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Both N and S conftribute to acidification of
ecosystems. This ISA considers several
chemical forms that contribute to acidifying
deposition, including gases and particles
derived from SOx, NOx, and reduced nitro-

gen (NHy).

Deposition of N contributes to N-nutrient en-
richment and eutfrophication. An assess-
ment of the complex ecological effects of
atmospheric N deposition requires consid-
eration of many different chemical forms of
reactive N (Nr). For this reason, the ISA in-

cludes evaluation of data on the most

common reduced inorganic forms of N,
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ammonia (NHs) and ammonium (NH4'); on

oxidized inorganic forms including nitric ox-

ide (NO) and NO2, nitrate (NO3), nitric acid
(HNO3), and nitrous oxide (N20); and on or-
ganic N compounds including peroxyacetyl
nifrate (PAN).

Other welfare effects addressed in the ISA
include effects of SO42 deposition on Hg
methylation, along with evidence related to
direct exposure to gas-phase NOx and SOx.

The key conclusions of the ISA follow.
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Current concentrations and deposition

mbient annual NOx and SOx con-

cenfrations as reported in

the routine national networks have
decreased substantially owing to conftrols
enacted since the 1970s. NOx decreased
~35% in the period 1990-2005, to current an-
nual average concentrations of ~15 ppb.
Emissions of SOx have been substantially re-
duced in recent years: annual average
ambient SOx concentrations have de-
creased ~50% in the period 1990-2005 and
now stand at ~4 ppb for both aggregate
annual and 24-hour average concentra-

tions nation-wide.

Emitted NOx, SOx, NHx and other pollutants
can be transported vertically by convection
intfo the upper part of the mixed layer on
one day, then fransported overnight in a
layer of high concentrations. Once pollut-
ants are lofted to the middle and upper tro-
posphere, they typically have a much
longer lifetime and, with the generally
stronger winds at these altitudes, can be
transported long distances from their source
regions. The length scale of this transport is
highly variable owing to differing chemical

and meteorological conditions encoun-

tered along the fransport path.
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Numerical chemical-transport models
(CTMs) are the prime tools for computing
emissions and interactions among pollutants
like NOx, SOx, and NHx, their transport and
transformation including production of sec-
ondary aerosols like ammonium nitrate and
ammonium sulfate, the evolution of particle
size distributions, the resulting atmospheric
concentrations and the deposition of these
pollutants to the surface. CTMs are driven by
calculated emissions for primary species
such as NOx, SOx, NH3, and primary particu-
late matter, and by the meteorological
fields produced by other numerical predic-
tion models. As such, CTMs are the chief
means of relating emitted pollutants with

deposited ones.

The emitted, fransported, and transformed
pollutants reach the surface where they can
have ecological effects largely through
deposition. Direct and indirect wet and dry
deposition to specific locations like water-
sheds depend on air pollutant emissions and
concentrations in the airshed above the wo-
tershed, but the shape and areal extent of
the airshed is quite different from that of the
watershed owing to the transport and trans-
formation of emitted pollutants described

above.

Deposition is spatially heterogeneous across
the U.S. In the years 2004-2006, routine na-
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tional monitoring networks reported mean S
deposition in the U.S. highest east of the Mis-
sissippi River with the highest reported depo-
sition, 21 kg S/ha/yr, in the Ohio River Valley
where most recording stations reported
three-year averages for this period of more
than 10 kg S/ha/yr. Numerous other stations
in the eastern U.S. reported S deposition
greater than 5 kg S/ha/yr. Data are sparse
for the central U.S. between the 100th me-
ridian and the Mississippi River; but, where
available, deposition values there were
lower than in most of the eastern U.S., rang-
ing from 4 to over 5 kg S/ha/yr. Total S depo-
sition in the U.S. west of the 100th meridian is
lower than in the East or upper Midwest, ow-
ing to lower densities of high-emitting
sources in the West. In the years 2004-2006,
all routine recording stations in the West re-
ported less than 2 kg S/ha/yr and many re-
ported less than 1 kg S/ha/yr. S was primarily
deposited in the form of wet SO42, followed
by a smaller proportion of dry SO2, and a

much smaller proportion of dry SO42-.

Expanding urbanization, agricultural intensi-
fication, and industrial production during the
previous 100 years have produced a nearly
10-fold increase in total N deposited from
the atmosphere compared fto pre-industrial
levels. NOx, chiefly from fossil fuel combus-
tion, often dominates total N pollution in the

U.S. and comeprises from 50 to 75% of current
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total N atmospheric deposition. This wet and
dry atmospheric N deposition is spatially

heterogeneous, too, owing to the influence
of meteorology, transport, precipitation pat-

terns and land use.

For 2004-2006, routine national monitoring
networks reported the highest mean N
deposition totals in the U.S. in the Ohio River
Valley, specifically in the states of Indiana
and Ohio, with values greater than 9 kg
N/ha/yr. N deposition was lower in other
parts of the East, including the Southeast
and in northern New England. In the central
U.S.. the highest N annual average deposi-
tion totals were on the order of 6 to 7 kg
N/ha/yr. Measured concentrations and in-

ferred deposition totals were dominated by
wet NOs~ and NH4" species, followed by

dry HNOs3, dry NH4", and dry NOs™. NHs is not
yet measured routinely in any national net-
works; however, smaller-scale intensive
monitoring and numerical air quality model-
ing both indicate that it may account for
more than 80% of the dry reduced N deposi-

fion fotal.

Although S and N deposition in most areas
of the U.S. occurred as wet deposition,
there were some exceptions, including parts

of California where N deposition was primar-

ily dry.

Executive Summary

The thin coverage of monitoring sites in
many locations, especially in the rural West,
means that limited data exist on deposition
totals in a large number of potentially sensi-
tive places. Numerical modeling experi-
ments can help fill in these data gaps and
suggest that local and even regional areas
of high ambient concentration and deposi-
tion exist where measured data are un-
available. Model-predicted values for N
deposition in some regions of the Adiron-
dacks in New York are greater than 20 kg
N/ha/yr; other model estimates as high as
32 kg N/ha/yr have been made for a region
of southern California, where more than half
of that total was predicted to come from
NO and NOsa.

The ISA concludes that the national-scale
networks routinely monitoring N deposition
are inadequate to characterize both the full
range of reduced and oxidized forms of N
deposition and the substantial regional het-

erogeneity across the landscape of the U.S.
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Ecological effects of acidification

he effects of acidifying deposition

on ecosystems have been well

studied over the past several dec-
ades and vulnerable areas have been iden-
tified in the U.S. The wealth of data has led
to the development of widely used ecologi-
cal models for predicting soil and surface
water acidification. Regional and ecosys-
tem vulnerability to acidification results from
inherent sensitivity and exposure to acidify-

ing deposition.

Senisitivity of terrestrial and aquatic ecosys-
tems to acidification from S and N deposi-
tion is regional and predominantly governed
by surficial geology. Other factors contribut-
ing to the sensitivity of soils and surface wa-
ters to acidifying deposition include topog-
raphy, vegetation, soil chemistry, land use,

and hydrologic flowpath.

Soil acidification is a natural process,
but is often accelerated by acidifying
deposition, which can decrease con-
centrations of exchangeable base
cations in soils. Biological effects of

acidification on terrestrial ecosystems

most sensitive to terrestrial effects from acidi-
fying deposition include forests in the Adi-
rondack Mountains of New York, the Green
Mountains of Vermont, the White Mountains
of New Hampshire, the Allegheny Plateau of
Pennsylvania, and high-elevation forest
ecosystems in the central and southern Ap-
palachians. While studies show some recov-
ery of surface waters, there are widespread
areas of ongoing depletion of exchange-
able base cations in forest soils in the north-
eastern U.S., despite recent decreases in

acidifying deposition.

In aquatic systems, consistent and coherent
evidence from multiple studies of many
species shows that acidification can cause
the loss of acid-sensitive species, and that
more species are lost with greater acidifica-

tion. These effects are linked to changes in

The evidence is sufficient to infer a causal

relationship between acidifying deposition

and effects on:

(1) biogeochemistry related to terrestrial and

aguatic ecosystems;

are generally attributable to Al toxic-
ity and decreased ability of plant

roofs to fake up base cations. Areas

(2) biota in terrestrial and aquatic ecosystems.
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surface water chemistry, including concen-

trations of SO+, NOs~, inorganic Al, and cal-
cium (Ca?*), surface water pH, sum of base

cations, acid neutralizing capacity (ANC),

Examples of biogeochemical indicators of
effects from acidifying deposition on ecosystems

Ecosystem Biogeochemical Indicator

e Soil base saturation
Inorganic Aluminum concentration

Terrestrial . .
in soil water
e Soil carbon-to-nitrogen ratio
Sulfate
Nitrate
Aquatic Base cations

Acid neutralizing capacity
Surface water inorganic Aluminum

pH

Examples of biological indicators of
effects from acidifying deposition on ecosystems

Indicator Measure

Terrestrial Ecosystems

e Percent dieback of canopy

Red Spruce

trees
Sugar ° D_ead_basal e_trea, qovv_n
Maple vigor index, fine twig die-

back

Aquatic Ecosystems

Fishes, zoo- e Presence/absence
plankton, crus- e Fish condition factor

taceans, rotifers e Biodiversity

and base cation surplus. These effects are
also influenced by historical inputs to these
systems. Decreases in ANC and pH and in-
creases in inorganic Al concentration con-

tfribute to declines in zooplankton, macroin-
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vertebrates, and fish species richness. These
effects on species richness may also affect
ecosystem services, such as biodiversity and

cultural services such as fishing and tourism.

Although both N and S deposition can
cause terrestrial and aquatic acidification, S
deposition is generally the primary cause of
chronic acidification, with secondary con-
tributions from N deposition. Following de-
creases in S deposition in the 1980s and
1990s, one quarter to one third of the
chronically acidic lakes and streams in the
U.S. were no longer acidic during baseflow
in the year 2000. A number of lakes and
streams, however, remain acidic even
though wet SO42 deposition has decreased
by as much as 30% since 1989. N deposition,
which has also decreased in the years since
1990 in most places in the U.S. with routine
monitoring, is the primary cause of episodic
acidification which, despite its short duration,
has been shown to cause long-term bio-

logical effects.

Many of the surface waters most sensitive to

acidification in the U.S. are found in the
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Northeast, the Southeast, and the moun-
tainous West. In the West, acidic surface
waters are rare and the extent of chronic
surface water acidification that has oc-
curred to date has been limited. However,
episodic acidification does occur. In both
the mountainous West and the Northeast,

the most severe acidification of surface wao-

ters generally occurs during spring snowmelt.

The ISA highlights evidence from two well-
studied areas to provide more detail on
how acidification affects ecosystems: The
Adirondacks (NY) and Shenandoah Nao-
tional Park (VA). In the Adirondacks, the cur-
rent rates of N and S deposition exceed the
amount that would allow recovery of the
most acid sensitive lakes. In the Shenan-
doah, past SO42 has accumulated in the soll
and is slowly released from the soil into

stream water where it causes acidification,

Executive Summary

Number of Fish Species

4 T T T

-200 -100 0 100

I I I
200 300 400 500

ANC(peq/L)

Number of fish species per lake vs. acidity status, expressed
as acid neutralizing capacity (ANC), for Adirondack lakes.

Source: Sullivan et al - 2004b

making parts of this
region sensitive to even
the current lower
deposition loadings.
Numerical models spe-

cifically calibrated to .

these locations and TV RN

conditions suggest that
the number of acidic
streams will increase
even under current

deposition loads.

Regions of the northern and eastern U.S. that contain appreciable numbers of lakes
and streams sensitive to deleterious effects from acidifying deposition.

Source: Stoddard et al., 2003
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Ecological effects of nitrogen deposition

here are many well-studied effects

of N deposition on ecosystems and

some vulnerable areas have been
identified in the U.S. However, the full extent
of ecosystem vulnerability is still unknown.
Substantial empirical information from spe-
cific ecosystems and for specific endpoints
is available, but given the complexity of the
N cycle, a broadly applicable and well-
tested predictive model of the ecological
effects of N deposition is not yet available.

Though the sensitivity of ecosystems to N

The evidence is sufficient to infer a causal rela-
tionship between N deposition, to which NOx
and NHx contribute, and the alteration of the

following:
(1) biogeochemical cycling of N and carbon
(C) in terrestrial, wetland, freshwater aquatic,

and coastal marine ecosystems;

(2) biogenic flux of methane (CHas), and N20O in

terrestrial and wetland ecosystems;

(3) species richness, species composition, and
biodiversity in terrestrial, wetland, freshwater

aquatic and coastal marine ecosystems.

deposition across the U.S. varies, a large
body of evidence clearly demonstrates a
relationship between N deposition and a

broad range of ecological effects.

The contribution of N deposition to total N
load varies among ecosystems. Atmos-
pheric N deposition is the main source of
new N to most headwater streams, high
elevation lakes, and low-order streams. At-
mospheric N deposition contributes to the
total N load in terrestrial, wetland, freshwa-
ter, and estuarine ecosystems that receive N
through multiple pathways (i.e. biological N-
fixation, agricultural land runoff and waste
water effluent). There are multiple biogeo-

chemical indicators of N deposition effects.

Examples of biogeochemical indicators of
effects from reactive N deposition on ecosystems

Ecosystem Biogeochemical Indicator
e NOs leaching
e Nitrification
e Denitrification
Terrestrial ¢ N20 emissions
and e CHas emissions
Wetland e Soil C:N ratio
e Foliar / plant tissue [N], C:N,
N:magnesium, N:phosphorus
o Soil water [NOs ] and [NH4']
e Chlorophyll a
Freshwater o water [NOs ]
and e Dissolved inorganic N
Estuarine o Dissolved oxygen
e N:P
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In terrestrial ecosystems, the onset of NOs
leaching is one of the best documented
biogeochemical indicators that an ecosys-
tem receives more N than it uses and is able
to retain. N removal by ecosystems is a
valuable ecosystem service regulating wa-
ter quality. When atmospheric deposition of
N impairs the ability of terrestrial and

aquatic ecosystems to retain and remove

N, NOs leaching occurs and the degrada-
tion of water quality can occur. The onset of
leaching was calculated to occur with
deposition levels between 5.5 and 10 kg
N/ha/yr for sensitive eastern forests. In the
mixed conifer forests of the Sierra Nevada

and San Bernardino mountains, the onset of

increased NOs leaching was calculated to
be 17 kg N/ha/yr. Several studies in the
Rocky Mountains indicate that the capacity
of alpine catchments to retain N was ex-
ceeded at levels greater than 5-10 kg
N/ha/yr.

