (1996) indicating that further emission
reductions beyond those achieved by Title IV are necessary to
allow sensitive forests and aquatic ecosystems to recover from
acidification. The SO; and NOx emission reductions achieved
under Title IV from the power sector are now recognized as in-
sufficient to achieve recovery or to prevent further acidification
in some regions. Further reductions in SOz and NOx emissions
from the power generation sector would reduce the amount of
acidic deposition in sensitive ecosystems and result in healthier
forests and fewer acidic lakes and streams; however, even elimi-
nation of SOa emissions from power plants will not fully protect
all acid-sensitive ecosystems.

Title IX of the 1990 Clean Air Act Amendments requires
NAPAP to report quadrennially on “the reduction in deposi-
tion rates that must be achieved in order to prevent
adverse ecological effects” (Public Law 101-549-Nov. 15,
1990). Deposition levels that correlate with a “threshold” of
adversity are scientifically complex and difficult to establish.
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’™" In
addition, some lakes and streams are naturally acidic and
experience “adverse ecological effects” in the form of
reduced fish populations or other impacts due to the pres-
ence of organic acids. Therefore, NAPAP determined that
the logical path was to describe the ecosystem responses
along a continuum, thereby allowing decision makers to de-
termine the level of acceptable risk."™

NAPAP presented a working definition of “adverse ecologi-
cal effects” in the 1996 NAPAP Report to Congress based
on the intent of Congress, as expressed in the 1990 Clean
Air Act Amendments and shaped by other relevant environ-
mental statutes (Comprehensive Environmental Response,
Compensation and Liability Act and the Clean Water Act)
and associated regulations. The definition is:

Adverse ecological effects: any injury (i.e., loss of chemi-
cal or physical quality or viability), to any ecological or

ecosystem component, ﬁp to and includ-
~ ing at the regional level, over both long-
and short-terms.

Adverse impacts to ecological processes or
ecosystem components include reductions
in acid neutralizing capacity and increasing
aluminum concentrations in a lake or
stream, leading to loss of fish and other bio-
ta; loss of important nutrients such as calci-
um, from forest soils; and, increased -
susceptibility of trees to pests, disease, and
winter temperatures, leading to decreasing
forest productivity and forest dieback. .
Adverse ecological impacts also include the
effects of nitrogen saturation in forests,
coastal eutrophication as a result of atmos-
pheric deposition, and injury to plants as a
result of ozone exposure. Other areas
addressed by NAPAP (i.e., materials, visibil-
ity, and human health) would follow the
same definition, but are not considered here
as ecological effects.? This NAPAP Report
is based on that definition of adverse
ecological effects and uses the same
approach of investigating ecosystem
responses along a continuum. The report fo-
cuses on “recovery” as indicated by
changes in water chemistry (i.e. chronically
acidic, episodically acidic, and non-acidic
lakes and streams).

While the definition of a “threshold” is com-
plex, there has been a significant amount of
research in the past decade indicating that
ecosystems continue to be affected by acid
deposition. The 1995 Acid Deposition
Standard Feasibility Study concluded that, for
the near term, sulfur deposition was likely to
remain the primary source of acidification in
most sensitive areas of eastern North
America. However, as SOz emissions
decrease, the importance of nitrogen increas-
es in relation to both short-term and long-
term acidification. The Nitrogen Bounding
Study (NBS), the primary component of the
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- Acid Deposition Standard Feasibility Study, "

demonstrated that, at certain times and
under certain deposition scenarios, sulfur and
nitrogen could have approximately equat -
roles in'surface water acidification. In ~
addition, the NBS concluded that in regions
where nitrogen deposition is or could become
a more direct cause of chromcally acidic lakes
and streams, further limits on nitrogen depo-
sition could produce dual benefits by :
reducing acid deposition rates and lengthen-
ing times to watershed nitrogen saturation. -

Based on model projections, EPA's report

concludeéd that further reductions of 40-50%

beyond Title IV SOz and NO, emissions may

be necessary to fully protect the most sensn-
tive lakes and streams.'”

