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Executive Summary

in- 1971, the environmental Protection Rgency (EPA)
bromulgated jdentical primary and secondary national ambient air
quélity standards (NARQS) for nitrogen dioxide (NO,) at 0.053 ppm
annual average (36 FR 8186) . gection 109 of the Clean Air Act
requires EPA tO periodically review the NARQS to ensure the
ccientific adequacy of these air quality standards. The last
review of the NO, criteria and NARQS was completed in 1985. At
that time, EPA published a rule retaining the NO, NAAQS at 0.053
ppm annual average (50 FR 25532) .

As part of the current review, the office of Alr Quality
planning and standards (OAQPS) developed this staff Paper to
cummarize and integrate the key studies and scientific evidence
contained in the revised document, vair Quality criteria for
oxides of Nitrogen" (EPA, 1993), and to identify the critical
elements the staff believes should be considered in the review of
the NAAQS. summarized below are the staff’'s key findings and
recommendations from the current review of the NOj NAAQS.

Air Quality Trends

Nitrogen dioxide (NO,) is a brownish, highly reactive gas
which is formed in the ambient air through the oxidation of
nitric oxide (NO) . Nitrogen oxides (NO), the term used to
describe the sum of NO and NO,, play a major role in the
formation of ozone in the atmosphere through a complex gseries of
reactions with volatile organic compounds . anthropogenic (i.e..
man-made) sources of NO, emissions account for a large majority
of all nitrogen inputs to the environment. The major sources of
anthropogenic NOy emissions are mobile gources and electric
utilities. Ammonia and other nitrogen compounds produced
naturally do play a role in the cycling of nitrogen through the
ecosystem.
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Typical peak annual average ambient concentrations of NO,
range from 0.007 to 0.061 ppm (CD, pg. 7-10). The highest hourly
N02 average concentrations range from 0.04 to 0.54 ppm (CD, pyg.
7-10). Currently, all areas of the United States, including Los
Angeles (which is the only area to record violations in the last
decade), are in attainment of the annual NO, NAAQS of 0.053 ppm.
Analysis of air quality data indicates that if the annual
standard continues to be attained, risk of exposure to high
short-term peaks is low (McCurdy, 1994).

Health Effects

The staff concludes that e€xposure to NO, is associated with
a variety of acute and chronic health effects. Clearly adverse
health effects (e.g., Pulmonary edema, death) have been reported
foilowing accidental short-term (e.g., 6 to 7 hours) exposures of
humans to 150 to 200 ppm of NO, or greater (CD, Pg. 14-55),
Furthermore, animal studies have provided evidence of emphysema
caused by long-term exposures to'greater than 8 ppm NC,. It is
clear that these health endpoints are caused by exposures which
are much higher than thosge found in the ambient air and only
Sérve as indicators of the most extreme effects of a potentially
vVery noxiocus oxidant.

Other acute health endpoints that have been associated with
much lower NG, concentrations include (1) changes in Pulmonary
function, (2) increases in airway responsiveness, and (3)
increased risk for developing respiratory diseases angdg illnesses.
Based on the assessment of available clinical and epidemiological
information regarding the health effects associated with short-
term exposure to NOZ, the staff concludes that the two
potentially sensitive population groups at risk are (1)
individuals with pPre-existing respiratory diseases and (2)
children five to twelve years old.

The available clinical data indicate that short-term
éxposure (e.g., less than 3 hours) to NO, may cause an increase
in airway responsiveness in asthmatic individuals at resgt.
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This response has peen reported only at relatively low
concentrations (mostly within the range of 0.2 to 0.3 ppm NO,)
which are of concern in the ambient environment. Similarly, NO,
induced pulmonary function changes in asthmatic individuals have
been reported at low, but not high, NO, concentrations. For the
most part, the small changes in pulmonary function that have been
- observed in asthmatic individuals have occurred at concentrations
between 0.2 and 0.5 pPpm, put not at much higher concentrations
(i.e., up to 4 ppm) (CD, PSY- 16-3). These findings contrast with
the findings for healthy individuals exposed to low NO,,
concentfations. In healthy individuals, there is no evidence
of lung function decrements or changes in airway responsiveness
at concentrations below 1.0 ppm NO,.

The epidemiological evidence includes a meta-analysis of
nine epidemiological studies of children (5-12 years old) living
in homes with gas stoves. The results of the meta-analysis show
that children (5-12 years old) living in homes with gas stoves
are at increased risk for developing respiratory diseases and
illnesses compared to children living in homes without gas
stoves. Typical mean weekly Noz'concentrations in
pedrooms in studies reporting NO, jevels were predominately
petween 0.008 and 0.065 ppm NO,. Most of the NO, measurements
reported in the studies are for indoor 1- to 2-week averages, but
very little information is provided regarding either peak hourly
exposures OY measurements providing estimates of annual
exposures. Because of this, the studies and, therefore, the
meta-analysis cannot distinguish between relative contributions
of peak and longer term exXposure and their relationship with the
_:observed health effects. Given the uncertainty associated with
" determining actual exposure patterns in these homes and the |
difficulty in extrapolating the data to ambient exXposures,
results of the meta-analysis provide insufficient data to support
specific limits for either short-term or long-term standards for