N deposition alters the biogenic sources and
sinks of two greenhouse gases (GHGs), CHa4
and N20, in terrestrial and wetland ecosys-
tems, resulting in increased emissions to the
atmosphere. Non-flooded upland soil is the
largest biological sink and takes up about
6% of atmospheric CHs. N addition de-
creases CH4 uptake in coniferous and de-

ciduous forests, and N addition increases

Executive Summary

CHa4 production in wetlands. Soil is the larg-
est source of N2O, accounting for 60% of
global emissions. N deposition increases the
biogenic emission of N2O in coniferous for-
est, deciduous forests, grasslands, and wet-
lands. Although N addition can cause a
general stimulation of biogenic CH4 and
N20 emissions from soils, it is difficult to gen-
eralize a dose-response relationship be-
tween the amount of N addition and the
changes in GHG flux on a large heteroge-
neous landscape. This is because GHG pro-
duction is influenced by multiple environ-
mental factors (e.g., soil, vegetation and
climate), which vary greatly over small spa-

tial and temporal scales.

N is often the most limiting nutrient to growth
in ecosystems. N deposition thus often in-
creases primary productivity, thereby alter-

ing the biogeochemical cycling of C. N

Examples of biological indicators of
effects from N deposition on ecosystems

Ecosystem Biological Indicators

Terrestrial and
Wetlands

Altered community composi-
tion, biodiversity and/or popu-
lation decline. Taxa affected
include: diatoms, lichen, my-
corrhizae, moss, grasses and
other herbaceous plants

e Plant root: shoot ratio

e Terrestrial plant bio-
mass/production

Freshwater e Phytoplankton bio-
and Estuarine

mass/production

e Toxic or nuisance algae
blooms

¢ Submerged aquatic vegetation

e Fauna from higher trophic lev-
els

10
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deposition can cause changes in ecosys-
tem C budgets. However, whether N depo-
sition increases or decreases ecosystem C-
sequestration remains unclear. A limited
number of studies suggest that N deposition
may increase C-sequestration in some for-
ests, but has no apparent effect on C-

sequestration in non-forest ecosystems.

In terrestrial ecosystems, N deposition can
accelerate plant growth and change C al-
location patterns (e.g. shoot:rooft ratio),
which can increase susceptibility to severe
fires, drought, and wind damage. These ef-
fects have been shown in studies con-
ducted in the western U.S. and Europe. The
alteration of primary productivity can also
alter competitive interactions among plant
species. The increase in growth is greater for
some species than others, leading to possi-
ble shifts in population dynamics, species
composition, community structure, and in

few instances, ecosystem type.

There are numerous sensitive terrestrial biota
and ecosystems that are affected by N
deposition. Acidophytic lichens are among
the most sensitive terrestrial taxa to N depo-
sition, with adverse effects occurring with
exposures as low as 3 kg N/ha/yr in the
Pacific Northwest and southern California.

The onset of declining biodiversity in grass-
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lands has been estimated to be 5 kg
N/ha/yr in Minnesota and the European Un-
ion. Altered community composition of al-
pine ecosystems in the Rocky Mountains
and forest encroachment into temperate
grasslands in Southern Canada is estimated
to be 10 kg N/ha/yr.

The productivity of many freshwater ecosys-
tems is N-limited. N deposition can alter
species assemblages and cause eutrophi-
cation of aquatic ecosystems to the extent
that N is the growth-limiting nutrient. In the
Rocky Mountains, deposition loads of ap-
proximately 1.5-2 kg N/ha/yr are reported to
alter species composition in the diatom

communities in some freshwater lakes, an

indicator of impaired water quality.

11
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In estuarine ecosystems, N from atmospheric
and non-atmospheric sources contributes to
increased phytoplankton and algal produc-
tivity, leading to eutrophication. Estuary eu-
trophication is an ecological problem indi-
cated by water quality deterioration,
resulting in numerous adverse effects includ-
ing hypoxic zones, species mortality, and
harmful algal blooms. The calculated con-
tribution of atmospheric deposition o total
N loads can be as high as 72% in estuaries.
The Chesapeake Bay is an example of a
large, well-studied, and severely eutrophic
estuary that is calculated to receive as
much as 30% of its total N load from the at-

mosphere.

Examples of quantified relationships between
deposition levels and ecological effects

Kg

N/ha/yr Ecological effect

Altered diatom communities in
high elevation freshwater lakes

~1.5 and elevated N in tree leaf tissue
high elevation forests in the west-
ern U.S.

Decline of some lichen species in
the western U.S.

Altered growth and coverage of
4 alpine plant species in the western
U.S.

Onset of decline of species rich-
5 ness in grasslands of the U.S. and
U.K.

Onset of nitrate leaching in Eastern

£8 =1y forests of the U.S.

Multiple effects in tundra, bogs

Ll and freshwater lakes in Europe

Multiple effects in arctic, alpine,
5-15 subalpine and scrub habitats in
Europe
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Other welfare effects:
Mercury methylation

Hg is highly neurotoxic and once methy-
lated, principally by S-reducing bacteria, it
can be taken up by microorganisms, zoo-
plankton and macroinvertebrates, and
concentrated in higher frophic levels, in-
cluding fish eaten by humans. In 2006, 3,080
fish consumption advisories were issued be-
cause of methylmercury (MeHg), and as of
July 2007, 23 states had issued statewide
advisories. The production of meaningful
amounts of MeHg requires the presence of
SO4Z and Hg, and where Hg is present, in-
creased availability of SO42 results in in-

creased

elelelVaiilels Ml The evidence is sufficient to

of MeHg. infer a causal relationship be-

The tween S deposition and in-

amount of L
creased Hg methylation in

MeHg . .
wetlands and aquatic envi-

produced

. . ronments.
varies with

oxygen content, temperature, pH, and sup-
ply of labile organic C. Watersheds with
conditions known to be conducive to Hg
methylation can be found in the northeast-
ern U.S. and southeastern Canada, but bi-
otic Hg accumulation has been widely ob-
served in other regions that have not been
studied as extensively, and where a different

set of conditions may exist.

12
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Other welfare effects: trations of gas-phase S or N oxides are high
Direct phytOtOXiC enough to cause phytotoxic effects. One

Acute and chronic exposures to SO2 have excep- . . ..
. . o fion is The evidence is sufficient to
phytotoxic effects on vegetation which in- - | relati hi
infer a causal relationshi
clude foliar injury, decreased photosynthe- that P
some between exposure to SO,

sis, and decreased growth. Acute exposures
to NO2, NO, PAN, and HNOs cause plant

foliar injury and decreased growth. How-

studies NO, NO2, PAN, and HNOs

yIelleICH and injury to vegetation.

ever, the majority of studies have been per- that cur-

formed at concentrations of these gas- rent

phase species above current ambient con- HNOs concentrations may be contributing

ditions observed in the U.S. Consequently, to the decline in lichen species in the Los

there is little evidence that current concen- Angeles basin.

Conclusion

The main effects of N and S pollution assessed in the ISA are acidification, N en-
richment, and Hg methylation. Acidification of ecosystems is driven primarily by
deposition resulting from SOx, NOx, and NHx pollution. Acidification from the
deposition resulting from current emission levels causes a cascade of effects
that harm susceptible aquatic and terrestrial ecosystems, including slower
growth and injury to forests and localized extinction of fishes and other aquatic
species. In addition to acidification, atmospheric deposition of reactive N re-
sulting from current NOx and NHx emissions along with other non-atmospheric
sources (e.qg., fertilizers and wastewater), causes a suite of ecological changes
within sensitive ecosystems. These include increased primary productivity in
most N-limited ecosystems, biodiversity losses, changes in C cycling, and eutro-
phication and harmful algal blooms in freshwater, estuarine, and ocean eco-
systems. In some watersheds, additional SO42- from atmospheric deposition in-
creases Hg methylation rates by increasing both the number and activity of S-
reducing bacteria. Methylmercury is a powerful toxin that can bioaccumulate
to toxic amounts in food welbs at higher trophic levels (e.g. bass, perch, otters,
or kingfishers).

13
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Bear Brook Watershed, Maine
black carbon

base-cation surplus
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bacterial nitrogen fertilization
bromine

bromine ion

molecular bromine

bromine chloride

bromine oxide

Backscatter Ultraviolet Spectrometer
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carbon; concentration
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13C

Ca
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Ca?
CAA
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CAAAC
CaClz
CaCOs
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C2Hs4

C2Hs

CsHs
CHsCHO
CHsC(0)
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(CH3)2SO
CH3SOsH
CH3-S-S-CHs
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CI-
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carbon-12, stable isotope of carbon
carbon-13, stable isotope of carbon
ambient air concentration

calcium

calcium ion
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Amendments to the Clean Air Act
Clean Air Act Advisory Committee
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calcium carbonate
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Canadian Air and Precipitation Monitoring
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cadmium

cation exchange capacity
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chlorinated fluorocarbons
cloud-to-ground (lightning flash)
chlorophyll a
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acetyl radical

acetyl peroxy radical
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critical load
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DIC
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DMS
DMSO
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DO
DOC
DON
EBB
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EEAs
ELA
ELS
EMAP

EMEFS
EMEP

EMF
EOS
EPA

type of Lagrangian model

NASA Earth observation satellite

nitryl chloride

Community Multiscale Air Quality (modeling
system)

consolidated metropolitan statistical area
carbon monoxide

carbon dioxide

carbonate

continental U.S.

catch per unit effort

U.S. Army Cold Regions Research and
Engineering Laboratory

Consumer surplus

carbon disulfide

coastal sage scrub (ecosystem)
chemical transport model
copper

contingent valuation

contingent valuation method
delta, difference; change

model for daily biogeochemistry for forest,
grassland, cropland, and savanna systems

combination of DayCent-Chem and PHREEQC
models

dichotomous choice
Direct Delayed Response Project
Damage Delay Time

decomposition model based on soil-plant
system dynamics

Department of Environmental Protection
dissolved inorganic carbon

dissolved inorganic nitrogen

dimethyl disulfide, CH3-S-S-CH3
dimethyl sulfide, CH3-S-CH3
dimethylsulfoxide
Denitrification-Decomposition (model)
dissolved oxygen

dissolved organic carbon

dissolved organic nitrogen

East Bear Brook

elemental carbon

Essential Ecological Attributes
Experimental Lakes Area

Eastern Lakes Survey

Environmental Monitoring and Assessment
Program

Eulerian Model Evaluation Field Study

Co-operative Programme for Monitoring and
Evaluation of the Long-range Transmission of
Air Pollutants in Europe

ectomycorrhizal fungi
Earth Observation System
U.S. Environmental Protection Agency

EPT
ERP
ESA
EVRI
F

F-
FAB
FACE
Fe
FePOs
FeS
F-factor

FHM

FIA

FISH
FLEXPART
ForSAFE

FRM

FTIR

FW2

Fx

yN20s

GAW

GCE

GDP

GEOS
GEOS-Chem

GEOS-1DAS

GFED
GHG
GOES

GOME
Os

GtC
Gton
GWP
H

H

H+

ha
HAPs
HBEF
HBES
HBN
HC
HCHO
HCI

Ephemeroptera-Plecoptera-Tricoptera (index)
Episodic Response Project

European Space Agency

Environmental Valuation Reference Inventory
flux

fluorine ion

First-order Acidity Balance model

free-air CO2 enrichment (studies)

iron

iron phosphate

iron sulfide

fraction of the change in mineral acid anions
that is neutralized by base cation release

Forest Health Monitoring

Forest Inventory and Analysis (program)
Fish in Sensitive Habitats (project)

type of Lagrangian model

three-component model using nitrogen, carbon
cycling, and soil chemistry

Federal Reference Method

Fourier Transform Infrared Spectroscopy
black carbon soot

flux

reaction potential coefficient for N2Os
Global Atmospheric Watch (program)
Goddard Cumulus Ensemble (model)
gross domestic product

Goddard Earth Observing System

Goddard Earth Observing System (with global
chemical transport model)

Goddard Earth Observing System Data
Assimilation System

Global Fire Emissions Database
greenhouse gas

Geostationary Operational Environmental
Satellites

Global Ozone Monitoring Experiment
stomatal conductance

global ton carbon

global ton

global warming potential

hydrogen; hydrogen atom
hydrogen-2, deuterium, stable isotope of
hydrogen

proton, hydrogen ion; relative acidity
hectare

hazardous air pollutants

Hubbard Brook Experimental Forest
Hubbard Brook Ecosystem Study
Hydrologic Benchmark Network
hydrocarbon

formaldehyde

hydrochloric acid
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HNOz, HONO
HNO3, HOONO
HNO4

HO2

H20:
HO2NO;
HOBr

HOCI

HOX

HP

HSO3-

HSO4~

H2S

H2S0s3

H2S04

hv

IEc
IIASA

IMPROVE

INO3
INTEX-NA

0]
IPCC
IPCC-AR4

IPCC-TAR

IQR

R

ISA

J

JPL
JRGCE

K

K+

Ka
Kb
KH
KNO3
Kw

mercury
nitrous acid

nitric acid

pernitric acid

hydroperoxyl radical

hydrogen peroxide

peroxynitric acid

hypobromous acid

hypochlorous acid

hypohalous acid

hedonic pricing

bisulfate ion

sulfuric acid ion

hydrogen sulfide

sulfurous acid

sulfuric acid

photon with energy at wavelength v
iodine

molecular iodine

Integrated Assessment

Integrated Atmospheric Monitoring Deposition
Network

intracloud (lightning flash)

Integrated Lake-Watershed Acidification Study
International Cooperative Programme
Industrial Economicsym

International Institute for Applied Systems
Analysis

Interagency Monitoring of Protected Visual
Environments

iodine nitrate

Intercontinental Chemical Transport
Experiment - North America

iodine oxide
Intergovernmental Panel on Climate Change

Intergovernmental Panel on Climate Change
4th Assessment Report

Intergovernmental Panel on Climate Change
3rd Assessment Report

interquartile range

infrared

Integrated Science Assessment

flux from a leaf, deposition flux (g/cm/second)
Jet Propulsion Laboratory

Jasper Ridge Global Climate Change
Experiment

potassium

potassium ion

dissociation constant

dissociation constant

Henry’s Law constant in M/atm (M+atm-')
potassium nitrate

ion product of water

LAF
LAR
LB
LCo.01

D33

LDH
LIDAR

LIF
LIMS
LOD
LP
LRTAP
LTER
LT™M

M

MA
MAGIC

MAHA
MAQSIP

MAT
MAX-DOAS

MBL
MDN
MeHg
MEM
Heq
Mg
Mg?
MIMS
MM5

Mn
MOBILE6
MODIS

MOPITT
MOZAIC

MOZART

MPAN
MSA
Mt

N

N, n
14N
15N
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Lake Acidification and Fisheries
leaf-area ratio
laboratory bioassay

lethal concentration at which 0.01% of exposed
animals die

lethal dose at which 33% of exposed animals
die

lactic acid dehydrogenase

Light Detection and Ranging (remote sensing
system)

laser-induced fluorescence

Limb Infrared Monitor of the Stratosphere
limit of detection

long-path

Long Range Transport of Air Pollution
Long-Term Ecological Research (program)
Long-Term Monitoring (project)

air molecule

Millennium Ecosystem Assessment

Model of Acidification of Groundwater in
Catchments (model)