Two national expert workshops organized by
the Ecological Society of America reached
similar conclusions regarding the effects of
nitrogen and sulfur deposition. A June 1997
workshop on atmospheric nitrogen -
deposition to ‘coastal watersheds found that
increasing supplies of nitrogen have resulted
in a range of ecological impacts, ‘including an
increased incidence of harmful algae blooms
and fish kills, reducing the number of acres
covered with submerged aquatic vegetation
(SAV), and changes to the fundamental eco-
logical structure of some coastal waters.”™ .
A March 1999 workshop of acid rain experts
focused on ecological response and
recovery from sulfur-and nitrogen emissions
and depositlon The workshop report
highlighted the importance of nitrogen dep-
osition as a cause of acidification and found
that ecological recovery has yet to.occur in

many regions. The workshop concluded that

further SO2 emission reductions ‘beyond.

Title IV may be necessary to achieve . .

ecological recovery in lakes and streams
affected by acid depositlon i ‘

In the period since the 1996 NAPAP report

release, various studies focused on specific

regions of the country have shed new light -
on the reglonal impacts of sulfur and
nitrogen deposition, These more recent
analyses considered reductlons greater than
those suggested in EPA's 1995 report. For
example, a regional survey of streams in the
southern Appalachian region found that 65%

of sampled locations demonstrate moderate to severe
depletion of fish communities, some portion of which is at-
tributable to acidification.'”” Studies of trout streams in the -
Virginia part of that region document the first loss of a fish
population in the Shenandoah National Park due to acidifi-
cation.* Researchers in the southem Appalachlan region
conclude that streams in this region are still threatened by
acid deposition. Based on model projections they conclude
that further reductions of sulfate deposition beyond levels
achieved by the Title IV SO2 emission reductions are neces-
sary to prevent further acidification of Virginia brook trout
streams.* A‘recent regional assessment completed by the -
Southern Appalachian Mountain Initiative (SAMI) conclud-
ed that local and regiona! power generation sources must
reduce SOz emissions by at least 70% and NOx emissions
by at least 67% from 2000 levels in order to decrease -
stream-acidification and reduce forest ecosystem damage
due to mtrogen deposmon in high elevation forests."

Two major assessments of acid deposution and its effects . ‘
in the Northeast reached similar conclusions. Driscoll et al.

+(2001) found that full implementation of the 1990 CAAA

will not result in substantial recovery in northeastern lakes
and streams impacted by acid deposition. Based on model

“projections, the study concluded that reductions of SO2

emissions from power generation of up to 80% beyond
Title IV requirements were necessary for currently-acidic
streams in the Northeast to become non-acidic.® Driscoll et
al. 2003 considered the impact of nitrogen deposition on .
forests, lakes, and streams in the Northeast. The study
found that reduction in NOx emissions from power genera-
tion of 75%, combined with mobile source reductions, are
necessary to arrest acidification of forest soils, lakes, and
streams in that region.®

Finally, additional recent studies demonstrate symptoms of
nitrogen saturation in many ecosystems across the
country,® including several areas In the Western U.S." For

- example, high-altitude watersheds of the Colorado Front

Range exhibit symptoms of advanced stages of nitrogen ex-
cess.“ A 1995 survey of 91 high-elevation lakes in the cen-
tral Rockies found changes in water quality caused by
increasing amounts of i morgamc mtrogen depositlon, and in-
tensive sampling at a smaller number of sites demonstrated
that increasing wet nitrogen deposition is causing episodic
acidification in headwater catchments of the Green Lakes
Valley in the Colorado Front Range 2 These results are sig-

nificant smce increases In atmosphenc mtrogen deposition

can lead to ecosystem changes in this region,* including
lake eutrophlcatxon and altered ecosystem composition in
both lake and alpine meadow environments."® While greater
uncertainty exists, nitrogen deposition in the West also has
been linked to enhanced growth of invasive species, delete-




rious impacts on threatened and endangered specles and

alterations of the fire cycle.'®

An additional examination of the literature surrounding the -

effects of atmospheric deposition is included in the
Regulatory Impact Analysis in support of the 2005 Clean
Air Interstate Rule (CAIR). This analysis can be found on
the internet at www.epa. gov/mterstatea/rquahty/pdfs/
fmaltechOB pdf