nitrogen dioxide. Based on this current assessment of the
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available scientific and technical information (which remains
largely unchanged since the 1985 review), the staff again
recommends consideration be given to setting the level of the
annual primary standard within the range of 0.05 to 0.08 ppm NO,.
In the staff’s judgement, selecting a standard within this range
would provide adequate protection against the health effects
~associated with chronic or Iong-term NO, exposure. 1In reaching a
determination on the standard, the staff also recommends that
consideration be given to the degree of protection that would be
provided against repeated short-term peak exposures. Based on
air quality analyses, a standard selected from the lower portion
of this range would effectively limit the frequency and magnitude
of 1-hour NOZ concentrations. McCurdy (1994) estimated that if
the existing standard of 0.053 ppm NO, is attained, the
occurrence of l-hour NO, values greater than 0.2 ppm would be
unlikely in most areas of the country. At the upper end of the
range, the frequency of 1-hour NO, peaks of 0.2 or higher could
increase significantly. However, because all areas of the
country reporting NO, air quality data aré attaining the existing
standard and because of the nonlinear relationship of 1-hour
peaks and annual averages, it is not possible to estimate with
any degree of confidence what the frequency and magnitude of 1-
hour peaks would be if the standard was selected from the upper
end of the suggested range. Given this uncertainty, the staff
recommends consideration be given to selecting the standard from
the lower portion of the range in order to provide a reasonable
measure of protection against repeated 1-hour peaks of potential
health concern.
Environmental Effects

Nitrogen oxides have been associated with a wide range of
effects on vegetation, natural ecosystems, visibility, and
materials.  Studies show that nitrogen oxides are contributing
to the observed effects either through direct deposition or by
indirectly altering processes within the system.
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After reviewing the key criteria concerning the effects of
‘exposure to nitrogen oxides on the environment, the staff
-concludes that the impact on terrestrial vegetation from short-
term exposures to NO, under existing ambient levels is
insignificant and does not warrant a change in the secondary
‘NAAQS at this time. studies of short-term, acute effects of
nitrogen additions to vegetation have demonstrated that NO, in
mixtures with other pollutants or at higher than ambient
concentrations can produce adverse effects on plant growth or
reproduction. Though the sensitivity of vegetatlon to NO, varies
both within and between species and can be modified by season,
developmental -stage, OY other climate or environmental factors,
taking all of these variables into account, the ambient levels of
NO, in the United States are considered below those that evoke a
short-term, acute response. The staff also concludes that there
is little potential for concentrations of nitrogen deposition to
be sufficient to acidify soils to the extent that it would cause
direct phytotoxic effects in plants.

Based on existing European studies and information in the
United States, it seems that addition of nitrogen to ecosystems
in the U.S. (specifically in mature forests and wetlands which
host a number of endangered species adapted to nitrogen-poor
habitats) may lead to shifts in species competition and
composition and may represent a significant change in the
environment. However, there is not sufficient evidence to
conclude that changes in plant communities have occurred in the
past or are now occurring in the United States due to nitrogen
inputs. Furthermore, there are only limited long-term data
available on plant community composition. Additional research is
needed to more accurately characterize any potential threat to
mature forests and wetland specieé from atmospheric nitrogen.
Once this information is available, the need for additionai
ecosystem protection should be reassessed by the Administrator.

Based on the review of the available scientific information
in the CD, the staff concludes that nitrogen deposition is a
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contributor to the episodic acidification of some streams and
lakes in the United States. Thus, it can also be concluded that
some freshwater ecosystems will benefit from reductions in
nitrogen inputs from man-made sources. However, at this time,
the staff finds insufficient evidence to quantify how much of a
contribution nitrogen deposition is making to the acidification
problem and what levels of reduction are necessary to remedy the
situation. Therefore, staff recommends that further research be
conducted to provide the information needed to evaluate this
issue in its next standard review. When additional scientific
information is available that adequately quantifies the
relationship hetween nitrogen deposition and acidification, the
staff recommends that the Administrator consider appropriate
regulatory approaches to address the problem. Key considerations
will be the major differences evident in the occurrence, nature,
location, timing of episodes at different sites, and the
subsequent effects produced. Such differences will make setting
a single national standard which would adequately protect all
areas of the country difficult and complex. Therefore, staff
bélieves regional approaches that take into account such
variations should be considered for providing the level of
control needed to address the problem of acidification.

It is very unlikely that eutrophication of freshwater
systems is due to atmospheric nitrogen additions since
phosphorus, not nitrogen, is generally the limiting factor for
algae growth. However, both upland and direct atmospheric
nitrogen deposition can significantly affect the trophic status
of estuarine and coastal waters. As mentioned before, once a
relationship can be reasonably quantified, staff recommends that
the Administrator consider appropriate regulatory approaches,
including a uniform national standard or regional standards, to
protect estuarine and coastal waters.

The concept of critical loads is addressed in the Staff
Paper as a possible means for assessing and controlling NO,
emissions in the future. Critical loads are defined as
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ngquantitative estimates of an exposure to one or more pollutants
below which significant harmful effects on specified sensitive
elements of the environment do not occur according to present
knowledge." Staff concluded that it would be premature tO
consider establishment of a long-term naticnal critical loads
secondary ambient air quality standard for NO, given the state of
the science of critical loads estimation that exists at the
current time. However, this methodology has the potential to
provide a useful tool for making regulatory decisions at the
regional level in the future.