Mid-Atlantic Highlands Assessment of streams

Multiscale Air Quality Simulation Platform
(model)

moist acidic tundra

multiple axis differential optical absorption
spectroscopy

marine boundary layer

Mercury Deposition Network
methylmercury

model ensemble mean
microequivalent

magnesium

magnesium ion

membrane inlet mass spectrometry

National Center for Atmospheric
Research/Penn State Mesoscale Model,
version 5

manganese
Highway Vehicle Emission Factor Model

Moderate Resolution Imaging
Spectroradiometer

Measurement of Pollution in the Troposphere

Measurement of Ozone and Water Vapor by
Airbus In-Service Aircraft

Model for Ozone and Related Chemical
Tracers

peroxymethacrylic nitrate
metropolitan statistical area

million tons

nitrogen

number of observations

nitrogen-14, stable isotope of nitrogen
nitrogen-15, stable isotope of nitrogen
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NA

Na

Na*
NAAQS
NaCl
NADP
Naz2MoO4
NAMS
NANI
NAPAP

NASQAN
NARSTO

NAS
NASA
Na2S04
NASQAN
NATTS
NAWQA
NCore
NEE
NEG/ECP

NEI
NEON
NEP
NFI

NH3
NH2
NH4*
NH4Cl
NH4NOs3
(NH4)2S04
NHx
NHy

Ni

NILU
NITREX
nitro-PAH
NLCD
NMOC
NO

NO:
NO2
NOs~
N20
N20s
NOAA

NOAA-ARL

molecular nitrogen; nonreactive nitrogen
not available; insufficient data

sodium

sodium ion

National Ambient Air Quality Standards
sodium chloride

National Atmospheric Deposition Program
sodium molybdate

National Air Monitoring Stations

Net anthropogenic nitrogen inputs

National Acid Precipitation Assessment
Program

National Stream Quality Accounting Network

program formerly known as North American
Regional Strategy for Atmospheric Ozone

National Academy of Sciences

National Aeronautics and Space Administration
sodium sulfate

National Stream Quality Accounting Network
National Air Toxics Trends (network)

National Water Quality Assessment (program)
National Core Monitoring Network

net ecosystem exchange

New England Governors and Eastern
Canadian Premiers

National Emissions Inventory

National Ecological Observatory Network
net ecosystem productivity

net factor income

ammonia

amino (chemical group)

ammonium ion

ammonium chloride

ammonium nitrate

ammonium sulfate

category label for NH3 plus NH4*

total reduced nitrogen

nickel

Norwegian Institute for Air Research
Nitrogen saturation Experiments
nitro-polycyclic aromatic hydrocarbon
National Land Cover Data

nonmethane organic compound

nitric oxide

nitrogen dioxide

nitrite

nitrate

nitrous oxide

dinitrogen pentoxide

U.S. National Oceanic and Atmospheric
Administration

U.S. National Oceanic and Atmospheric
Administration Air Resources Laboratory
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NOAEL
NOEC
NOx
NOy

NOz

NPOESS

NPP
NPS
N
NRC
NS
NSF
NSS
nss
NSTC
NSWS
NTN
NuCM
(07)

03
160
180
190
oC
0Cco
0CSs
o('D)
OH
OMI
O(P)
P

P’ p
P+

Ps

Pos
Pog
PAHs
PAMS

PAN
PANs
PARASOL

Pb
PBL
PC
PCBs
pH

no-observed-adverse-effect level
no-observed-effect concentration
sum of NO and NO:

sum of NOx and NOz; odd nitrogen species;
total oxidized nitrogen

sum of all inorganic and organic reaction
products of NOx (HONO, HNOs, HNO4, organic
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Chapter 1. Introduction

This Integrated Science Assessment (ISA) synthesizes and evaluates the most policy-relevant
science to help form the scientific foundation for the review of the secondary (welfare-based) National
Ambient Air Quality Standards (NAAQS) for oxides of nitrogen (NOx) and sulfur oxides (SOx). The
Clean Air Act (CAA) definition of welfare effects includes, but is not limited to, effects on soils, water,
wildlife, vegetation, visibility, weather, and climate, as well as effects on materials, economic values, and
personal comfort and well-being.

The intent of the ISA, according to the CAA, is to “accurately reflect the latest scientific
knowledge expected from the presence of [a] pollutant in ambient air” (U.S. Code, 1970a, 1970b). It
includes scientific research from atmospheric sciences, exposure and deposition, biogeochemistry,
hydrology, soil science, marine science, plant physiology, animal physiology, and ecology conducted at
multiple scales (e.g., population, community, ecosystem, landscape levels). Key information and
judgments formerly found in the Air Quality Criteria Documents (AQCDs) for NOx and SOy are
included; Annexes provide a more detailed discussion of the most pertinent scientific literature. Together,
the ISA and Annexes serve to update and revise the last NOx and SOx AQCDs that were published in
1993 and 1982, respectively.

As discussed in the Integrated Plan for the Review of the Secondary NAAQS for Nitrogen Dioxide
and Sulfur Dioxide (U.S. EPA, 2007a) a series of policy-relevant questions frames this review of the
scientific evidence used to provide a scientific basis for evaluation of the secondary NAAQS for NO,
(0.053 parts per million [ppm], annual average) and SO, (0.5 ppm, 3-h average). The framing questions
considered are:

1. What are the known or anticipated welfare effects influenced by ambient NOx and SOx? For
which effects is there sufficient information available to be useful as a basis for considering
distinct secondary standards?

2. What is the nature and magnitude of ecosystem responses to NOx and SOx that are understood to
have known or anticipated adverse effects? What is the variability associated with these responses
(including ecosystem type, climatic conditions, environmental effects, and interactions with other
environmental factors and pollutants)?

3. To what extent do the current standards provide the requisite protection for the public welfare
effects associated with NOx and SOx?

4. Which biotic species are most vulnerable to the adverse effects of NOx and SOx air pollution?
How is adversity defined?

What ecosystems are most sensitive to NOx and SOx pollution?
How does NOy and SOx pollution impact ecosystem services?

What are the most appropriate spatial and temporal scales to evaluate impacts on ecosystems?

o N W

What is the relationship between ecological vulnerability to NOx and SOx pollution and
variations in current meteorology or gradients in climate?

1.1. Scope

The U.S. EPA is integrating the science assessment for these two criteria air pollutants due to their
combined effects on atmospheric chemistry, deposition processes, and public welfare effects. The focus of
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this assessment is primarily on effects related to the deposition of nitrogen (N)- and sulfur (S)-containing
compounds. Ecological effects from acidification and N-nutrient enrichment have been studied most
extensively in the ecological literature. An assessment of the complex ecological effects of N deposition
requires consideration of multiple forms of N. Thus, this assessment includes evaluation of data on
inorganic reduced forms of N (e.g., ammonia [NH3] and ammonium ion [NH,]), inorganic oxidized
forms (e.g., NOx, nitric acid [HNO;], nitrous oxide [N,O], nitrate [NO; ]), and organic N compounds
(e.g., urea, amines, proteins, nucleic acids). In addition to acidification and N-nutrient enrichment, other
welfare effects related to deposition of N- and S-containing compounds are discussed, such as SOx
interactions with mercury (Hg) methylation. In addition, this assessment includes evidence related to
direct ecological effects of gas-phase NOx and SOy since the direct effects of gas-phase SOx on
vegetation formed a primary basis for the initial establishment of the secondary NAAQS for SO,. The
contribution of gas-phase NOx as greenhouse gases (GHG), particularly N,O, is considered, chiefly in the
response of soils to reactive nitrogen (N,) enrichment.

A review of the particulate matter (PM) NAAQS is underway. Recent data on the welfare effects of
airborne particulate NOx and SOy in the ambient air will be evaluated in the PM ISA. These effects
include visibility impairment, soiling and damage to materials, and effects of ambient PM on climate.
(For more information, see http://www.epa.gov/ttn/naaqs/standards/pm/s_pm_index.html.)

Gas-phase and particulate NOx and SOx compounds can affect ecosystems and alter numerous
linked biogeochemical cycles. A simplified diagram of the combined NOx and SOx cycle is presented in
Figure 1-1. The ISA includes additional figures that provide more detail on the interactions among
biogeochemical cycles, and the locations of those figures are indicated in the diagram. These figures
include atmospheric cycling, interactions between the N cycle and carbon (C), the N cycle and
phosphorous (P), and the S cycle and Hg.

Atmospheric cycle
of N oxides
See figure 2-16

Atmospheric cycle
of S compounds
See figure 2-18

1 funlight
> 07 —> HyS04—» 2H* +S0,2"
\ NOx —>HNO3 —» H*+NO3"

v

Wet Deposition

A A p ; - H:’ NH4*, NO3-
: Dry deposition SOz [ NH; || Deposition
Vsc N°x| NH:, so; d N'Qx b
( NO L e
€ and N cycle in NOx D , i
terrestrial ecosystem i
g5 W N

_— |
Acidification of water + Eutrophication g
Acidification .

Cation leaching o 0 P C!; @@I | 4%'! ¥ v

(e.g.Ca2*, Mg?*) SR
Aluminum Tomlty.u Hg cycle in : —~ - Ecological
! —3-| aquatic ecosystem [ S C, N and P cycle in Effect
| See figure 3-59 N y (|| aquatic ecosystem_
Sall g roc (.9 NOy ‘ AP = d". 4 1 Sae ﬁgmm

Figure 1-1.  Biogeochemical cycles of NOx and SOx.
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1.2. History of the NOx and SOx Review

Nitrogen Oxides

In 1971, U.S. EPA promulgated identical primary and secondary NAAQS for NO,: 0.053 ppm as
an annual average (36 FR 8186). The scientific bases for these NAAQS were provided in the AQCD for
NOx (U.S. EPA, 1971).

In 1984, U.S. EPA proposed to retain these standards (49 FR 6866), and after the public comment
period, finalized that decision in 1985 (50 FR 25532); the scientific basis for this review was provided by
the 1982 AQCD for NOx (U.S. EPA, 1982a).

In 1991, U.S. EPA released an updated draft AQCD for the Clean Air Scientific Advisory
Committee (CASAC) and public review and comment (56 FR 59285). CASAC reviewed the document
and concluded it “provides a scientifically balanced and defensible summary of current knowledge of the
effects of this pollutant and provides an adequate basis for U.S. EPA to make a decision as to the
appropriate NAAQS for NO,” (Wolff, 1993).

The U.S. EPA also prepared a draft Staff Paper that summarized and integrated the key studies and
scientific evidence contained in the revised AQCD and identified the critical elements to be considered in
the review of the NO, NAAQS. In September 1995, U.S. EPA finalized the Staff Paper, Review of the
National Ambient Air Quality Standards for Nitrogen Dioxide: Assessment of Scientific and Technical
Information (U.S. EPA, 1995b). The Administrator made a final determination that no revisions to the
primary and secondary NAAQS for NO, were appropriate at that time (61 FR 52852, October 8, 1996).
The level for both the existing primary and secondary NAAQS for NO, remains 0.053 ppm (equivalent to
100 micrograms per cubic meter of air [ug/m’]) in annual arithmetic average, calculated as the arithmetic
mean of the 1-h NO, concentrations.

Sulfur Oxides

Based on the 1970 SOx AQCD (U.S. Department of Health, Education and Welfare, 1970), U.S.
EPA promulgated primary and secondary NAAQS for SO,, under Section 109 of the CAA on April 30,
1971 (36 FR 8186). The secondary standard was set at 0.02 ppm in an annual arithmetic mean and a 3-h
average of 0.5 ppm, not to be exceeded more than once per year. These standards were established solely
based on vegetation effects evidence. In 1973, revisions made to Chapter 5 “Effects of Sulfur Oxide in the
Atmosphere on Vegetation” of the SOx AQCD (U.S. EPA, 1973), indicated that it could not properly be
concluded that the reported vegetation injury resulted from the average SO, exposure over the growing
season rather than from short-term peak concentrations. U.S. EPA, therefore, proposed (38 FR 11355) and
then finalized a revocation of the annual mean secondary standard (38 FR 25678).

In 1979, U.S. EPA announced that it was revising the SOx AQCD concurrently with the PM review
and would produce a combined PM SOx AQCD. Following review of the draft revised criteria document
in August 1980, CASAC concluded acidic deposition was a topic of extreme scientific complexity
because of the difficulty in establishing firm quantitative relationships among (a) emissions of relevant
pollutants (e.g., SO, and NOy), (b) formation of acidic wet and dry deposition products, and (c) effects on
terrestrial and aquatic ecosystems. CASAC also noted that acidic deposition involves, at a minimum,
several different criteria pollutants (i.e., SOx, NOx, and the fine particulate fraction of suspended
particles). CASAC recommended that any document on this subject should address both wet and dry
deposition, because dry deposition was believed to account for at least half of the total acid deposition
problem.

The U.S. EPA proposed not to revise the existing primary and secondary standards on April 26,
1988 (53 FR 14926). Regarding the secondary SO, NAAQS, the U.S. EPA Administrator concluded that
based upon then-current scientific understanding of the acidic deposition problem, it would be premature
and unwise to prescribe any regulatory control program at that time, and when the fundamental scientific
uncertainties had been reduced through ongoing research efforts, U.S. EPA would draft and support an
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appropriate set of control measures. On May 22, 1996, U.S. EPA’s final decision, that revisions of the
NAAQS for SOx were not appropriate at that time, was announced in the Federal Register (61 FR 25566).

Acidic Deposition Assessments

Based upon their conclusions from the AQCD review discussed above, CASAC recommended that
a separate, comprehensive document on acidic deposition be prepared before any regulatory consideration
for the control of acidic deposition. CASAC also suggested that a discussion of acidic deposition be
included in the AQCDs for both NOx and PM-SOx. Following CASAC closure on the criteria document
for SO, in 1981, U.S. EPA’s Office of Air Quality Planning and Standards (OAQPS) published a Staff
Paper (U.S. EPA, 1982¢); it did not, however, directly address this issue. U.S. EPA followed CASAC
guidance and subsequently prepared the following documents: The Acidic Deposition Phenomenon and
Its Effects: Critical Assessment Review Papers, Volumes | and Il (U.S. EPA, 1984a, 1984b) and The
Acidic Deposition Phenomenon and Its Effects: Critical Assessment Document (U.S. EPA, 1985). These
documents, though they were not considered criteria documents and did not undergo CASAC review,
represented the most comprehensive summary of relevant scientific information completed by the U.S.
EPA at that point.

Assessment of the ecological effects of NOx and SOx has been conducted under the U.S. EPA acid
precipitation control program. In the 1990 CAA Amendments (CAAA), Title IV was to reduce emissions
of SO, and NOx from fossil fuel-burning power plants to protect ecosystems suffering damage from acid
deposition and to improve air quality. The National Acid Precipitation Assessment Program (NAPAP) has
periodically assessed and reported 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. These assessments were to be reported to Congress
quadrennially, beginning in 1996. The most recent in this series of reports is the National Acid
Precipitation Assessment Program Report to Congress: An Integrated Assessment that was submitted to
Congress in 2005 (NAPAP, 2005).