In response to the Congressional request to identify the

deposition rates that would prevent any adverse ecologi-

cal effects, NAPAP has analyzed several emission
reduction scenarios that broadly bound the range of reduc-
tions presented in the post-1996 literature cited above.
These resuits provide an indication of the environmental im-
provements that would be expected from additional
emission reductions from both Title IV and non-Title IV
sources. These environmental improvements do not neces-
sarily constitute recovery of acid-sensitive forests, lakes,
and/or streams that have been impaired by acid deposition
(see Figure 1 for the location of acid-sensitive areas). They
do, however, provide an indication of the scope and magni-
tude of the impact of emission reductions on deposition lev-

els and impact on acid-sensitive ecosystems. Other sensitive -

ecosystems, such as estuaries and coastal waters, would
also benefit from reductions in nitrogen deposition, but are
not analyzed here. The information requested by Congress
and presented here represents part of what is needed when
determining appropriate future actions; other information in-
cludes the costs and other impacts of emission reductions
from the power sector or any other sectors and the value
the public places on further improvements to the
environment and human health.

Analysis of the Environmental Impact
of Further Air Emission Reductions

SCENARIOS ANALYZED )

This modeling, conducted by EPA, analyzed several scenar-
ios representing emission changes from stationary sources.
The results are presented for sulfur and nitrogen deposition
because these pollutants are the primary components of
acid deposition. This NAPAP analysis focuses on reductions
from power plants; other sources also emit pollutants that
contribute to acid deposition. Notably, sources outside the
power generation sector are projected to emit approximate-

ly 45% of the SO, and 75% of the NOx emitted in 2020 un-

der the Base Case scenario.'™

Three sensitivity scenarios estimating various levels of ad-

ditional reductions are compared to a Base Case projecting -

emissions with full implementation of already-promulgated

Clean Air Act programs in 2000 (Title IV, the
NOy SIP call, and Tier Il and Heavy Duty
Diesel SOz and NO reductions that are pro-
jected to take effect by 2010). The scenarios
were modeled using a cap and trade mecha-
nism for both SOz and NOx (reducing the
802 cap under Title IV and imposing an
annual cap for NO). The reductions
identified below for each scenario represent
cap levels for each pollutant in 2020. The
projected emissions used for the air quality
modeling in 2020 are somewhat higher than
the cap levels for all scenarios as a result of
the early reductions and allowance banking
predicted by the emissions model (IPM).
Additional details on the scenanos are
presented below.

* Base Case (2020): This scenario does not

include rules that were finalized after the -

spring of 2001 (including CAIR, CAMR,
and BART), new or anticipated actions un-
der the Clean Air Act, including the Non-
Road Diesel Rule, or other emission -
reductions that would be necessary to at-
tain and maintain the fine particle and
ozone NAAQS for which states are
required to submit implementation plans
by 2007, or to achieve regional haze reduc-
tion goals.

Scenario A: This scenario includes an addi-
tional 60% reduction in SOz emissions
from the power generation sector beyond
the cap of 8.95 million tons required under
Title IV (a cap of 3.58 million tons/year of-
emissions in 2020). It also includes nation-
al annual NOy emission reductions from
the power generation sector of 68%
beyond Title IV levels (a cap of 1.87 million
ton/year of emissions in 2020, or an emis-
sion rate of 0.15 lbs/mm BTU).

Scenario B: This scenario includes an addi-
tional 75% reduction in SOz emissions
from the power generation sector beyond
the cap of 8.95 million tons required under
Title IV (a cap of 2.25 million tons/year of
emissions in 2020). It also includes nation-
al annual NO, emission reductions from
the power generation sector of 80%
beyond Title IV levels (a cap of 1.25 million
ton/year of emissions in 2020, or an emis-
sion rate of 0.10 lbs/mm BTU).
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* Scenarlo C: This scenario is roughly equiv-

alent, in terms of tons of SO2 reduced, to

elimination of SO, emissions from the
power generation sector. It includes an ad-
ditional 90% reduction in SO2 emissions
- from the power generation sector beyond
‘the cap of 8.95 million tons required under
Title IV (a cap of 1 million tons/year of
emissions in 2020) and a 50% reduction in

SO2 emissions from non-power generation

sources (e.g., industrial boilers).* The sce-
nario also includes national annual NOy -
emission reductions of approximately 80%

- beyond Title IV levels (a cap of 1.25 million_
ton/year of emissions in 2020, or an emis-

sion rate of 0.10 lbs/mm BTU).