With regard to vigibility impairment, the scientific
evidence indicates that light scattering by particles is
generally the primary cause of degraded visual air quality. The
evidence also suggests that aerosol optic effects alone can
impart a reddish-brown color to a haze layer. While it is clear
that particles and NO, contribute to brown haze, in the staff’'s
judgement reducing ground level NO, concentrations would result
in little if any improvement in visual air guality. Therefore,
the staff concludes that an ambient secondary standard for NO, to
_protect visibility is not warranted at this time.
| Based on the available data, the staff concludes that it is
unlikely that NO, is playing a significant role in the damage to
non-bioleogical materials and therefore does not recommend
consideration be given to setting a secondary standard to protect
against material damage.

if the Administrator determines that a separate secondary
standard is appropriate, the staff recommends that it be set
identical to the primary standard for NO,. A gecondary standard
set within the range recommended for the primary standard would,
in the staff’s judgement, provide adequate protection against the
direct effects of NO, on the environment.

It is clear that additional studies need to be conducted to
reduce the uncertainty in the relationship between nitrogen

deposition and forest health and in determining the adverse
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effects on surface waters and estuaries arising from the long-
term accumulation of nitrogen. The staff recommends substantial
efforts be undertaken to illuminate the quantitative
relationships between nitrogen deposition and changes in forest
nitrogen cycling, episodic and chronic acidification of surface
waters, and estuarine eutrophication, either through ongoing
research or new initiatives. Such efforts will provide an
improved scientific basis for the next standard review.




REVIEW OF THE NATIONAL AMBIENT AIR QUALITY STANDARDS
FOR NITROGEN DIOXIDE

ASSESSMENT OF SCIENTIFIC AND TECHNICAL INFORMATION

I. PURPOSE .

The purpose of this Office of Air Quality Planning and
standards (OAQPS) staff Paper is to summarize and integrate the
key studies and scientific information contained in the revised
EPA document, "Air Quality criteria for Oxides of Nitrogen® (U.S.
EPA, 1993a; henceforth referred to as cDh), and to identify the
critical elements EPA staff believes should be considered in the
review of the national ambient air quality standards (NARQS) for
nitrogen dioxide (NO,) . Factors relevant to the evaluation of
current primary (health) and secondary (welfare) NAAQS, as well
ag staff conclusions and recommendations, are provided in this
staff Paper.

"II. BACKGROUND

A. Legislative Requirements

Two sections of the Act govern the establishment and
revision of NAAQS. Section 108 (42 U.S.C. 7408) directs the
. administrator to identify pollutants which "may reasonably be
anticipated to endanger public health and welfare" and to issue
" ajir quality criteria for them. These air quality criteria are to
naccurately reflect the latest séientific knowledge useful in
indicating the kind and extent of all identifiable effects on
public health or welfare which may be expected from the presence
of [a] pollutant in the ambient air . . ."
. Section 109 (42 U.S.C. 7409) directs the Administrator to
propose and promulgate "primary"” and "secondary" NARQS for
pollutants jdentified under Section 108. Section 109 (b) (1)
defines a primary standard as one -"the attainment and maintenance
of which, in the judgment of the Administrator, based on the
criteria and allowing an adequate margin of safety, [is]
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requisite to protect the public health."l 3z secondary standard,
as defined in Section 109(b) (2), must "specify a level of air
quality the attainment and maintenance of which, in the judgment
of the Administrator, based on [the] criteria, is requiéite to
pProtect the public welfare from any known or anticipated adverse
effects associated with the presence of [the] pollutant in the
ambient air." Welfare effects as defined in Section 302(h) [42
U.8.C. 7602(h)] include, but are not limited to, "effects on
soils, water, crops, vegetation, manmade materials, animals,
wildlife, weather, visibility and climate, damage to and
deterioration of property, and hazards to transportation, as well
as effects on economic values and on personal comfort and well-
being."

The U.S. Court of Appeals for the District of Columbia
Circuit has held that the requirement for an adequate margin of
safety for primary standards was intended to address
uncertainties associated with inconclusive scientific and
technical information available at the time of standard setting.
It was also intended to provide a reasonable degree of protection
against hazards that research has not yet identified. Lead
Industries Association v. EPA, 647 F.2d 1130, 1154 (D.C. Cir.
1980), cert. denied, 101 S. Ct. 621 (1980) ; American Petroleum
Institute v. Costle, 665 F.2d 1176, 1177 (D.C. Cir. 1981), cert.
denied, 102 S. Ct. 1737 (1982). Both kinds of uncertainties are
components of the risk associated with pollution at levels below

those at which human health effects can be said to occur with
reasonable scientific certainty. Thus, by selecting primary

1The legislative history of Section 109 indicates that a
primary standard is to be set at "the maximum permissible ambient
air level . . . which will protect the health of any [sensitive]
group of the population," and that for this purpose "reference
should be made to a representative sample of persons comprising
the sensitive group rather than to a single person in such a
group." S. Rep. No. 91-1196, S1st Cong., 24 Sess. 10 (1970).

The legislative history specifically identifies bronchial
asthmatics as a sensitive group to be protected. Id.
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standards that provide an adequate margin of safety, the
Administrator is seeking not only to prevent pollution levels
that have been demonstrated to be harmful but also to prevent
lower pollutant levels that may pose an unacceptable risk of
harm, even if the risk is not precisely identified as to nature
or degree.