The 1990 CAAA also required U.S. EPA to conduct a study on the feasibility and effectiveness of
an acid deposition standard or standards to protect “sensitive and critically sensitive aquatic and terrestrial
resources.” In 1995, the U.S. EPA submitted to Congress its report titled Acid Deposition Standard
Feasibility Study: Report to Congress (U.S. EPA, 1995a) in fulfillment of this requirement. The Acid
Deposition Standard Feasibility Study Report to Congress concluded establishing acid deposition
standards for S and N deposition may at some point in the future be technically feasible although
appropriate deposition loads for these acidifying chemicals could not defined with reasonable certainty at
that time.

1.3. History of the Current Review

U.S. EPA’s National Center for Environmental Assessment in Research Triangle Park, NC
announced the official initiation of the current periodic review of air quality criteria for NOx on
December 9, 2005 (70 FR 73236), and for SOx on May 15, 2006 (71 FR 28023), with a call for
information. A workshop to inform the Agency’s review of the secondary standards for these two
pollutants was held on July 17-19, 2007 (72 FR 11960). The first ISA external review draft was published
in December 2007 (72 FR 72719) and reviewed by CASAC at a public meeting on April 2-3, 2008. The
second ISA external review draft was published in August 2008 (73 FR 46908) and reviewed by the
CASAC at a public meeting on October 1-2, 2008. This final ISA (December 2008) includes revisions to
address comments from CASAC and the public.
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1.4. Development of the Integrated Science Assessment

An extensive search and review of the literature is the initial step in preparing the ISA. Additional
publications were identified by U.S. EPA scientists in a variety of disciplines. In addition to peer-reviewed
literature, previous U.S. EPA reports and materials identified in reviewing reference lists were examined.
Further publications have been identified through the peer review process by CASAC, other experts, and
the public. The focus of this ISA is on literature published since the 1993 NOx AQCD and the 1982 SOy
AQCD. Key findings and conclusions from the 1993 and 1982 reviews are discussed in conjunction with
recent studies. In addition, analyses of air quality and emissions data, and studies on atmospheric
chemistry, transport, and fate of these emissions were scrutinized.

Emphasis was placed on studies that evaluated effects near ambient levels and studies that consider
NOx and SOy as components of a complex mixture of air pollutants. Studies conducted in any country
that contribute significantly to the knowledge base were considered for inclusion. In evaluating
quantitative exposure-response relationships, emphasis was placed on findings from studies conducted in
the U.S. and Canada as having ecological and climatic conditions most relevant for review of the
NAAQS. In assessing the relative scientific quality of studies reviewed here and to assist in interpreting
the findings, the following were considered:

1. To what extent are the aecrometric data/exposure metrics of adequate quality and sufficiently
representative to serve as credible exposure indicators?

2. Were the study populations well-defined and adequately selected to allow for meaningful
comparisons between study groups?

3. Were the ecological assessment endpoints reliable and policy-relevant?
4. Were the statistical analyses used appropriately and properly performed and interpreted?

5. Were likely important covariates (e.g., potential confounders or effect modifiers) adequately
controlled or taken into account in the study design and statistical analyses?

6. Were the reported findings consistent, biologically plausible, and coherent in terms of consistency
with other known facts?

These guidelines provide benchmarks for evaluating various studies and for focusing on the highest
quality studies in assessing the body of environmental effects evidence. Detailed critical analysis of all
NOx and SOy environmental effects studies, especially in relation to the above considerations, is beyond
the scope of the ISA and Annexes. Studies providing qualitative or quantitative information on exposure-
response relationships for the environmental effects associated with current ambient air concentrations of
NOx and SOx or deposition levels likely to be encountered in the U.S. were considered most relevant.

1.5. Organization of the Integrated Science Assessment

This ISA has four chapters. Chapter 1 provides background information on the purpose of the
document, explains how policy-relevant scientific studies are identified and selected for inclusion, and
introduces the causality framework used in U.S. EPA’s assessments. Chapter 2 presents fundamental and
applied atmospheric science data to support assessing the environmental exposures and effects associated
with N and S oxides. Information relevant to the review of the welfare effects of NOx and SOx s
integrated and evaluated in Chapter 3. Findings are organized into three categories: ecological effects of
acidification, ecological effects of N nutrient pollution, and other welfare effects, which address several
minor welfare effects, including gas-phase foliar toxicity and the role of S in Hg methylation. Finally,
summary and conclusions are found in Chapter 4. Supplementary Annexes provide additional details.
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1.6. Causality Framework

U.S. EPA uses a two-step approach to evaluate the scientific evidence on welfare effects of criteria
pollutants, similar to the approach it uses for health effects. The steps address two general policy-relevant
questions:

1. Given the total body of evidence, what, if any, are the welfare effects of NOx and SOx?
2. Can levels of exposure at which welfare effects of concern occur be defined?

The first step determines the weight of evidence in support of causation, and characterizes the
strength of any resulting causal classification. The second step includes further evaluation of the
quantitative evidence with respect to concentration-response relationships and the levels, duration, and
pattern of exposures at which effects are observed.

The most widely cited aspects of causality in public health were articulated by Sir Austin Bradford
Hill (1965), and have been widely used (e.g., [ARC, 2006; Samet and Bodurow, 2008). Several
adaptations of the Hill aspects have been used in aiding causality judgments in the ecological sciences
(Adams, 2003; Buck et al., 2000; Collier, 2003; Fox, 1991; Gerritsen et al., 1998). Based on these
adaptations, the U.S. EPA uses eight aspects in judging causality (see Table 1-1). The broad national scale
of this assessment differs from the site-specific scale of ecological assessment for which applications of
the Hill aspects have been published. The following aspects were developed to meet the scope of this
ISA:

Table 1-1. Aspects to aid in judging causality.

= CONSISTENCY of the observed association. The inference of causality is strengthened when the
same association between agent and effect is observed across similar, independent studies. The
reproducibility of findings constitutes one of the strongest arguments for causality. If there are
discordant results among comparable investigations, possible reasons such as differences in
exposure, confounding factors, and the power of the study are considered.

= STRENGTH of the observed association. The finding of large, well-demarcated effects increases
confidence that the association is causal. However, given a truly causal agent, a small magnitude
in the effect could follow from a lower level of exposure, a lower potency, or the prevalence of
other agents causing similar effects. While large effects support causality, modest effects,
therefore, do not preclude it.

= SPECIFICITY of the observed association. The effect is only observed after exposure to that agent,
and the agent produces only that effect. Hill (1965), and subsequent authors, consider specificity
a weak aspect. At the scale of ecosystems, as in epidemiology, complexity is such that single
agents causing single effects, and single effects following single causes, are extremely unlikely.
The absence of specificity cannot be used to exclude causality, especially at those scales.
However, if specificity can be demonstrated, as in some laboratory or other experimental studies,
it does add strong support to causality.

= TEMPORALITY of the observed association. Evidence of a temporal sequence between the
introduction of an agent and appearance of the effect constitutes another argument in favor of
causality.

=  GRADIENT. A clear exposure-response relationship (e.g., increasing effects associated with
greater exposure) strongly suggests cause and effect.
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=  PLAUSIBILITY. A credible ecological basis for the observed association adds strength to an
inference of causality. A proposed mechanistic linking between an effect, and exposure to the
agent, is an important source of support for causality, especially when data establishing the
existence and functioning of those mechanistic links are available. A lack of biological
understanding, however, is not sufficient reason to reject causality.

= EXPERIMENTAL evidence. Controlled exposure to the agents provides results that support the
proposed causal relationship. The practical limits on control as the number of potential interacting
factors increases are such that the most compelling experiments can only be conducted at the
scale of a laboratory, growth chamber, or, at most, mesocosm. Therefore, since a judgment of
causality derived from experimental evidence often cannot be extended very far beyond the scale
at which the experiment was conducted, experimental evidence is generally only one element of
the information that comes to bear in determining causality at the ecosystem, regional, or greater
scales.

= COHERENCE. Given the scale and complexity of the environment and of ecosystems,
determinations of causality are usually based on many lines of evidence, considered jointly.
Evidence may be drawn from a variety of experimental approaches (e.g., greenhouse, laboratory,
field) and subdisciplines of ecology (e.g., community ecology, biogeochemistry,
paleological/historical reconstructions). The coherence of the available sources is a critical aspect
of assessing the strength of a causal association. The coherence of evidence from various fields,
and at various scales, greatly adds to the strength of an inference of causality.

While these aspects provide a framework for assessing the evidence, they are not simple formulas
or fixed rules of evidence leading to conclusions about causality (Hill, 1965). The aspects in Table 1-1
cannot be used as a strict checklist, but rather to determine the weight of the evidence for inferring
causality. In particular, the absence of one or more of the aspects does not automatically exclude a study
from consideration (e.g., see discussion in CDC, 2004). For example, one cannot simply count the
number of studies reporting statistically significant or nonsignificant results, and reach credible
conclusions about the relative weight of the evidence and the likelihood of causality. Rather, the aspects
are an important part of the assessment, whose goal is to produce an objective appraisal of the evidence,
and is informed by peer and public comment and advice, including weighing of alternative views on
controversial issues.

1.6.1. First Step: Determination of Causality

In this ISA, U.S. EPA evaluated publications available since the previous NAAQS reviews. This
evaluation builds upon evidence available and conclusions drawn in the previous reviews to draw
conclusions on the causal relationships between relevant pollutant exposures and welfare outcomes. A
five-level hierarchy is used to classify the weight of evidence for causation, as assessed by the reviewing
group with input from peers, CASAC, and the public. After integration of the evidence from all relevant
disciplines or types of studies (laboratory studies, ecosystem experiments, simulation models and
observational studies), the weight of evidence in support of causality is expressed using one of the five
descriptors (see Table 1-2). In this multi-pollutant assessment, the effects may be due to a combination of
pollutants (e.g., in acidifying deposition or N deposition). To the extent possible, U.S. EPA will identify
the pollutants that are “significant contributing factors” to the relationship being evaluated.
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Table 1-2. Weight of evidence for causal determination.

Relationship Description

Causal relationship Evidence is sufficient to conclude that there is a causal relationship between relevant pollutant exposure
and the outcome. Causality is supported when an association has been observed between the pollutant
and the outcome in studies in which chance, bias, and confounding could be ruled out with reasonable
confidence. Controlled exposure (laboratory or small- to medium-scale field studies) provides the
strongest evidence for causality, but the scope of inference may be limited. Generally, determination is
based on multiple studies conducted by multiple research groups, and evidence that is considered
sufficient to infer a causal relationship is usually obtained from the joint consideration of many lines of
evidence that reinforce each other.

Likely to be a causal Evidence is sufficient to conclude that there is a likely causal association between relevant pollutant

relationship exposures and the outcome. That is, an association has been observed between the pollutant and the
outcome in studies in which chance, bias and confounding are minimized, but uncertainties remain. For
example, field studies show a relationship, but suspected interacting factors cannot be controlled, and
other lines of evidence are limited or inconsistent. Generally, determination is based on multiple studies
in multiple research groups.

Suggestive of a causal Evidence is suggestive of an association between relevant pollutant exposures and the outcome, but

relationship chance, bias and confounding cannot be ruled out. For example, at least one high-quality study shows an
association, but the results of other studies are inconsistent.

Inadequate to infer a causal The available studies are of insufficient quality, consistency or statistical power to permit a conclusion

relationship regarding the presence or absence of an association between relevant pollutant exposure and the
outcome.

Suggestive of no causal Several adequate studies, examining relationships between relevant exposures and outcomes, are

relationship consistent in failing to show an association between exposure and the outcome at any level of exposure.

1.6.2. Second Step: Evaluation of Ecological Response

Beyond judgments regarding causality are questions relevant to characterizing exposure
concentration response and risk to ecosystems (e.g., the levels and loads of pollution at which ecological
effects occur). Such questions include:

1. What elements of the ecosystem (e.g., types, regions, taxonomic groups, populations, functions)
appear to be affected, and/or are more susceptible to effects?

2. Under what exposure conditions (amount or concentration, duration and pattern) are effects seen?
3. What is the shape of the concentration-response or exposure-response relationship?

Causal and likely causal claims typically characterize how the probability of ecological effects
changes in response to exposure. The ecological scale at which those quantitative considerations are valid
is a concern. Initially, responses are evaluated within the range of observation, but ecological data for
concentration-response analyses are often not available at the national or even regional scale. They are,
therefore, typically presented site by site. Where greenhouse or animal ecotoxicological studies are
available, they may be used to aid in characterizing concentration-response relations, particularly those
relative to mechanisms of action and characteristics of sensitive biota.



Chapter 2. Source to Deposition

This chapter provides fundamental and applied atmospheric science data to support assessing the
environmental exposures and effects associated with N and S oxides. More specifically, these data relate
to N and S emissions sources and rates, atmospheric transformation and transport, total atmospheric
loadings, measurement and modeling techniques, and deposition issues relevant to this review of the
NAAQS. These data are prologue for the detailed descriptions of the evidence of environmental effects
from N and S oxides that follow in Chapter 3, and a source of information to help interpret those effects
when integrated with these data on atmospheric concentrations and exposures.

2.1. Introduction

As noted in Chapter 1, the definition of NOx appearing in the NAAQS enabling legislation differs
from the one used by atmospheric scientists and air quality control experts. The atmospheric sciences
community defines NOx as the sum of NO and NO,. However, in the Federal Register Notice (FRN)
(October 8, 1996) for the “National Ambient Air Quality Standards for NO,: Final Rule” (61 FR 52852),
the term “nitrogen oxides” was used to “describe the sum of NO, NO,, and other oxides of nitrogen.” This
ISA uses the legal, rather than the technical definition; hence, the terms “oxides of nitrogen” and
“nitrogen oxides” here refer to all forms of oxidized N compounds, including NO, NO,, and all other
oxidized N-containing compounds transformed from NO and NO,." Additionally, because some of the
constituent members of the NOx family of chemical species interact with particulate-phase chemical
species and change phase themselves, the chemistry, concentrations, and deposition of particulate N
compounds are also considered in this assessment.

Oxides of sulfur (SOx) is defined here to include sulfur monoxide (SO), sulfur dioxide (SO, [the
largest component of SOx and the U.S. EPA Criteria Air Pollutant]), sulfur trioxide (SO3), and disulfur
monoxide (S,0). Of these, only SO, is present in the lower troposphere at concentrations relevant for
environmental considerations. Moreover, some gas-phase sulfur oxides interact with particles and change
phase themselves, just as do some constituent members of the N family of gas-phase chemical species;
hence, particulate-phase S compounds are also assessed here.

NH; is included in this ISA both because its oxidation can be a minor source of NOx and because it
is the precursor for ammonium ion (NHy"), which plays a key role in neutralizing acidity in ambient
particles produced from NO, and SO, and in cloud, fog, and rain water. (NH; and NH," are conventionally
grouped together under the category label NHx.) Excess NHj is also an actor in nitrification of aqueous
and terrestrial ecosystems, participating alone and together with NOx in the N cascade (Galloway et al.,
2003). Additionally, NHj; is involved in the ternary nucleation of new particles and reacts with gas-phase
HNO; to form ammonium nitrate (NH4NO3), a major component of N deposition in many areas of the
contiguous U.S. (CONUS).