The magnitude of emussnon reductions influ-
ences both the amount of recovery from
acidification that takes place and the rate at -
which recovery happens. The rate of recovery
is also Influenced by the geological and eco-
logical characteristics of the lakes and/or
streams in the area. Lake conditions in the
Adirondacks and Northeast and stream con-
ditions in the Southeast were modeled using
the MAGIC model (see page 53 for a -

- description of MAGIC). These regions were
“chosen because they are among the most
acid-sensitive ecosystems and are downwind -
of many of the emission sources affected by -

the Acid Rain Program (see Figure 1).

Emissions under Scenarios A, B, and C were

assumed to be held constant after 2020;
emissions under the Base Case continued to
decrease slightly after 2020 until 2030,
Projected lake and stream conditions were
compared to modeled estimates of lake and -
stream conditions in 1984/1985. Since lake
and stream quallty in 2020 would represent -

due to the scenarios analyzed, lake and
stream conditions are presented for 2030,

Regional predictive models of the ecological
responses in forests to changes in emissions
or deposition are not currently available and -

were not modeled in this assessment. This

report employs models and analytical tools -
that are widely used and peer-reviewed. As -

~with any detailed analysis of complex scenarios, the results

presented in this report are subject to uncertainties
concerning emissions estimates, air quality modeling and

- deposition projections, and the impact of emission
“reductions on ecological systems.

CHANGES IN ACID DEPOSITION -

- Even with Title IV.in place, lakes and streams in many parts

of the U.S. are still experiencing acidification due to sulfur

~ “and nitrogen deposition. This is especially prevalent in the
-East, where sulfur deposition is currently approximately

15-25 kg/ha/year. Sulfur deposition levels in the West are

only a small portion of the recovery expected - much lower, generally less than 10 kg/ha/year. Inorganic ni-

trogen' deposition is currently approximately 3-7
kg/ha/year in the East. Inorganic nitrogen deposition lev-
els in the West, although in some areas still high enough to

_cause ecological damage, are lower, on the order of less

than 4 kg/ha/year.

Acid deposition in sensitive ecosystenis alters soils, stress-
es forest vegetation, acidifies lakes and streams, and

harms fish and other aquatic life. For example, 24% of
Adirondack lakes with low pH and ANC levels surveyed in

*The SO, emission reducti

luded from non-power generation sources is approximately 2 million tons, almost twice the remaining SO, emissions from
the power generation sector once the leve! of the cap is reached.
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the mid-1980s did not support fish, and 6%
of Virginia trout streams studied in the late
1990s were unable to support brook trout or
other fish species due to chronic acidity.® '
While some Adirondack lakes have always
been acidic due to the presence of organic
acids, data collected in the 1980s indicates
that the vast majority of those larger than 4

" hectares and almost all streams in the

Southeast were acidic due to atmospheric -
deposition.' Recent research on forest

ecosystems shows that acid deposition has -

contributed to the decline of red spruce
throughout the Eastern U.S. and may have
contributed to the decline of sugar maple
trees in central and western Pennsylvania.®
Overall, the effects of acid deposition can in-
terfere with valuable ecosystem benefits,
such as forest productivity and water quahty

CHANGES IN SULFUR DEPOSITION

All additional reduction scenarios modeled in
this analysis are projected to lead to signifi-
cant regional reductions in sulfur deposition
as compared to projected conditions under
the Base Case in 2010 (Figure 34). Under.
Scenario A, reductions in deposition of
10-30% would be found from the Plains

states east to the Atlantic seaboard, with re- »

ductions of 30-60% in the southeastern

states stretching up into Pennsylvania and

southeastern Ohio. Most western states, -
from the Rocky Mountains west, would see
reductions in deposition of up to 10%.

Scenario B extends the area of largest
reduction in sulfur deposition northwards
and westwards. Scenario C would extend
the area with the greatest reductions in sul-
fur deposition northward to Maine and

across the Mississippi River into the eastern :

portion of the Plains states. For example, un-
der Scenario B, the Adirondacks, mid- 1. .-
Appalachians, and southern Blue Ridge -
Regions would all experience reductions in:
sulfur deposition of up to 60%. Scenario C .-
would expand those reductions into other- .

acid sensitive areas, including Northern New

England and the Upper Midwest. These .
reductions are expected to provide
ecological benefits to these acid- sensitive

regions, but are not expécted to solve all ecological
problems related to acid deposition in those areas.