In selecting a margin of safety, the EPA considers such
factors as the nature and severity of the health effects
involved, the size of the sensitive population(s) at risk, and
the kind and degree of the uncertainties that must be addressed.
Given that the "margin of safety" reguirement by definition only
comes into play where 1o conclusive showing of adverse effects
exists, such factors, which involve unknown or only partially
quantified risks, have their inherent limits as guides to action.
The selection of any numerical value to provide an adequate

margin of safety is a policy choice left specifically to the

"~ administrator’s judgment. Lead Industries Association v. EPA,
supra, 647 F.2d at 1161-62.

Section 109(d) (1) of the Act requires that "not later than
December 31, 1980, and at 5-year intervals thereafter, the
Administrator shall complete a thorough review of the criteria

published under Section 108 and the national ambient air quality

standards . . . and shall make such revisions in such criteria
and standards . . . as may be appropriate . . . ." Section
109(d) (2) (A) and (B) require that a scientific review committee

be appointed and provide that the committee "shall complete a

review of the criteria . . . and the national primary and
cecondary ambient air quality standards . . . and shall recommend
to the Administrator any . . . revisions of existing criteria and

standards as may be appropriate ... . N

B. Establishment of Nitrogen Dioxide NAAQS

On April 30, 1971, the EPA promulgated NAAQS for NO, under
Section 109 of the Act (36 FR 8186). Identical primary and
secondary NAAQS were set at 100 micrograms per cubic meter
(ug/m ) [0.053 parts per million (ppm)] as an annual arithmetic
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mean. Scientific and technical bases for these NAAQS are
provided in the document, "Air Quality Criteria for Nitrogen
Oxides" (U.S. EPA, 1971). The primary standard was based largely
on several epidemiology studies (Shy et al., 1970a; 1970b;
Pearlman et al., 1971) conducted in Chattanooga. These studies
reported respiratory effects in children exposed to low-level
ambient NO, concentrations over a prolonged period. Reevaluation
of these studies, particularly the method used to monitor NO,,
indicates that the studies provide only qualitative evidence for
an association between health effects and exposure to NO, .

C. First Review of Nitrogen Dioxide NAAQS

The first review of NO, criteria and NAAQS was initiated in
1977. The Clean Air Scientific Advisory Committee (CASAC) held
meetings in 1979 and 1980 before providing written closure on the
revised criteria document (U.S. EPA, 1982) in June 1981. A staff
paper, which ‘identified critical issues and summarized staff’'s
interpretation of key studies received verbal closure at a CASAC
meeting in November 1981 and formal written closure in July 1982.
In the paper, staff recommended that the Administrator select an
annual standard "at some level between 0.05 ppm and 0.08 ppm, "
Based on the analysis of the criteria, staff concluded that
' choosing an énnual standard within this range would "provide a
' reasonable level of protection against potential short-term
peaks."

On February 23, 1984, the EPA proposed to retain the
existing annual primary and secondary standards and defer action
on the possible need for a separate short-term primary standard
until further research on health effects of acute exposures to
NO, could be conducted. CASAC met to consider the Agency'’s
proposal July 19-20, 1984. 1In an October 18, 1984 closure
letter, based on weight of evidence, CASAC concurred with the
Agency’s recommendation to retain the annual average primary and
secondary standards at 0.053 ppm. The Committee further
concluded that, "while short-term effects from nitrogen dioxide
are documented in the scientific literature, the available
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information was insufficient to provide an adequate scientific
pbasis for establishing any specific short-texrm standard...."
Following a period of public review and comment, the final
rule to retain the NAAQS for NO, was published in the Federal
Register on June 19, 1985 (50 FR 256532) .
'p. current Review of Nitrogen Dioxide NAAQS

EPA’S Environmental Criteria and Assessment office (ECRO)
initiated action on a revised CD, which was released for public
review in August 1991. The revised CD includes a meta-analysis
of several studies, conducted in homes with gas stoves, which
reported increased rates of respiratory gymptoms and illness for
children living in those homes. The CD also discussed
information relevant to nitrogen deposition and potential impacts
on natural ecosystems. The CASAC reviewed the CD at a meeting
held on July 1, 1993 and concluded in a letter to the
administrator that the CD ". . . provides a scientifically
"palanced and defensible summary of current knowledge of the
effects of this pollutant and provides an adequate basis for
- EPA to make & decision as to the appropriate NAAQS for NO," (see
Appendix A). _

The current review of the primary NaAos will focus primarily
on the health effects associated with exposure to nitrogen
dioxide since it is the NO, compound measured in most
epidemiological studies and is currently of greatest concern from
a public health perspective. Oon the other hand, staff will
consider the total class of nitrogen compounds and their effects
on the environment when evaluating the secondary standard.

III. APPROACH

The approach taken in this staff Paper ie to assess and
integrate the scientific and technical information contained in
the revised CD in order to evaluate the adequacy of the current
NARQS for NO,. Consideration of a qualitative exposure analysis
is used in assessing the primary NAAQS, and information on
nitrogen deposition is used in determining the possible need for
revising the secondary NAAQS for NO, . Critical elements have
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been identified which staff believes should be considered in
review of the NAAQS for NO,. Attention is drawn to those
judgments that must be based on careful interpretation_of
incomplete or uncertain evidence. 1In such instances, the Staff
Paper provides staff’'s evaluation, sets forth alternatives that
staff believes should be considered, and recommends a course of
action.