! This follows usage in the Clean Air Act, Section 108(c): “Such criteria [for oxides of nitrogen] shall include a discussion of nitric and nitrous
acids, nitrites, nitrates, nitrosamines, and other carcinogenic and potentially carcinogenic derivatives of oxides of nitrogen.” (U.S. Code 1970a)
By contrast, within the air pollution research and control communities, the terms “oxides of nitrogen” and “nitrogen oxides” are restricted to refer
only to the sum of NO and NO,, and this sum is commonly abbreviated as NOx. The category label used by this air pollution research and control
community for the sum of all oxidized N compounds, including those listed in Section 108(c), is NOy.
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2.2. Sources and Emissions of Tropospheric NOx

Tropospheric NOyx emissions sources can be anthropogenic, resulting from human activity, or

biogenic and natural, resulting from the activity of non-human organisms, though sometimes with the
addition of human activities, as with production from livestock or agriculture, and from other smaller
miscellaneous non-biological sources. However, anthropogenic sources contribute substantially more

mass than biogenic ones. The anthropogenic and biogenic sources of NOx are described in detail and their
emissions totals are provided below.

2.2.1. Major Anthropogenic Sources

Anthropogenic NOx emissions are dominated by fossil fuel combustion sources that release NOx
predominantly in the form of NO with variable amounts of NO,. In 2002, anthropogenic NOx emissions
in the U.S. totaled 23.19 teragram/year (Tg/yr). Table 2-1 lists fractions and totals from anthropogenic
NOx sources collected for the 2002 National Emissions Inventory (NEI) (U.S. EPA, 2006a).

Table 2-1. Emissions of NOx, NH;, and SO; in the U.S. by source and category, 2002.
2002 Emissions (Tglyr) NOx! NHs SO: 2002 Emissions (Tglyr) NOx' NHs SO:
Total All Sources 2319 4.08 16.87 Liquid Waste 0.01
Fuel Combustion Total 911 0.02 1447 Other 0.04
Fuel Combustion Electrical Utilities 516 <0.01 11.31 Internal Combustion 115 <0.01 0.01
Coal 450 <0.01 10.70  Fuel Combustion Other 0.80 <0.01 0.63
Bituminous 2.90 8.04  Commercial / Institutional Coal 0.04 <0.01 0.16
Subbituminous 142 214 Commercial / Institutional Oil 0.08 <0.01 0.28
Anthracite & Lignite 0.18 051  Commercial / Institutional Gas 025 <0.01 0.02
Other <0.01 Misc. Fuel Combust. (Exc. Resident.) 0.03 <0.01 0.01
Qil 014 <0.01 0.38 Residential Wood 0.03 <0.01
Residual 0.13 0.36 Residential Other 0.36 0.16
Distillate 0.01 0.01 Distillate Oil 0.06 0.15
Gas 0.30 <0.01 0.01 Bituminous/Subbituminous 0.26 <0.01
Natural 0.29 Other 0.04 <0.01
Process 0.01 Industrial Process Total 110 021 154
Other 005 <0.01 021  Chemical & Allied Product Mfg 012 002 0.36
Internal Combustion 017 <0.01 0.0 Organic Chemical Mfg 0.02 <0.01 0.01
Fuel Combustion Industrial 315 <0.01 253 Inorganic Chemical Mfg 001 <0.01 018
Coal 049 <001 1.26 Sulfur Compounds 0.17
Bituminous 0.25 0.70 Other 0.02
Subbituminous 0.07 0.10 Polymer & Resin Mfg <0.01 <0.01 <0.01
Anthracite & Lignite 0.04 0.13 Agricultural Chemical Mfg 005 002 0.05
Other 0.13 0.33 Ammonium Nitrate/Urea Mfg. <0.01
Qil 019 <0.01 0.59 Other 0.02
Residual 0.09 0.40 Paint, Varnish, Lacquer, Enamel Mfg 0.00 0.00
Distillate 0.09 0.16 Pharmaceutical Mfg 0.00 0.00
Other 0.01 0.02 Other Chemical Mfg 003 <0.01 012
Gas 116 <0.01 052  Metals Processing 0.09 <0.01 0.30
Natural 0.92 Non-Ferrous Metals Processing 0.01 <0.01 017
Process 0.24 Copper 0.04
Other <0.01 Lead 0.07
Other 016 <0.01  0.15 Zinc 0.01
Wood/Bark Waste 0.1 Other <0.01
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2002 Emissions (Tglyr) NOx' NH; SO 2002 Emissions (Tglyr) NOx' NH; SO
Ferrous Metals Processing 0.07 <0.01 011  Highway Vehicles 809 032 0.30
Metals Processing 0.01 <0.01 0.02 Light-Duty Gas Vehicles & Motorcycles 238 0.20  0.10

Petroleum & Related Industries 016 <0.01 0.38 Light-Duty Gas Vehicles 2.36 0.10
Oil & Gas Production 0.07 <0.01 0.1 Motorcycles 0.02 0.00
Natural Gas 0.11 Light-Duty Gas Trucks 154 010 0.07
Other 0.01 Light-Duty Gas Trucks 1 1.07 0.05
Petrol. Refineries & Related Industries 0.05 <0.01 0.26 Light-Duty Gas Trucks 2 047 0.02
Fluid Catalytic Cracking Units <0.01 0.16 Heavy-Duty Gas Vehicles 044 <0.01 0.0
Other <0.01  0.07 Diesels 373 <0.01 012
Asphalt Manufacturing 0.04 0.01 Heavy-Duty Diesel Vehicles 3.71

Other Industrial Processes 054 005 046 Light-Duty Diesel Trucks 0.01
Agriculture, Food, & Kindred Products 0.01 <0.01 0.01 Light-Duty Diesel Vehicles 0.01
Textiles, Leather, & Apparel Products <0.01 <0.01 <0.01  Off-Highway 449 <001 046
Wood, Pulp & Paper, Publish. Prods. 0.09 <0.01 0.10 Non-Road Gasoline 0.23 <0.01 0.01
Rubber & Misc. Plastic Products <0.01 <0.01 <0.01 Recreational 0.01
Mineral Products 042 <0.01 0.33 Construction 0.01
Cement Mfg 0.24 0.19 Industrial 0.01
Glass Mfg 0.01 Lawn & Garden 0.10
Other 0.10 0.09 Farm 0.01
Machinery Products <0.01 <0.01 <0.01 Light Commercial 0.04
Electronic Equipment <0.01 <0.01 <0.01 Logging <0.01
Transportation Equipment <0.01 <0.01 Airport Service <0.01
Miscellaneous Industrial Processes 0.01 005 0.02 Railway Maintenance <0.01

Solvent Utilization 0.01 <0.01 <0.01 Recreational Marine Vessels 0.05
Degreasing <0.01 <0.01 <0.01 Non-Road Diesel 176 <0.01 0.22
Graphic Arts <0.01 <0.01 <0.01 Recreational 0.00
Dry Cleaning <0.01 <0.01 <0.01 Construction 0.84
Surface Coating <0.01 <0.01 <0.01 Industrial 0.15
Other Industrial <0.01 <0.01 <0.01 Lawn & Garden 0.05
Nonindustrial <0.01 Farm 0.57
Solvent Utilization <0.01 Light Commercial 0.08

Storage & Transport <0.01 <0.01 0.01 Logging 0.02
Bulk Terminals & Plants <0.01 <0.01 <0.01 Airport Service 0.01
Petrol. & Petrol. Product Storage <0.01 <0.01 <0.01 Railway Maintenance <0.01
Petrol. & Petrol. Product Transport <0.01 <0.01 <0.01 Recreational Marine Vessels 0.03
Service Stations: Stage |l <0.01 <0.01 Aircraft 0.09 0.01
Organic Chemical Storage <0.01 <0.01 <0.01 Marine Vessels 1.1 0.18
Organic Chemical Transport 0.01 <0.01 Diesel 1.1
Inorganic Chemical Storage <0.01 <0.01 <0.01 Residual Oil
Inorganic Chemical Transport <0.01 <0.01 Other
Bulk Materials Storage 0.01 <0.01 <0.01 Railroads 0.98 0.05

Waste Disposal & Recycling 017 014 0.03 Other 0.32 <0.01 0.00
Incineration 0.06 <0.01 0.02 Liquefied Petroleum Gas 0.29
Industrial Compressed Natural Gas 0.04
Other <0.01  Miscellaneous 039 353 0.10
Open Burning 0.10 <0.01 <0.01 Agriculture & Forestry <0.01 345 <0.01
Industrial <0.01 Agricultural Crops <0.01
Land Clearing Debris Agricultural Livestock 2.66
Other <0.01 Other Combustion 0.08 0.0
Public Operating Treatment Works <0.01 0.4 <0.01 Health Services
Industrial Waste Water <0.01 <0.01 <0.01 Cooling Towers
Treatment, Storage, Disposal Facility <0.01 <0.01 <0.01 Fugitive Dust
Landfills <0.01 <0.01 <0.01 Other
Industrial <0.01 Natural Sources 310 0.03
Other <0.01 . .

Girer DO 0T 001 e s 8 o

Transportation Total 1258 032 0.76
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Of this total, emissions from all types of transportation accounted for ~56% of NOx, or 12.58 Tg,
with on-road highway vehicles representing the major mobile source component, 8.09 Tg. Roughly one-
half of these on-road emissions have diesel engine sources and one-half have gasoline engine sources.
(Sawyer et al. [2000] reviewed in detail the factors associated with NOx emissions by mobile sources.)
The next largest source category, electric-generating utilities (EGUs), accounted for ~22%, or 5.16 Tg of
total NOy in 2002. Stationary engines, non-road vehicles, and industrial facilities also emit NOx, but
because they are fewer in number or burn less fuel, their mass contributions to total NOx are less than
transportation and EGUs.

The values in Table 2-1 are U.S. national averages and so may not reflect differences in the relative
contributions of NOx sources to ambient mass loadings at any particular location; hence, these values are
not likely to be useful predictors of any particular localized environmental exposures to NOx. As a partial
refinement of scale, county-level NOx emissions are depicted in Figure 2-1." A further refinement appears
in Figure 2-2, where the same 2001 NOyx emissions data are plotted as area-normalized intensities in tons
per square mile. This normalized emissions intensity base is also used to show the separate contributions
from EGUs and on-road mobile sources in Figures 2-3 and 2-4, respectively.

2001 County Emissions (1000 Tons per Year) of Nitragen Oxides

0 >0-0.54 0.54-12 1.2-2.5
2.5-6 | PR M ;.

Source: U.S. EPA (2006a)

Figure 21. 2001 county-level total U.S. NOx (NO and NO,) emissions.'

! Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10" percentile value; Green, from above the 10" to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50" to the 75" percentile; Red, from above the 75" to the 90™
percentile; Brown, from above the 90" percentile to the highest reported value.
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2001 County Emissions Density (Tons per sq.mi.) of Nitrogen Oxides

o *0-0.79 0.79-18 1.6~4.1
a1-10 o0 0.
Source: US EPA Office of Ar and Radiotion, NEI Database Thursday. July 10, 2008

Source: U.S. EPA (2006a)

Figure 2-2. 2001 county-level total U.S. NOx (NO and NO;) emissions densities (tons per square mile). !

bed
“u
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2001 County Emissions Density (Tons per sq.mi.) of Mitrogen Oxides
] *0=0.0022 0.0022-0.025 0.025-0.3

0.3-5.4 [Py . .
Source: U.S. EPA (2006a)

Figure 2-3. 2001 county-level total U.S. NOx (NO and NO;) emissions densities (tons per square mile) from
electric-generating utilities (EGUs). !

! Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10" percentile value; Green, from above the 10" to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50" to the 75" percentile; Red, from above the 75" to the 90"
percentile; Brown, from above the 90" percentile to the highest reported value.
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2001 County Emissions Density (Tons per sq.mi.) of Nitrogen Oxides

o *0-0.2 0.2-0.65 0.65-1.7
1.7=4.1 - 4.1=10 - 10+

Source: U.S. EPA (2006a)

Figure 2-4. 2001 county-level total U.S. NOx (NO and NO;) emissions densities (tons per square mile) from
on-road mobile sources.

Emissions of NOx from combustion are derived from both fuel N and atmospheric N. Combustion-
zone temperatures >~1300 K are required to fix atmospheric N, by the reaction.

N, + 0, —>2NO

Reaction 1

Below this temperature, NO can be formed from fuel N by the reaction

C,H,O.N, + O, —— xCO, + yH,O0 + zZNO

Reaction 2

Both Reaction 1 and Reaction 2 have temperature dependencies and vary with concentrations of hydroxyl
radical (OH), hydroperoxy radical (HO,), and O,.

The N content in fossil fuels and its specific chemical form vary strongly with source type, fuel,
engine emissions controls, and running conditions. N content in fuel stocks ranges from 0.05% by weight
(wt %) in light distillates such as diesel fuel (Samet and Bodurow, 2008) to 1.5 wt % in heavy fuel oils,
and from 0.5 to 2.0 wt % in coal, as surveyed by the United Kingdom (U.K. AQEG, 2004) Air Quality
Expert Group.

On-road mobile source emissions constitute the largest type of emissions from all transportation
sources. Significant variability attaches to these emissions. For example, the ratio of NO, to total NOx in

! Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10" percentile value; Green, from above the 10" to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50" to the 75" percentile; Red, from above the 75" to the 90™
percentile; Brown, from above the 90" percentile to the highest reported value.
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exhaust gases in primary emissions ranges from 1 to 3% from gasoline engines tested on dynamometers
(Heeb et al., 2008; Hilliard and Wheeler, 1979). On the other hand, some European studies have reported
NO,-to-NOx ratios > 15% from gasoline vehicles based on integrated measurements from Tedlar bags
(Lenner, 1987; Soltic and Weilenmann, 2003). However, subsequent studies suggesting that NO-to-NO,
conversion will occur within a bag sample of diluted exhaust if not properly handled have led groups
performing these measurements to revise their measurement techniques to avoid use of Tedlar bag
samples (Alvarez et al., 2008). As a result, dynamometer-based measurements generally indicate that in
the absence of post-tailpipe transformation, NO, comprises, at most, only a few percent of the total NOx
in current-generation gasoline engine exhaust.

The emissions ratio of NO, to NOx ranges between 5 and 12% from heavy-duty diesel truck
engines, although some emission control devices used for diesel engines in Europe increase the fraction of
exhaust NOx emitted as NO, to >20% (Carslaw and Beevers, 2005; Carslaw, 2005; Carslaw and Carslaw,
2007; Kessler et al., 2006). In the U.S., on-road experiments with diesel engines propelling heavy buses
in congested urban areas like New York City have shown that engines equipped with emissions control
devices similar to those in the European studies increased the NO,-to-NOx ratio from ~10% before
addition of the new controls to ~30% after controls were added (Shorter et al., 2005). In a second type of
experiment in a different setting, Kittelson et al. (2006) used an on-road laboratory to sample exhaust
plumes of a truck equipped with the European-style emissions control device under highway cruise
conditions and found the NO,-to-NOx ratios for this exhaust under highway cruise conditions ranged
from 59 to 70%. The wide range revealed by comparing these two studies illustrates the significant
differences in NOx exhaust under different conditions of engine load and ambient temperature.