CHANGES IN NITROGEN DEPOSITION
As mentioned above, acidification prevents lakes and

-. streams from supporting fish and other aquatic life. In addi-

tion, many estuaries and forests are being affected by
excessive loading of nitrogen, including atmospheric depo-
sition of nitrogen. Modeling of the Base Case indicates
that, in 2020, Title IV, the NOy SIP call, and the Tier Hf and
Heavy Duty Diesel mobile source rules are expected to
achieve reductions in nitrogen deposition of greater than
30% from North Carolina north along the Atlantic seaboard
to Maine. Large portions of the rest of the Eastern U.S. will
experience reductions in nitrogen deposition of 10-20% due |
to existing programs. Large portions of the Western U.S.

B will also achieve significant reductions in deposition of

10-20% or more due to existing mobile source reductions.
These reductions in deposition will take place in some of

- the areas experiencing the most damage from nitrogen dep-
-osition, including the Adirondacks, Appalachians, Colorado

Front Range, and the San Bernadino Mountains.

~ The emission reductions from power plants in the scenarios
modeled in this analysis are projected to lead to additional

" regional reductions in nitrogen deposition as compared to

- projected conditions in 2020 under the Base Case (Figure
- 85). Under Scenario A, there would be additional

reductions in nitrogen deposition of 10-20% beyond the lev-
els seen under the Base Case in patches throughout the

_Eastern U.S. Similar levels of emission reductions would be
“ found in the Four Corners region of the West. The model
'suggests a slight increase in deposition in east Texas,

southern Louisiana, and eastern North Carolina due to
Increased utilization of units (these units are meeting their
NOx limits under Title IV). The rest of the country would
see additional reductions in deposition of up to 10%.

- Scenario B would expand the area of 10-20% reduction in

deposition from the Base Case to cover more of the
eastern seaboard, Colorado, New Mexico, and Utah. It
would reduce the area receiving slightly increased levels of
nltrogen deposution in Texas, but not ellmmate it.

These emission reductions would also lead to signiflcant ad-
ditional reductions in nitrogen deposition compared to the
Base Case in sensitive ecosystems still experiencing water -
quality and/or forest health problems due to acidification.
For example, the Adirondacks would receive a 10-20%

“reduction in deposition as compared to the Base Case un-

der Scenario B and the Chesapeake Bay watershed would
receive an approximately 10% reduction in deposition as
compared to the Base Case under Scenario B. A sensitive
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ecosystem thought to be in danger of experiencing
excessive nitrogen loading, the Colorado Front Range,
would receive approximately a 20% reduction in 2020, with
reductions in some areas over 30%, as compared to the
Base Case scenario under Scenario B. As is the case with
reductions in sulfur deposition, these reductions are expect-
ed to provide ecological benefits in many sensitive ecosys-
tems, but some problems due to nitrogen deposition are
expected to remain.

NOx emissions are the same in Scenario B
and C so nitrogen deposition was not
modeled for Scenario C. Although the non-
linearities involved in particulate chemistry
indicate that there would be some change in
nitrogen deposition based on changes in sul-
fur emissions, Scenario C is expected to show
few significant differences in nitrogen deposi-
tion compared to Scenario B.
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Acid deposition affects water. quality in sensi-

tive ecosystems by acidifying lakes and
streams, changing water chemistry, and -
altering 'soll chemistry. For example, 24% of -~

- Adirondack lakes with low pH and-ANC -
levels surveyed in the mid-1980s did not sup- »

port sensitive fish, and 6% of Virginia trout
streams studied in the late 1990s were -
unable to support brook trout or other fish
species due to chronic acidity.® ' Currently

“available modeling tools allow researchers .

to estimate the effects of reductions in acid
deposition on several aspects of the water
chemistry of lakes and streams. The effects
of acid deposition on the other ecosystem
components, such as soil chemistry,

200plankton or fish health, or forest vegetation cannot at

this point be identified quantitatively on a regional basis.