Following a short Presentation of air quality information in
Section IV, the Staff Paper provides in Section V a discussion of
mechanisms of NO, toxicity, an evaluation of effects of concern
and effect levels, and a description of most sensitive population
groups and size estimates. Staff judgments are made concerning
which effects are important for the Administrator to consider in
selecting appropriate primafy standard(s). Section VI identifies
and discusses factors important in selecting a primary standard
including possible averaging times and forms of the standard.
Drawing on these factors and information contained in Section v,
staff conclusions/recommendations are presented in Section VII
for the Administrator to consider in selecting Primary NO, NAAQS.

In a similar approach for selecting a secondary standard or
standards for NO,, Section VIII provides information on ecosystem
response (i.e., impact on terrestrial systems, wetlands and bogs, .
and aquatie systems), critical loads and other policy options,
visibility effects, human welfare effects, and materials damage.
Using this information, Section VIII offers an analysis of the
key information the Administrator needs to consider in selecting
an appropriate secondary standard for NO,. Staff conclusions and
recommendations concerning the secondary standard for NO, are
summarized in Section IX. |
IV. AIR QUALITY TRENDS

Nitrogen dioxide (N02) is a brownish, highly reactive gas
which generally exists at higher concentrations in urban than in
rural atmospheres, It is formed in the ambient air through the
oxidation of nitrie oxide (NO), a Primary pollutant emitted
directly from stationary (e.g., electric utility and industrial
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boilers) and mobile (e.g., automobiles) sources. Nitrogen oxides
«(NO,), the term used to describe the sum of NO and NO,, play a
major role in the formation of ozome in the atmosphere through a
complex series of reactions with volatile organic compounds.
About 5 to 10 percent by volume of the total emissions of NO,
from combustion sources is in the form of NO,, although
substantial variations from one source to another have been
observed (CD, pg. 3-10).

A. Long-Term Trends

Long-term trends for NO, are based on monitoring data
collected over a ten-year period using instruments capable of
recording as many as 8760 hourly. observations per year. For the
period 1983 to 1992, the long-term trends were based on data from
183 sites, which were selected because each had annual méan NO,
concentrations based on a minimum of 4380 hourly observations.
‘Although the sites had to meet only the minimum data requirements
‘to be included in the trends database, 90 percent of the sites
" had greater than 75 percent data completeness. 43 National Air
'Monitoring Station (NAMS) sites had data for at least 8 of the
ilast 10 years and thus met the selection criteria for the 10-year
database.

Figure IV-1 represents the composite long-term trend for the
NO, mean concentrations at 183 trend sites and 43 NAMS sites.

The 95 percent confidence intervals shown represent the
confidence range of the annual averages for the years reviewed.
For the period 1983 to 1989,-the 95 percent confidence intervals
about the composite means indicates that NO, levels are
statistically indistinguishable. However, the 1992 composite

- average NO, level is 8 percent lower than the 1983 level, and the
difference in the two levels is statistically significant.

At the NO, NAMS sites, which are located only in large urban
.areas with populations of one million or greater, a similar trend
is apparent, although the composite averages of the NAMS data are
higher than those of all 183 sites. Compared to the composite
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average in 1983, the composite average of the annual NO, mean
concentration of data collected at the 43 NAMS sites was 11

CONCENTRATION, PPM

NAAQS
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Figure IV-i.National trend in the composite annual average nitrogen dioxide concentration at _both
NAMS and all sites with 95 percend confidence intervals, 1983-1992.

Source: Figure 3-13, p. 3-17 of the National Air Quality and Emissions Trends
Report (U.S. EPA, 1993b).

percent lower. This is also a statistically significant
difference.

' It is important to note here the relationship between short-
term exceedances of NO, concentrations and the annual NO, mean.
In 1994, McCurdy analyzed air quality data from the period 1988-
1992 to determine the estimated number of exceedances of various
NO, short-term air quality indicators would occur given
attainment of a range of annual averages. The annual averages
McCurdy analyzed ranged from 0.02 to 0.06 ppm and included the
current NO, NAAQS of 0.053 ppm. The 1-hour and daily
concentration levels chosen for analyses were 0.15, 0.20, 0.25,
and 0.30 ppm. The results of this analysis are reported in
"Analysis of High 1 Hr NO, Values and Associated Annual Averages
Using 1988-1992 Data" (McCurdy, 1994). In his report, McCurdy

S,
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concluded that areas attaining the current annual NO, NAAQS

" reported few, if any, one hour or daily exceedances above 0.15
ppm. Excerpts from the conclusion section of this report can be
* found in Appendix B of this Staff Paper.

B. Recent Trends_in Urban Areas of the United States

Los Angeles (LA) is the only city in the U.S. to record
" violations of the annual average NO, NAAQS during the past
decade. However, in 1992, Los Angeles reported air quality
measurements which meet the NO, NAAQS for the first time. Thus,
currently, the entire U.S. is in attainment of the current NO,
NAAQS.