As for other combustion sources, NO,-to-NOx emissions ratios for compressed natural gas engines
range between 5 and 10%, and between 5 and 10% from most stationary sources. The NO,-to-NOx ratios
in emissions from turbine jet engines are as high as 35% during taxi and takeoff (U.S. EPA, 2006a).

In addition to NO and NO,, mobile sources emit other forms of oxidized N including nitrous acid
(HNO,); measured ratios of HNO, to NOx range from a low of 0.3% in the Caldecott Tunnel, San
Francisco, CA (Kirchstetter and Harley, 1996), up to as much as 0.5 and 1.0% in studies in the U.K.
(UK. AQEG, 2004).

Marine transport represents an additional source of NOyx in the U.S., especially for coastal cities
with large ports, but constitutes a larger source in Europe where it is expected to represent more than 60%
of land-based NOx sources (U.K. AQEG, 2004).

The anthropogenic sources of NOx are distributed with height such that some, like on-road mobile
sources, are nearer to ground level than others, like the emissions stacks from EGUs and some industrial
emitters. Emissions height is an important consideration because the prevailing winds aloft are generally
stronger than those at the surface. The result is that emissions from elevated sources can be distributed
over a wider area than those emitted at the surface and hence can be diluted to lower mixing ratios than
those emitted nearer their sources.

2.2.2. Major Biogenic Sources

2.2.2.1. Soils

Nitrification and denitrification processes in soils produce two gas-phase intermediates, NO and
N,O, which can evolve from soil microbes before reaching their reaction endpoint, N,. N,O is not among
the nitrogen oxides important for urban and regional air quality either for human health concerns or
environmental effects because its reaction potential on these spatio-temporal scales in the troposphere is
insignificant. As a result, NO from soil metabolism is the prime, but not exclusive, form of atmospheric
NOx from the biosphere relevant to this ISA.
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Biogenic NOx emissions are predominately the result of incomplete bacterial denitrification and
nitrification processes, as described above. Denitrification is a reduction process performed by particular
groups of heterotrophic bacteria having the ability to use nitrate ion (NO; ) as an electron acceptor during
anaerobic respiration, thereby converting NO;  in soils and water to gas-phase forms (Firestone and
Davidson, 1989). At low O, concentrations, these microbial communities may use NOs , nitrite (NO; ), or
N,O as alternative electron acceptors to O, (Davidson and Schimel, 1995).

The basic outlines of these reaction pathways are known, but uncertainty remains concerning the
conditions favoring production of the various products of the NO; transformations. Groups of aerobic
bacteria use most NH," in soils as an energy source, oxidizing it to NO, and then NO; . Oxidized N
products from nitrification may undergo denitrification and thus also drive production of NOx. Some
bacteria are known to be nitrifiers and denitrifiers and can change depending on environmental
conditions, including high loadings of exogenous N.

Soil emissions of NOx can be increased by agricultural practices and activities, including the use of
synthetic and organic fertilizers, production of N-fixing crops, cultivation of soils with high organic
content, and the application of livestock manure to croplands and pasture. All of these practices directly
add exogenous N to soils, of which a portion will then be converted to NO or N,O on the pathway to full
conversion to N,. Additionally, indirect additions of N to soils can also result in NOx emissions from
agricultural and non-agricultural systems. Indirect additions include processes by which atmospheric NOx
is deposited directly to a region or N from applied fertilizer or manure volatilizes to NH; and is oxidized
to NOx and then is ultimately re-deposited onto soils as NH4,NO;, HNOs, or NOx (U.S. EPA, 2006c).

N metabolism in soils is strongly dependent on soil substrate concentrations and physical
conditions. Where N is limiting, it is efficiently retained and little gas-phase N is released; where N is in
excess of demand, N emissions increase. As a consequence, soil NO emissions are highest from fertilized
agricultural lands and tropical soils (Davidson and Kingerlee, 1997; Williams et al., 1992). In addition,
temperature, soil moisture, and O, concentrations control both the rates of reaction and the partitioning
between NO and N,O. In flooded soils where O, concentrations are low, N,O is the dominant soil N gas;
as soils dry, more O, diffuses in and NO emissions increase. In very dry soils, microbial activity is
inhibited and emissions of both N,O and NO decrease.

Emission rates of NO from cultivated soils depend largely on fertilization levels and soil
temperature. Production of NO from agriculture results from the oxidation of NH; emitted both by
livestock and by soils after fertilization with NH,NO;. Estimates of biogenic N emissions are far less
certain than those of anthropogenic emissions sources. Uncertainty on the order of a factor of 3 or more is
introduced by the variation within biomes to which fertilizer is applied, such as between shortgrass and
tallgrass prairie for example (Davidson and Kingerlee, 1997; Williams et al., 1992; Yienger and Levy,
1995). The contribution of soil emissions to the global NOx budget is approximately 10% (Finlayson-Pitts
and Pitts, 2000; Seinfeld and Pandis, 1998; Van Aardenne et al., 2001), but NOx emissions from fertilized
fields are highly variable. Soil NO emissions can be estimated from the fraction of the applied fertilizer N
emitted as NOx, for example, but the flux depends strongly on land use type and temperature. Estimates
of globally averaged fractional-applied N lost as NO vary from a low of 0.3% (Skiba et al., 1997) up to
2.5% (Yienger and Levy, 1995).

The spatial scales of these N fluxes are also significant. Local contributions to soil NOx can be
much greater than the global average, particularly in summer, and especially where corn is grown
extensively. Approximately 60% of total NOx emitted by soils in the U.S. occurs in the central corn belt.
Nitrification of fertilizer NH;3 to NO; ™ in aerobic soils appears to be the dominant pathway to soil NOx
emissions, but the mass and chemical form of N applied to soils, the vegetative cover, the temperature and
soil moisture characteristics, and the agricultural practices such as tillage all influence the amount of
fertilizer N converted and released as NOx. On sub-national scales these emissions can be large and
highly variable. Williams et al. (1992) estimated that NOx from soils in Illinois was ~25% of the total
NOx emissions from industrial and commercial processes in that state. In lowa, Kansas, Minnesota,
Nebraska, and South Dakota—states with smaller human populations than Illinois—soil emissions may,
in fact, dominate the NOx budget.
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Emissions of NOx from soils often peak in summer when ozone (O3) formation is also at a
maximum. The significance of agricultural emission sources of NO and NH; among other air pollutants
was described in detail in a recent National Research Council report (NRC, 2002). That report
recommended immediate implementation of best management practices to control these emissions, and
called for additional research to quantify the magnitude of emissions and the effects of agriculture on air
quality. The effects of such changes in management practice can be dramatic: Civerolo and Dickerson
(1998) reported that the use of no-till cultivation techniques on a fertilized cornfield in Maryland reduced
NO emissions by a factor of 7.

2.2.2.2. Live Vegetation

Extensive work on N inputs from the atmosphere to forests was conducted in the 1980s as part of
the Integrated Forest Study, summarized by Johnson and Lindberg (1992b). As noted below and in
Chapter 4, our understanding of NO, exchange with vegetation suggests that NO, should be emitted from
foliage when ambient concentrations are below the compensation point of ~1 ppb. However, Lerdau et al.
(2000) noted that current understanding of the global distribution of NOy is not consistent with the large
source that would be expected in remote forests if NO, emissions were significant when atmospheric
concentrations were below the 1 ppb compensation point.

2.2.2.3. Biomass Burning

During biomass burning, N is derived mainly from fuel N and not from atmospheric N,, since
temperatures required to fix atmospheric N, are likely to be found only in the flaming crowns of the most
intense boreal forest fires. N is present in plants mostly as amine (NH,) groups in amino acids. During
combustion, N is released in many forms, mostly unidentified and presumably as N,, leaving very little N
remaining in the fuel ash. Emissions of NOx are estimated to be ~0.2 to 0.3% of the total biomass burned
(e.g., Andreae, 1991; Radke et al., 1991). The most abundant NOx species in biomass burning plumes is
NO, emissions of which account for ~10 to 20% of the total fuel N loadings (Lobert et al., 1991); other
N-containing species such as NO,, nitriles, and NH; together account for a similar amount. Westerling
et al. (2006) noted that the frequency and intensity of wildfires in the western U.S. increased substantially
since 1970, lending added importance to consideration of all NOx emissions from this sector.

2.2.2.4. Lightning

Annual global production of NO by lightning is the most uncertain source of atmospheric N. In the
last decade, literature values of the global average production rate ranged from 2 to 20 Tg N/yr. Most
recent estimates, however, are in the range of 3 to 8 Tg N/yr. This large and persistent uncertainty stems
from several factors: a wide range of as much as two orders of magnitude in NO production rates per
meter of flash length; uncertainty over whether cloud-to-ground (CG) and intracloud (IC) flashes produce
substantially different NO levels; the global average flash rate; and the ratio of IC to CG flashes.

Estimates of the NO concentration produced per flash have been made from theoretical
considerations (e.g., Price et al., 1997), laboratory experiments (e.g., Wang et al., 1998), and field
experiments (Huntrieser et al., 2002, 2007; Stith et al., 1999), and with a hybrid method of cloud-
resolving model simulations, observed lightning flash rates, and measurements of NO concentrations in
cloud anvils (DeCaria et al., 2000, 2005; Ott et al., 2007). A series of midlatitude and subtropical
thunderstorm events were simulated with the model of DeCaria et al. (2005) and the derived NO
production per CG flash was, on average, 500 moles/flash, while production per IC flash was
425 moles/flash on average (Ott et al., 2007). The hybrid method had earlier been used by Pickering et al.
(1998) who showed that only ~5 to 20% of the total NO produced by lightning in a given storm exists in
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the planetary boundary layer (PBL) at the end of a thunderstorm event, thereby reducing its importance as
a direct emissions source to the urban and regional troposphere.

2.2.3. Anthropogenic and Biogenic Sources of N20

N,O has an atmospheric lifetime (1) of ~114 years, resulting from its having effectively no
chemistry in the lower troposphere on urban and regional scales. The chief N,O loss pathway with a
quantum yield of ~1 is the photodissociation process

N,O —> N, + O(D)

Reaction 3

driven by the short wavelength UV present only in the stratosphere.

However, N,O is also a GHG with a global warming potential (GWP) on the conventional 100—
year time horizon of ~296; i.e., 1 molecule of N,O is nearly 300 times more effective at trapping heat in
the atmosphere than 1 molecule of carbon dioxide (CO,) over a 100—year period (IPCC, 2001b). The high
GWP of N,O results from its combination of direct and indirect radiative forcing climate effects in the
stratosphere. By comparison, the primary climate effects of NO and NO, are indirect and result from their
role in promoting the production of O3 (P(O;)) in the troposphere and, to a lesser degree, in the lower
stratosphere where NOx has positive radiative forcing effects. Additional complications for calculating
NOx GWPs ensue owing to the fact that NOx emissions from high-altitude aircraft are also likely to
decrease methane (CH,4) concentrations, a negative radiative forcing effect (IPCC, 1996), and that
particulate nitrate (pNO; ) transformed from NOx also has negative radiative forcing effects. U.S. EPA
does not calculate GWPs for total NOx or for SOx or for the other atmospheric constituents for which no
agreed-upon method exists to estimate the contributions from these gases that are short-lived in the
atmosphere, have strong spatial variability, or have only indirect effects on radiative forcing.

Thus, because there are no tropospheric reactions or effects to consider, N,O is not a significant
component of NOx for this ISA review of the NOx and SOx secondary effects related to the NAAQS.
However, the role of N,O as an intermediate product along with NO from the complex soil metabolism
described in Section 2.2.2.1 means that a brief description of its emissions strengths and its component
part of the total budget of U.S. GHGs will be useful, and so appears just below.

N,O is a contributor to the total U.S. GHG budget, with 6.5% of total GHG on a Tg CO,
equivalents basis (CO,e) in 2005 (U.S. EPA, 2007b). CO,, by comparison, accounted for 83.9% in the
same year, and CH, for 7.4% (U.S. EPA, 2007b). Although atmospheric concentrations of N,O have
increased globally by ~18% to a current value of ~315 ppb due to western industrialization since the year
1750 C.E. (Hofmann et al., 2004), there is considerable interannual variation in N,O emissions which
remains largely unexplained (IPCC, 2001a). N,O emissions in the U.S., for example, decreased by 2.8%,
or 13.4 Tg COye, between 1990 and 2005 (U.S. EPA, 2007a).

N,O is produced by biological processes occurring in the soil and water, as described in
Section 2.2.2 above, and by a variety of anthropogenic activities in the agricultural, energy, industrial, and
waste management sectors. The chief anthropogenic activities producing N,O in the U.S. are agricultural
soil management, fuel combustion in motor vehicles, manure management, production of adipic acid
(nylon) and HNO;, wastewater treatment, and stationary fuel combustion.

N,O emissions from anthropogenic activities in the U.S. were 386.7 Tg CO,e/yr between 1990 and
2004 (U.S. EPA, 2007a). These emissions resulted from the fuel combustion, industrial practices, and
stimulation of biogenic sources through agricultural practices listed above. In 2005, N,O emissions from
mobile sources were 38.0 Tg CO,e, or ~8% of the U.S. N,O emissions total (U.S. EPA, 2007a). In the
period between 1990 and 1998, control technologies on mobile sources reduced on-road vehicle NO and
NO, emissions at the expense of increasing N,O emissions by 10%. The overall reduction in N,O mobile
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source emissions between 1998 and 2005 (when totals were last available), however, has been 13% owing
to more efficient controls used after 1998.

Biogenic production of N,O stimulated through soil management accounted for >75% of all U.S.
N,O emissions in 2005 (U.S. EPA, 2007a). N,O emissions from these sources have shown no significant
long-term trend because the biogenic emitters are highly sensitive to the concentrations and forms of N
applied to soils, and these applications have been largely constant (U.S. EPA, 2007a).

Aquatic sources of N,O may also be stimulated by environmental conditions. In some ocean areas,
large areas of surface water can become depleted in O,, allowing active denitrification in open water, and
potentially increasing N,O emissions as described in Section 2.2.2. In addition, oceanic N,O can also
arise from denitrification in marine sediments, particularly in nutrient-rich areas like estuaries.

2.3. Sources and Emissions of Tropospheric SOx

Emissions of SO,, the chief component of SOy, are due mostly to combustion of fossil fuels by
EGUs and industrial processes, with transportation-related sources making smaller but significant
contributions.

2.3.1. Major Anthropogenic Sources

Table 2-1 shows that for 2002, fossil fuel combustion at EGUs accounted for ~66% of total SO,
emissions in the U.S., or 11.31 Tg of the total 16.87 Tg. All transportation sources accounted for ~5% of
the total U.S. SO, emissions in 2002, or 0.76 Tg. On-road vehicles produced ~40% of the transportation-
related total SO, emissions in 2002, with off-road diesel and marine traffic together accounting for the
remainder. Thus, most SO, emissions originate from point sources having well-known locations and
identifiable fuel streams.