Watershed characteristics (e.g., soils, bedrock type, geo-
logic history) affect the rate of water chemistry response
to acid deposition. “Direct response” lakes or streams
manifest changes relatively quickly in’ response to
changes in deposition, whereas “delayed response” lakes
or streams manifest changes over a longer penod of tlme.

The implementation of the Base Case is expected to sig-

“nificantly reduce the percentage of chronically-acidic

streams in all three areas beyond what would have
occurred without Title IV (see Chapter 4 for a detailed dis-
cussion of the water quality improvements expected from
full implementation of Title IV and for a discussion of the
population of lakes and streams considered in this assess-
ment). This reduction in the number of acidic lakes and
streams, as well as reductions in the frequency and/or




severity of acidification in the remaining acidic lakes and
streams, improves the health of fish populations and other
acid-sensitive species. However, as shown in the base case
modeling presented in Figure 36, Title IV will not eliminate
the problem of acidic waters. Chronically acidic waters are
projected to remain in both the Northeast and the
Southeast and some waters in all three of the acid-sensitive
regions modeled in this analysis are expected to continue to
experience episodic acidification.

The changes in water quality for the three additional reduc-
tion scenarios were also modeled in this analysis. While the
effects of additional emission reductions differ by region,
the amount of reductions makes little difference in the
resulting chronic acidity of any one region. However, the
larger the emission reductions, the more “non-acidic” lakes
and streams are projected (See Figure 22 for an
explanation of the stages of recovery from acidification).

Modeling results indicate that the additional 60% reduction
in SOz emissions from power generation beyond Title IV
would result in the virtual elimination of chronic acidity
from lakes in the Northeast, including the Adirondack
Mountains, by 2030 (Figure 36). Research indicates that
larger reductions in deposition would speed the time to re-
covery of those Northeastern lakes.* Only under Scenario
C would the percentage of episodically acidic lakes also
begin to decrease.

The story is somewhat different for the Southeast (Figure
36). Due to the unique geology of the area, including its
porous sandy soils, southeastern streams respond very
slowly to reductions in acid deposition (characterized as
“delayed response”). As a result, no additional recovery is
expected in chronically acidic streams in the Southeast,
even with reductions beyond the base case included in
Scenarios A and B. According to model projections, a
reduction of more than 75% in SO2 emissions from power
generation sources would not reduce the number of chroni-
cally acidic streams in the Southeast. This level of emission
reductions from the power generation sector would slow
the rate of acidification of these waters, but improvement
(i.e., a reduction in the number of chronically acidic
streams) is projected to begin only after larger reductions
and/or reductions from other source categories such as
those associated with Scenario C occur.

Summary

Title IV has been quite successful at
effectively reducing emissions of SOz and
NOx from power generation to the levels set
by Congress. In fact, by 2020 emissions
from power plants are expected to be less
than half of the total SOz emissions in the
U.S. As a result of these emission
reductions, some acid-sensitive areas are al-
ready beginning to show signs of recovery.
Full implementation of Title IV, and the pas-
sage of time needed for affected
ecosystems to respond to the new

environmental conditions, are expected to al-

low more areas to recover. However, several
scientific studies indicate that the emission
reductions achieved by Title IV are not suffi-
cient to allow recovery of acid-sensitive
ecosystems. Estimates from the literature of
the scope of additional emission reductions
that are necessary in order to protect acid-
sensitive ecosystems range from
approximately 40-80% beyond full
implementation of Title IV, with the most re-
cent studies focusing on the largest reduc-
tions. This report analyzes the impacts of a

. range of levels that would achieve fuller en-

vironmental recovery from acid rain and
greater avoidance of the adverse ecological
effects associated with acid deposition.

The results of the modeling presented in
this Report to Congress indicate that
broader recovery is not predicted without
additional emission reductions. Elimination
of all SO2 emissions from power plants, how-
ever, will not fully protect all acid-sensitive
ecosystems affected by acid deposition; re-
ductions from other source categories would
be needed. The information requested by
Congress and presented here represents
part of what is needed when determining
appropriate future actions; other information
includes the costs and other impacts of
emission reductions and the value the public
places on further improvements to the envi-
ronment and human health.
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