Regional trends in the composite average NO, concentrations
for the years 1990 to 1992 are presented as bar graphs in Figure
IV-2 with the exception of Region X, which had inadequate data.

0.040 FONCENTRATION, PPM

. COMPOSITE AVERAGE

1

7 1990 = 1991 39992 |- -rmmmeeme - <

EPA REGION | Il 11 v VvV Vi vtk vt IX
NO.OFSITES 17 12 35 22 23 26 11 10 79

Figure IV-2 Regional comparisons of 1990, 1991, 1992 composite averages
nitrogen dioxide concentrations. 7 - o e anvual meen
Source: Figure 3-15, p. 3-20 of the Ratiounal Air

Report (U.S. EPA, 1993b). Quality Emissions Trends
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Although there was no change between 1990 and 1991 in the
composite annual mean NO, levels at 235 sites, there was a 3
percent decrease between 1991 and 1992.

Different selection criteria are used to determine which
sites will be included in the long-term national trends database
described in the preceding section than is used to determine
which sites will be used in the short-term regional trends
analysis. 50 NAMS sites had data in each of the last three years
and thus met the criteria to be included in the 3-year database.
For these 50 NAMS sites, the composite mean concentration
decreased 4 percent between 1991 and 1992.

Bar .graphs for five of the nine regions (I, II, III, V, and
IX) depicted in Figure IV-2 show 1992 composite average NO,
annual mean concentrations that are lower than the composite
average NO, annual mean concentrations for 1990 and 1991. The
other four regions (IV, VI, VII, and VIII) recorded increases
between 1991 and'1992, although the 1992 composite average NO,
annual mean concentrations for Region IV are less than the 1990
composite mean. (These graphs are intended to depict relative
changes in regional concentrations only and should not be used to
indicate differences in absolute concentrations). For a more
thorough discussion and description of national and international
air quality trends, the reader is referred to the National Air
Quality and Emissions Trends Report, 1992 (U.S. EPA, 1993Db).

C. Nitrogen Deposition Trends in the United States

Atmospheric nitrogen inputs occur as both wet and dry
deposition. Most of the data on nitrogen deposition are limited
.to information on nitrate deposition in rainfall (i.e., wet
deposition). Figure IV-3 summarizes mean annual wet deposition
rates for nitrate for states that were part of the National Acid
Deposition Program (NADP). The figure shows that the highest
deposition rates are concentrated in the northeastern United
States. The highest rates noted were in Pennsylvania and New
York which had nitrate deposition rates of 12 and 11 kg/ha/yr,
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respectively. Illinecis, Tennessee, and Georgia showed rates of
approximately 8 kg/ha/year. '

Accurate measurements of wet deposition are carried out by
analyzing nitrogen in precipitation immediately following a
precipitation event. Frequently, however, the rainfall is
accumulated over some period of time before it is analyzed. The
resulting measurement of deposition rate is usually referred to
as bulk deposition because it combines wet deposition with some
component of dry deposition. |

Because of the difficulty associated with accurately
measuring dry deposition, researchers have assumed that dry
deposition rates are some fraction of wet deposition rates.
Researchers have attempted to model the fate of NO, emissions to
the atmosphere. The models have estimated that dry. deposition
accounts for one-half to two-thirds of the total NO, deposition
in North America (Levy and Moxim, 1987; Hicks et al., 1991). The
correlation between wet and dry deposition is discussed further
in Section VIII.A.2 of this Staff Paper and in Chapters 5 and 10
of the Criteria Document.
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v. HEALTH EFFECTS OF NITROGEN DIOXIDE

A. Introduction

This section presents those elements which are critical to
the review of the primary NARQS for NO,. In addition to NO,,
there is a variety of NOy, and related nitrogen compounds which
occur in the ambient air both naturally and as a result of human
activities, including NO, nitrous oxide (Nzo), gaseous nitric
(HNOé) and nitrous (HNO,) acids, dinitrogen pentoxide (N,Og),
dinitrogen trioxide (N5O5) dinitrogen tetroxide (N5,04) and
ammonia (NHB)Q However, based on currently available
information, only NO, is sufficiently widespread and commonly
found in ambient air at high enough concentrations to be a matter
of public health concern. Therefore, this section will focus on
mechanisms of toxicity, health effects of concermn, and
susceptible subpopulation groups for NO,, the control oflwhich
serves as a surrogate for the control of other nitrogen compounds

. in the troposphere.

B. Mechanisms of Toxicity, Transport, and Fate

Nitrogen dioxide has been shown to produce.lung cell injury
© and/or death and other respiratory effects in humans and animals
exposed both acutely and chronically. The principle mechanisms
of toxicity associated with NOj inhalation involve oxidation of
unsaturated fatty acids in cell membranes and of functional
groups in soluble (e.g., enzymes) and structural (e.g., cell
membranes) proteins (Menzel, 1976; Freeman and Mudd, 1981).
Support for this mechanism of toxicity is provided by studies
which have shown an increase in both lipid peroxidation products
and in lung antioxidant enzymes immediately following exposure to
NO, (Sagai et al., 1984). Further supporting this oxidative
mechanism are reports that animals deficient in vitamins C and E

(i.e., antioxidant vitamins) tend to be more susceptible to NO,

. exposures (Selgrade et al., 1981; Sevanian et al., 1982). The

fundamental mechanism of pulmonary edema (i.e., excess fluids in
the lungs) resulting from exposure to NO, may be the cytotoxic
effects of NO, directly on epithelial cell membranes, while the
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mechanism responsible for increased susceptibility to viral and
bacterial infection may be the cytotoxicity of‘NO2 on membranes
of alveolar macrophages (AM’s) (CD, P. 13-197). The above
mechanisms of toxicity are generally considered to be related to
those health effects of NO, which are of greatest public health
concern and will be discussed further in Section V.C below.