Since nearly all S in fuels is released in volatile components, either SO, or SOs, during combustion,
total S emissions from these point sources can be computed from the known S content in fuel stocks with
greater accuracy than can total NOx emissions from point sources. However, just as for the NOx
emissions totals described above, total SOx emissions estimates are national-scale averages and so cannot
accurately reflect the contribution of local sources to selected environmental exposures to SOx at specific
locations and times. To refine those national estimates, county-level average SO, emissions for 2001 are
shown in Figure 2-5; and normalized emissions intensities per square mile like those shown above for
NOx are shown for SO, in Figure 2-6.

Figure 2-6 illustrates the west-to-east increasing gradient in SO, emissions densities, with most
counties east of the Mississippi River in warmer colors (greater emissions densities) than most counties in
the West. The upper end of the SO, emissions density distribution represented here includes many
counties in the eastern U.S.—primarily in the Ohio River Valley—with 2001 SO, emissions densities
significantly greater than 20. Examples of these high densities (in tons per square mile) are Hillsborough
County, FL, 80; Grant County, WV, 156; Indiana County, PA, 190; Washington County, OH, 273; and
Armstrong County, PA, 292. In these counties, SO, emissions were due mostly to EGU fuel combustion,
as shown in Table 2-2. For the non-EGU emissions densities and the total SO, densities in Figure 2-6, the
upper end of the density distribution compresses a wide range; see Table 2-2. Thus, for the five counties
considered above, non-EGU emissions were <5% of total SO, emissions in Washington County, OH,
and <1% in Indiana County, PA, Armstrong County, PA, and Grant County, WV. Hillsborough County,
FL, is an exception, where 17% of the 2001 SO, emissions density came from non-EGU sources, the
largest of which was chemical and allied product manufacturing.
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2001 County Erissiens (1000 Tons per Year) of Sulfur Dioxide

o] >0-0.05 0.05-0.11 0.11-0.31
0.31=1.5 - 1.5=12 - 12+
Source: U.S. EPA (2006a)

Figure 2-5. 2001 county-level total U.S. SO, emissions.!

2001 County Emissions Density (Tons per sq.mi.) of Sulfur Dioxide

0 +0-0.069 0.069-0.17 0.17-0.54
0.54=-2.7 - 2.7=20 - 20+

Source: U.S. EPA (2006a)

Figure 2-6. 2001 county-level total U.S. SO; emissions densities (tons per square mile).!

'Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10" percentile value; Green, from above the 10™ to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50" to the 75" percentile; Red, from above the 75" to the 90"
percentile; Brown, from above the 90" percentile to the highest reported value.
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2001 County Emissions Density (Tons per sq.mi.) of Sulfur Dioxide

0 >0—-0.000088 0.000088-0.0011 0.0011-0.045
0.045-13 - 13-57 - 57+

Source: U.S. EPA (2006a)

Figure 2-7. 2001 county-level SO, emissions densities (tons per square mile) from EGUs. !

Although on-road mobile sources in 2001 contributed <5% to SO, emissions totals on the national
scale, their fraction of county-level emissions densities varies widely. Generally, however, on-road mobile
source SO, emissions reflect the west-to-east increasing gradient in the densities of both total SO,
emissions and U.S. population, as shown in Figure 2-8. In areas such as Wayne County, MI, and Bronx
County, NY, for example, 2001 SO, emissions densities from on-road mobile sources were 3 and 8.8 tons
per square mile out of totals of 98 and 160 tons per square mile, total SO,, respectively. In other areas like
Dallas County, TX, and DeKalb County, GA, however, the on-road fraction of total SO, emissions
densities in 2001 was substantially greater: 1.5 out of the total 4.1 tons per square mile in Dallas County,
and 3.5 out of the total 6.5 tons per square mile in DeKalb County.

Table 2-2. Total and non-EGU SO emissions densities for selected U.S. counties, 2001.
County S0: Emissions Density (tons/mile?) Non-EGU Emissions Density Fraction (%)
Hillsborough, FL 80 17
Grant, WV 156 <1
Indiana, PA 190 <1
Washington, OH 273 <5
Armstrong, PA 292 <1

'Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10™ percentile value; Green, from above the 10" to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50™ to the 75" percentile; Red, from above the 75" to the 90™
percentile; Brown, from above the 90" percentile to the highest reported value.
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2001 County Emissions Density {Tons per sq.mi.) of Sulfur Dioxide

0 *0-0.0065 0.0065-0.022 0.022-0.057
0.057-0.14 M o032 RPN
Source: U.S. EPA (2006a)

Figure 2-8. 2001 county-level SO, emissions densities (tons per square mile) from on-road mobile
sources.'

2001 County Emissions Densily (Tons per sq.mi.) of Sulfur Dioxide

4] *0-0.016 0.016-0.041 0.041-0.087

ooa7-01s MM 0.13-05 M.
Source: U.S. EPA (2006a)

Figure 2-9. 2001 county-level SO, emissions densities (tons per square mile) from off-road mobile and
other transportation sources. '

'Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10" percentile value; Green, from above the 10™ to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50" to the 75" percentile; Red, from above the 75" to the 90"
percentile; Brown, from above the 90" percentile to the highest reported value.

2-14



An additional source of SO, emissions of concern in particular locations not immediately obvious
from national-scale averages and totals are transit and in-port activities in areas with substantial shipping
traffic (Wang et al., 2007). Because of the importance of these SO, emissions, the ports of Long Beach
and Los Angeles, CA, for example, are part of a Sulfur Emissions Control Area in which S contents of
fuels are not to exceed 1.5%. Figure 2-9 shows SO, emissions densities combined for all non-road
transportation-related emitters in which coastal areas with ports and shipping routes, such as the
Mississippi River, are easily discerned. In Los Angeles County, CA, for example, off-road transportation
including shipping and port traffic contributed 1.4 of the total 4.1 tons of SO, per square mile in 2001; in
King County (including the city of Seattle), WA, the off-road transportation fraction was 42% of the total
SO, emissions density, or 1.2 of the total 2.8 tons per square mile. Emissions density data at finer scales
more specific to the ports are not available in the routine emissions inventories and some confusion
attends estimates of the actual SO, loads from these sources. Modeling studies by Vutukuru and Dabdub
(2008) for southern California ports, for example, have shown that ships contribute <2 ppb to the 24-h
average SO, concentration in Long Beach, CA, in 2002 and <0.5 ppb farther inland.

SO, data collected from the State and Local Air Monitoring Stations (SLAMS) and National Air
Monitoring Stations (NAMS) networks show that the decline in SO, emissions following controls placed
on electric generating utilities in the previous 15 years has improved air quality. There has not been a
single monitored exceedance of the SO, annual ambient air quality standard in the U.S. since 2000,

(U.S. EPA, 2006¢). U.S. EPA trends data (www.epa.gov/airtrends) reveal that the national composite
average SO, annual mean ambient concentration decreased by ~48% from 1990 to 2005, with the largest
single-year reduction coming in 1994-1995, the Acid Rain Program’s (ARP) first operating year (U.S.
EPA, 2006¢). Figure 2-10 depicts data for SO, emissions in the CONUS in these years that reflect this
reduction using individual state-level totals. Note that SOx emissions have changed over this period both
temporally and spatially, with some areas in the southeast U.S. such as North Carolina and Georgia
realizing increased SOx emissions since 2000. SOy emissions from the largest emitters in the states of the
Ohio River Valley, however, have mostly decreased, in some cases by very large fractions.

~—
I SO, Emissions in 1990
S0, Emissions in 1995

[] SO, Emissions in 2000
[ S0, Emissions in 2005

Scale: Largest bar equals
2.2million tons of SO,
emissions in Ohio, 1990

Figure 2-10.  State-level SO, emissions, 1990-2005.
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These trends in emissions data are consistent with the trends in the observed ambient
concentrations from the Clean Air Status and Trends Network (CASTNet). Following implementation of
the Phase I controls on ARP sources between 1995 and 2000, significant reductions in SO, concentrations
and ambient SO,> concentrations were observed at CASTNet sites throughout the eastern U.S.

2.3.2. Major Biogenic Sources

Emissions of SOx from natural sources are small compared to industrial emissions within the U.S.
(see Table 2-1). However, important exceptions occur locally as the result of volcanic activity, wildfires,
and in certain coastal zones as described above.

The major biogenic sources of SO, are volcanoes, biomass burning, wildfires, and dimethylsulfide
(DMS) oxidation over the oceans. Although SO, constitutes a relatively minor fraction of 0.005% by
volume of total volcanic emissions (Holland, 1978), concentrations in volcanic plumes can range from
several to tens of ppm. The ratio of hydrogen sulfide (H,S) to SO, is highly variable in volcanic gases,
typically <1, as in the Mount St. Helens eruption in the Washington Cascade Range (46°20°N, 122°18°W,
summit 2549 m asl) (Turco et al., 1983). However, in addition to being degassed from magma, H,S can be
produced if ground waters, especially those containing organic matter, come into contact with volcanic
gases. In this case, the ratio of H,S to SO, can be >1. H,S produced this way would more likely be
emitted through side vents than through eruption columns (Pinto et al., 1989). Primary particulate sulfate
(pSOy) is a component of marine aerosol and is also produced by wind erosion of surface soils.

Since 1980, the Mount St. Helens volcano has been a variable source of SO,. Its major effects came
in the explosive eruptions of 1980, which primarily affected the northern part of the mountainous western
half of the U.S. The Augustine volcano near the mouth of the Cook Inlet in southwestern Alaska
(59°36°N, 153°43°W, summit 1252 m asl) has had variable SO, emissions since its last major eruptions in
1986. Volcanoes in the Kamchatka peninsula of the eastern region of Siberian Russia do not significantly
affect surface SO, concentrations in northwestern North America. The most serious effects from volcanic
SO, in the U.S. occur on the island of Hawaii. Nearly continuous venting of SO, from Mauna Loa and
Kilauea produces SO, in such large amounts that >100 km downwind of the island, levels of SO, can
exceed 30 ppb (Thornton and Bandy, 1993).

Emissions of SO, from burning vegetation are generally in the range of 1 to 2% of the biomass
burned (see e.g., Levine et al., 1999). S is bound in amino acids in vegetation, and ~50% of this
organically—bound S is released during combustion, leaving the remainder in the ash (Delmas, 1982).
Gas-phase emissions are mainly in the form of SO,, with much smaller amounts of H,S and carbonyl
sulfide (OCS). The ratio of reduced S species such as H,S to more oxidized forms such as SO,, increases
as the fire conditions change from flaming to smoldering phases of combustion because emissions of
reduced species are favored by lower temperatures and decreased O, availability.

SO, is also produced by the photochemical oxidation of reduced S compounds such as DMS, H,S,
carbon disulfide (CS,), OCS, methyl mercaptan (CH;-S-H), and dimethyl disulfide (CH;-S-S-CHj5). The
sources for these compounds are mainly biogenic (see Table 2-1). Emissions of reduced S species are
associated typically with marine organisms living either in pelagic or coastal zones and with anaerobic
bacteria in marshes and estuaries. Emissions of DMS from marine plankton represent the largest single
source of reduced S species to the atmosphere (Berresheim et al., 1995). Other sources such as wetlands
and terrestrial plants and soils account for <5% of the DMS global flux, with most of this coming from
wetlands.

Other than OCS, which is lost mainly by photolysis with a T of ~6 months, SOx species are lost
mainly by reaction with OH and NOs and are relatively short-lived, with t ranging from a few hours to a
few days. Reaction with NO;  at night most likely represents the major loss process for DMS and methyl
mercaptan. Although the mechanisms for the oxidation of DMS are not known with certainty, excess
SO,*" in marine aerosol appears related mainly to production of SO, from the oxidation of DMS. Because
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OCS is relatively long-lived, it can survive oxidation in the troposphere and be transported upward into
the stratosphere. Crutzen (1976) proposed that its oxidation to SO,”~ in the stratosphere serves as the
major source of the stratospheric aerosol layer. However, Myhre et al. (2004) proposed that SO,
transported upward from the troposphere by deep convection is the most likely source, since the flux of
OCS is too small to account for current atmospheric loadings. In addition, in situ measurements of the
isotopic composition of S in stratospheric SO, do not match those of OCS (Leung et al., 2002). Thus, in
addition to biogenic OCS, anthropogenic SO, emissions could be important precursors to the formation of
the stratospheric aerosol layer.

The coastal and wetland sources of DMS have a dormant period in the fall and winter from plant
senescence. Marshes die back in fall and winter, so DMS emissions from them are lower, and lower light
levels in winter at mid-to-high latitudes lessen phytoplankton growth also tend to lower DMS emissions.
Western coasts at mid-to-high latitudes have lower actinic flux to drive photochemical production and
oxidation of DMS. Freezing at mid and high latitudes affects the release of biogenic S gases, particularly
in the nutrient-rich regions around Alaska. Transport of SO, from regions of biomass burning seems to be
limited by heterogeneous losses that accompany convective processes that ventilate the surface layer and
the lower boundary layer (Thornton et al., 1996).

Reduced S species are also produced by several anthropogenic industrial sources: DMS is used in
petroleum refining; and in petrochemical production processes to control the formation of coke and CO;
to control dusting in steel mills; in a range of organic syntheses; as a food flavoring component; and can
also be oxidized by natural or artificial means to dimethyl sulfoxide, a widely-used industrial solvent.

2.4. NHx Emissions

NHj; can be emitted from or deposited to soils, water, or vegetation depending on the ratio of the
atmospheric NH; concentration to the compensation point of the underlying surface. The compensation
point, y, generally is governed by the form, concentration, and acidity of N at the surface of exchange,
and hence changes over time as these variables change. For most of the year, large areas of the U.S. are
very near the nominal y of 1 pg/m’, with the result that the NH; air-surface flux is very often highly
dynamic. Figure 2-11 and Figure 2-12 show county-level annual total NH; emissions for 2001 in tons,
and the spatially normalized county-level emissions in tons per square mile, respectively.

Total emissions of NH; on a national scale show a strikingly different pattern from those of NOx or
SO, as comparison of these figures to their NOx and SOy analogs above illustrates. Anthropogenic NH;
emissions from mobile sources are small since the three-way catalysts used in motor vehicles emit only
small amounts of NHj; as a byproduct during the reduction of NOx; in 2002, this totaled ~8% of the
national NHj total of ~3.7 metric short tons. Stationary combustion sources including EGUs make even
smaller contributions to emissions of NH; because their efficient combustion favors NOx formation and
NHj is produced during combustion largely by inefficient, low-temperature burning. In 2002, the total
from all stationary source fuel combustion processes amounted to <2% of total NH; emissions and
chemical production added only ~0.7% more. Hence, NH; emissions totals are dominated by biogenic
production from agriculture, chiefly from livestock management and fertilizer applications to soils. In
2002, these sources accounted for ~86% of U.S. total emissions.