Because NO, is not very soluble in the fluids lining the
respiratory tract, it is capable of penetrating to the distal
airways, particularly dutring heavy exercise. The reactive nature
of Noz, however, tends to result in scrubbing of a large fraction
in the upper respiratory tract under normal conditions. Total
respiratory tract uptake in humans has been reported between 72
and 92%, depending on investigator and breathing state (Wagner,
1970; Bauer et al., 1986). Similarly, total respiratory tract
uptake in dogs at rest is 78% versus 94% in exercising dogs
(Kleinman and Mautz, 1991). Generally, as ventilation rate
increases, the percentage uptake of NO, in the lower respiratory
tract, as well as total uptake, increases (CD, p. 13-196),
therefore resulting in an increase in effects associated with NO,
exposure.

Mathematical modeling of the lower respiratory tracts of
humans, rats, guinea pigs, and rabbits by Miller et al. (1982)

- and Overton et al. (1984) has indicated that the greatest dose of
NO, is delivered to the centriacinar region (CAR) (i.e., the
junction between conducting airways and the gas-exchange region) .
This is consistent with findings in animal studies reporting that
the CAR is the site where NO,-induced lesions are observed
morphologically.

‘The ultimate fate of NO, following reaction with respiratory
fluids and tissues appears to be formation of other chemicals,
such as nitrous and nitric acids, which then can be systemically
transported (Gecldstein et al., 1973). Nitrite produced in the
lungs may enter the bloodstream and react with hemoglobin to
increase methemoglobin levels (Postlethwait and Mustafa, 1981,
1989; Saul and Archer, 1983). For a more thorough discussion of
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mechanisms of toxicity, transport, and fate of inhaled NO,, the
reader is referred to Chapter 13 of the CD.
' C. Health Effects Evidence

Health effects information which is pertinent to review of
the NAAQS for NO, has peen thoroughly reviewed in Chapters 13
through 16 of the CD. Many of the health studies, particularly
animal toxicology studies, reviewed in the CD were conducted at
levels of NO, much higher than those typically found in the
ambient air. Although reference ig made in this section to some
studies conducted at very high NO, levels, the focus of this
staff Paper is primarily on those key studies conducted at levels
of NO, which are relevant to regulatory decision making.

Key health effects which have been associated with exposure
to NO, include: (1) increased susceptibility to respiratory
symptoms and disease in children; (2) pulmonary function
decrements [e.g., forced expiratory volume in 1 second (FEVl),

- forced vital capacity (FVC)], symptoms (e.g., cough, odor

- detection, nasopharyngeal irritation), and increased airway

- resistance (Rgy) in asthmatic subjects and in patients with

* chronic obstructive pulmonary disease (COPD); (3) increased
‘airway responsiveness in asthmatics; and (4) emphysema observed
only in animals after exposure to very high NO, levels for
extended periods. Although all of these effects have been
reported in numerous studies, there continue to be great
uncertainties regarding the concentration-responée relationships
petween each category of health effect and exposure to NO,.

1. Susceptibility to Respiratory Illness

Respiratory illness and those factors which affect either
susceptibility or severity are important public health concerns.

Any increase in susceptibility to respiratory illness in children
which might be caused by NO, is of particular concern due to the
potential for human exposure to NO,, the common occurrence of
respiratory illness in children, and the fact that recurrent
childhood respiratory illness may be a risk factor for later
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increased susceptibility to lung disease (Samet et al., 1983;
Samet and Utell, 1990; Glezen, 1989).

Support for the hypothesis that exposure of children to NO,
increases susceptibility to childhood respiratory illness comes
primarily from epidemiological and animal toxicological studies
and to a lesser extent from clinical studies. Epidemiological
evidence is largely from studies which investigated respiratory
effects on children living in homes with gas stoves. Although
there continues to be great uncertainty in quantitatively
extrapolating results of animal studies to human health effect
levels, the animal studies do provide a biologically plausible
hypotheses for relating NO, exposure to the types of respiratory
morbidity observed in humans. Although the studies are few,
controlled human exposures suggest a link between NO, -inhalation
and alterations in host defenses.

a. Epidemiological Studies

A thorough discussion of relevant epidemiological studies
reporting evidence of an association between NO, exposure and
respiratory illness can be found in Chapter 14 of the CD. The
most pertinent of these studies reported effects of indoor NO, on
children (ages 5 to 12) and infants (ages < 2) living in homes
with gas stoves as the majof source of NO,. Although far fewer,
there also have been several studies published which investigated
the impact of ambient NO, on prevalence of respiratory disease in
children and young adults.