As with NOx and SOy emissions, however, these national-scale emissions totals obscure important
variability at finer scales. To illustrate this point, Figures 2-13 through 2-15 show county-level NH;
emissions densities separately for emissions from on-road mobile sources, EGUs, and miscellaneous and
biogenics, respectively.
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2001 County Emissions (Tons per Year) of Ammonia

0 >0-120 120-320 320-690
690—-1300 - 1300-2400 - 2400+

Source: U.S. EPA (2006a)

Figure 2-11. 2001 county-level total U.S. NH; emissions.!

2001 County Emissions Density (Tons per sq.mi.) of Ammonia

0 >0-0.18 0.18-0.46 0.46—-1.1
1.1-21 - 2.1-3.7 - 3.7+

Source: U.S. EPA (2006a)

Figure 2-12. 2001 county-level total U.S. NH3 emissions densities."

! Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10" percentile value; Green, from above the 10" to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50" to the 75" percentile; Red, from above the 75" to the 90"
percentile; Brown, from above the 90" percentile to the highest reported value.
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2001 County Emissions Density (Tons per sq.mi.) of Ammonia

0 >0-0.0057 0.0057-0.019 0.019-0.05
0.05-0.12 - 0.12-0.34 - 0.34+

Source: U.S. EPA (2006a)

Figure 2-13. 2001 county-level NHz emissions densities from on-road mobile sources.

2001 County Emissions Density (Tons per sq.mi.) of Ammonia

0 >0-0.00008 0.00008-0.00045 0.00045-0.0023
0.0023-0.009 - 0.009-0.067 - 0.067+

Source: U.S. EPA (2006a)

Figure 2-14. 2001 county-level NH; emissions densities from EGUs.!

! Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10" percentile value; Green, from above the 10" to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50" to the 75" percentile; Red, from above the 75" to the 90"
percentile; Brown, from above the 90" percentile to the highest reported value.
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2001 County Emissions Density (Tons per sq.mi.) of Ammonia

0 >0-0.16 0.16-0.37 0.37-0.88
0.88—-1.8 - 1.8-3.2 - 3.2+

Source: U.S. EPA (2006a)

Figure 2-15. 2001 county-level NH; emissions densities from miscellaneous and biogenic sources.

2.5. Evaluating Emissions Inventories

Emissions inventories are very complex and highly changeable conjoined forms built from
measurements and production and transfer rates, some measured directly, others indirectly, and others
merely assumed, combined with model predictions. National-scale emissions inventories like the ones
illustrated in county-level maps here have uncertainties embedded in them owing to unknown emission
factors, unknown and varying emission rates, generalized or depleted profiles, and the like. Substantial
effort is applied at national, state, and local scales to test these terms in the final emissions totals, and to
assure their quality.

One means for evaluating emissions inventories has been to compare predictions in the inventories
to measured long-term trends or to ratios of pollutants in ambient air. Comparisons of emissions model
predictions with observations have been performed in a number of environments. Very often emissions
inventories for NOx and SOy are evaluated in relation to CO emissions because the low reactivity of CO
on urban and regional scales means it can be treated as largely conserved. Using the distinction between
mobile sources which emit NOyx and CO but little SO,, and power plants which emit NOx and SO, but
little CO, Stehr et al. (2000) evaluated emissions estimates for the eastern U.S. Results indicated that coal
combustion contributes 25 to 35% of the total area NOx emissions in rough agreement with the U.S. EPA
NEI (2006a). Studies using ratios of CO concentrations to NOx concentrations, and concentrations of
nonmethane organic compounds (NMOC) to NOx carried out in the early 1990s in tunnels and ambient
air indicated that emissions of CO and NMOC were systematically underestimated in emissions
inventories at that time. More details are available in the 2000 CO AQCD (U.S. EPA, 2000a).

These reconciliation studies depend on the assumption that NOx emissions are predicted correctly
by emissions factor models which are merely mean and aggregate descriptions of the highly variable U.S.

'Range values: White, 0 or no reported value; Blue, from the smallest non-zero to the 10™ percentile value; Green, from above the 10" to the 25"
percentile; Yellow, from above the 25" to the 50™ percentile; Pink, from above the 50™ to the 75" percentile; Red, from above the 75" to the 90™
percentile; Brown, from above the 90" percentile to the highest reported value.
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mobile source fleet. Roadside remote sensing data have indicated that >50% of non-methane
hydrocarbons (NMHC) and CO emissions are produced by less than 10% of vehicles (Stedman et al.,
1991), typically the poorly maintained super-emitters.

Parrish et al. (1998) and Parrish and Fehsenfeld (2000) proposed methods to derive emission rates
by examining measured ambient ratios among individual volatile organic compounds (VOCs), NOx, and
NOy. Typically, strong correlations exist among measured values for these species because emission
sources are geographically co-located, even when individual sources are different. Correlations can be
used to derive emissions ratios between species, including adjustments for the effect of photochemical
aging. Examples of this type include using correlations between CO and NOy (e.g., Parrish et al., 1991),
between individual VOC species and NOy (Goldan et al., 1995, 2000) and among various VOC species
(McKeen and Liu, 1993; McKeen et al., 1996). Many of these studies were summarized in Parrish et al.
(1998), Parrish and Fehsenfeld (2000), and Trainer et al. (2000).

Other methods for emissions evaluation exist. Buhr et al., (1992) derived emission estimates from
principal component analysis (PCA) and other statistical methods. Goldstein and Schade (2000) also used
species correlations to identify the relative effects of anthropogenic and biogenic emissions. Chang et al.
(1996, 1997), and Mendoza-Dominguez and Russell (2000) used inverse modeling to derive emission
rates in conjunction with results from chemical-transport models (CTMs).

A decadal field study of ambient CO at a rural site in the eastern U.S. (Hallock-Waters et al., 1999)
indicated a downward trend consistent with the downward trend in estimated emissions over the period
1988 to 1999 (U.S. EPA, 2000e¢), even when the global downward trend was taken into account.
Measurements at two urban areas in the U.S. confirmed the decrease in CO emissions (Parrish et al.,
2002). That study also indicated that the ratio of CO to NOx emissions decreased by approximately a
factor of 3 over 12 years. NEI estimates (U.S. EPA, 1997b) indicated a much smaller decrease in this
ratio, suggesting that NOx emissions from mobile sources may have been underestimated or increasing or
both. Parrish et al. (2002) concluded that O; photochemistry in U.S. urban areas may have become more
NOx-limited over the past decade. (See Section 2.6.2.1 for a discussion of NOx and its role in enhancing
and limiting O3 formation.)

Results from these recent emissions evaluation studies have been mixed, with some studies
showing agreement to within + 50% (U.S. EPA, 2000¢). However, Pokharel et al. (2002) employed
remotely sensed emissions from on-road vehicles and fuel use data to estimate emissions in Denver. Their
calculations indicated a continual decrease in CO, hydrocarbons (HC), and NO emissions from mobile
sources over the 6—year study period, 1996 through 2001. Inventories based on the ambient data were 30
to 70% lower for CO, 40% higher for HC, and 40 to 80% lower for NO than those predicted by the
MOBILE®6 on-road mobile source emissions model. (See http://www.epa.gov/otag/m6.htm for
information on MOBILE®).

Satellite data also have proved useful for optimizing estimates of NO, emissions (Jaeglé et al.,
2005; Leue et al., 2001; Martin et al., 2003). Satellite-borne instruments such as the Global Ozone
Monitoring Experiment (GOME) (see, e.g., Martin et al., 2003, and references therein) and the Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) retrieve tropospheric
NO, columns that can be combined with model-derived Tt of NOx to yield emissions of NOx.

Top-down inference of NOx emission inventories from the satellite observations of NO,
concentrations columns by mass balance requires at minimum three pieces of information: the retrieved
tropospheric NO, column; the tropospheric NOx-to-NO; ratio in the columns; and the NOx 1 against
reaction losses to stable chemical reservoirs. (See the discussion of these chemical reservoirs in Section
2.6.) A photochemical model has been used to provide information on the latter two pieces of information.
The method is most often applied to land surface emissions, excluding lightning. Tropospheric NO,
columns are largely insensitive to lightning NOx emissions since most of the lightning NOx in the upper
troposphere is present as NO at the time of the satellite measurements (Ridley et al., 1996) owing to the
slower reactions of NO with Oj at the altitude where lightning production is most prevalent.

Using satellite data, Bertram et al. (2005) found clear signals in the SCTAMACHY observations of
short, intense NOx pulses following springtime fertilizer application and subsequent precipitation over
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agricultural regions of the western U.S. For the agricultural region in north-central Montana, they
calculated an annual SCIAMACHY top-down estimate that is 60% greater than a commonly-used model
of soil NOx emissions by Yienger and Levy (1995).

Jaeglé et al. (2005) applied additional information on the spatial distribution of emissions and fire
activity to partition NOx emissions into sources from fossil fuel combustion, soils, and biomass burning.
Global a posteriori estimates of soil NOx emissions were 68% larger than the a priori estimates. Large
increases were found for the agricultural region of the western U. S. during summer, increasing total U.S.
soil NOx emissions by a factor of 2.

Martin et al. (20006) retrieved tropospheric NO, columns for May 2004 to April 2005 from the
SCIAMACHY satellite instrument to derive top-down NOx emissions estimates via inverse modeling
with the GEOS-Chem global chemical transport model. (See http://www.as.harvard.edu/ctm/geos/ for
more information on GEOS-Chem.) The top-down emissions were combined with a priori information
from a bottom-up emissions inventory with error weighting to achieve an improved a posteriori estimate
of the global distribution of surface NOx emissions. Their a posteriori inventory improved GEOS-Chem
simulations of NOx, peroxyacetyl nitrate (PAN), and HNOj; as compared against airborne in situ
measurements over and downwind of New York City. Their a posteriori inventory also showed lower
NOx emissions from the Ohio River Valley in summer than winter, reflecting recent controls on NOx
emissions from EGUs there. Their a posteriori global inventory was highly consistent with the NEI 1999
(http://www.epa.gov/ttn/chief/net/1999inventory.html) (R2 = 0.82, bias = 3%); however, it was 68%
greater than a recent inventory by Streets et al. (2003) for East Asia for the year 2000.

Significant uncertainties attach to estimates of the magnitude and spatial and temporal variability of
NHj; emissions. A strong seasonal pattern should be evident in NH; emissions profiles to correspond with
the overwhelmingly agricultural sources of NH; and strong seasonal temperature differences in NHj
volatility, for example, but this pattern has not appeared in previous emissions factors and inventories.
The magnitude of these temporal differences is large: Heber et al. (2001) showed that NH; flux from two
swine finishing buildings were ~70% higher in June than in fall and winter months, and Aneja et al.
(2000) found fluxes from hog waste lagoons ~80 to 90% higher in summer as compared to winter.

The value of inverse modeling techniques using large-scale Eulerian air quality models (AQMs)
has been successfully demonstrated for several aspects of emissions inventories; see, for example,
Mendoza-Dominguez and Russell (2000, 2001a, b). Gilliland (2001), Gilliland et al. (2001), and Pinder
et al. (2006) have worked extensively with Kalman filter inverse modeling and the U.S. EPA Community
Multiscale Air Quality (CMAQ) modeling system (Byun and Ching, 1999), to reduce uncertainties
specifically in NH; emissions. NHj is an especially good case for emissions estimate evaluation with
inverse modeling techniques because the modeled response in NH, " wet deposition is strongly linear with
changes in NH; emissions. Correcting the NH; emissions estimates was also shown to be an essential step
for reasonable model predictions of other N compounds (Gilliland et al., 2003). Results can be highly
significant. For example, the a posteriori R value of CMAQ predictions against measured wet NH,"
concentrations from the National Atmospheric Deposition Program (NADP) sites in the U.S. was 0.98,
increased from the a priori value of 0.12. Pinder et al. (2004) provided the first farm-level model for NH;
emissions from dairy cattle, and this has been coupled with the seasonally varying fertilizer inventory for
NH; from Goebes et al. (2003) and with the inverse modeling results of Gilliland et al. (2003) to correct
the NEI NH; emissions totals. The estimate of Gilliland et al. (2003) was that the annual NEI NH; was
~37% too high to optimize the modeled wet NH," concentration. Following earlier work by Gilliland and
others in this vein, U.S. EPA (2006a), in fact, reported its intention to decrease total NH3 emissions in the
NEI by 23% by altering emissions factors for nondairy cows and swine.

Holland et al. (2005) estimated wet and dry deposition of NHx based on measurements over the
CONUS and reported that NH; emissions in the 1999 NEI were underestimated by a factor of ~2 or 3.
Possible reasons for this error included under-representation of deposition monitoring sites in populated
areas and the neglect of offshore transport in the NEI. The use of fixed deposition velocities (V) not
reflective of local conditions at the time of measurement introduces additional uncertainty into estimates
of dry deposition to which NHj is particularly sensitive.
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2.5.1. Emissions for Historical Modeling

Rigorous emissions inventories require careful analysis of very large data sets on fuel use and types
and activity patterns for them to be a reliable basis for atmospheric concentration and deposition
calculations. Sections 2.2 to 2.5 make clear that even with current best estimates for these input data,
present-day emissions inventories can be substantially in error.

However, estimates of biological effects from long-term acidifying deposition require computation
of historical emissions. Such historical estimates of emissions generally use some divisions of economic
sectors together with estimates of fuel type and S content, for example. Schopp et al. (2003) have pursued
this method for estimating acid deposition in Europe between 1880 and 2030 using the International
Institute for Applied Systems Analysis (IIASA) Regional Acidification and Information System (RAINS)
model; see Alcamo et al. (1990) and Asman et al. (1988) for descriptions and applications of RAINS.
Mylonda (1996) used similar tools and methods to compute estimates of SO, emissions and atmospheric
concentrations and deposition in Europe showing that emissions, which peaked in Europe in the 1960s
and 1970s had increased by a factor of 10 since the 1880s. Similarly, modeled concentrations and
deposition increased by factors of 2 to 6, depending on location in the same time period.

Historical emissions and concentration estimates are often not resolved to more than decadal
resolution because of the very large uncertainties inherent in their computation, which very often includes
no information on variability in the meteorological state of the atmosphere or its oxidizing capacity, both
of which change over time. Spatial resolution, however, has extended from continental scale, like those
using RAINS, up to global scale estimates and down to subregional ones. A survey of methods and
cautions for interpretation was made by Galloway (1995).

Global estimates like the ones by Lefohn et al. (1999) use methods similar to those at the
continental scale, though with more specific factors on S content in fuels, for example, where those are
known. Lefohn et al. (1999), for example, estimated the global average anthropogenic S emissions in
1850 to be <2% of current levels. At finer scales, Driscoll et al. (2001b) used U.S. EPA (2000¢) estimates
of emissions trends between 1900 and 1998 together with biogeochemical modeling to estimate historical
loadings to the northeast U.S. to calculate potential recovery times in affected lakes and streams.

Among the finest-scale historical estimates for N emissions and deposition are those by Bowen and
Valiela (2001) for Cape Cod, MA. Bowen and Valiela (2001) computed decadal changes in several
oxidized and reduced nitrogen species fo