One important consideration in analyzing these studies for
- the purpose of standard setting is that human exposure patterns
méy differ significantly for the indoor environment in a home
with a gas stove versus a typical outdoor environment.
Typically, indoor exposures can be characterized by higher peak
exposures. Because of the marked differences in exposure
patterns, extrapolation of the results of the meta analysis
described below to ambient conditions is difficult. Further
discussion concerning the uncertainties associated with exposure
patterns can be found in section V.C.1.b below.
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1) Indoor Studies

During the past 15 years, most of the key epidemiological
studies of NO, have peen conducted in homes with gas stoves.
Among the earliest of the gas-stove studies were those conducted
py Melia et al. (1977, 1979, 1980), Goldstein et al. (1979,
1981), and Florey et al. (1979, 1982), who reported that children
from randomly gelected areas of Scotland and England had an
increased risk of respiratory disease if they lived in homes with
gas stoves. In a later study conducted by Melia et al. (1982),
results of a questionnaire completed by parents showed that
respiratory symptoms of girls living in urban areas were
positively related to bedroom levels of NO,. Subsequent
reanalysis by Hasselblad et al. (1992) suggested that an increase
of 0.015 ppm in bedroom NO, levels yields an 11% increase in the
odds of respiratory illness, where mean weekly concentrations in
bedrooms in studies reporting NO, ljevels were predominantly
petween 0.0008 and 0.065 ppm NO, .

0dds ratios offer a useful measure for health assessment and
have been used to report results for many of the gas-stove
studies. For example, when Hasselblad et al. (1992) reanalyzed
the Melia et al. (1977) data using a multiple logistic model,
they found the combined odds ratio for boys and girls to be 1.31
(95% confidence limits of 1.16 and 1.48). This suggests that gas
stove use in this study is associated with an estimated 31%
increase in the odds for children having respiratory illness
symptoms. Similar reanalysis of Melia et al. (1979) data by
Hasselblad et al. (1992) produced a combined odds ratio for both
genders of 1.24 (95% confidence limits of 1.09 and 1.42),
suggesting that gas-stove use is associated with an estimated 24%
increase in the odds of having respiratory symptoms in children.

1n another series of studies conducted in six U.S. cities
(often referred to as the Six City Study), respiratory illness of
children was investigated in a large number of homes with gas
stoves. In an early analysis of Six City Study data, Speizer et
al. (1980) calculated an odds ratio of 1.12, suggesting that NO,
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emissions from gas stoves increase the rate of serious
respiratory illness before age 2 by 12%. Later analysis of 1974-
1979 data from the Six City Study by Ware et al. (1984) yielded
an unadjusted odds ratio of 1.08 (95% confidence limits of 0.97
and 1.19) for a lower respiratory illness index associated with
gas stove use. Other indicators such as bronchitis, cough, and
wheeze did not show any increased incidence.

Dockery et al. (198%a) analyzed 1983-1986 data on 5,338
white children (ages 7 to 11); they reported only a marginally
significant association between gas stove usage and doctor-
diagnosed respiratory illness but found no association with
chronic cough, bronchitis, persistent wheeze, and restriction of
activity due to chest illness.

A different Six City Study cohort was investigated by Neas
et al. (1990, 1991), who studied a stratified one-third random
sample of the children that were part of the Dockery et al.
(1989a) analysis. The sample was restricted to 1286 white
children (ages 7 to 11) living in homes with at least one valid
indoor measurement of NO, and respirable particles. Parents
completed a questionnaire regarding symptoms during the previous
year, which included attacks of shortness of breath with wheeze,
persistent wheeze, chronic coﬁgh, chronic phlegm, and bronchitis.
Neas et '‘al. (1990, 1991) defined a combined symptom measure as
the presence of any of the above symptoms, and in a multlple
regression of this combined lower respiratory symptom measure
estimated the odds ratio to be 1.40 (95% confidence limits of
1.14 and 1.72) for an additional exposure to NO, of 0.015 ppm.
This estlmated effect was consistent across seasons and sampling
locations.

Several other studies provided somewhat more equivocal
evidence. In a survey of 1,355 children (ages 6 to 12) conducted
in Iowa City, Ekwo et al. (1983) reported a statistically
significant association between gas stove use in the home and
hospitalization for chest illness before age 2, but the
association between gas-stove use and chest congestion/phlegm
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with colds was not significant. A study of 775 children (ages 6
to 12) conducted in the Netherlands by_Brunekreef et al. (1989)
and Dijkstra et al. (1990) showed no evidence of an increase in
respiratory disease with increasing NO, exposure, but the range
of uncertainty is large and rates were not adjusted for
covariates such as parental smoking and child’'s age. Keller et
2l. (1979a,b) reported no statistically significant changes in
respiratory disease associated with living in homes with gas
stove use (odds ratio of 0.72, 95% confidence limits of 0.30 and
0.74). Many of the studies of children (ages 5 to 12) discussed
above are summarized in Table V-1 and form the basis for a meta-
analysis to pbe. discussed in Section V.1l.b.

Individual studies of the effects of NO, exposure on infants
(ages = 2 years) provide no consistent relationship between
estimates of NO, exposure and the prevalence of respiratory
symptoms and disease. In Albuquerque, NM, Samet et al. (1993)
conducted a prospective cohort study of infants, during their
first 18 months of life, using 2-week average NO, concentrations
in bedrooms as estimates of exposure to NO,. In this carefully
conducted study, Samet et al. (1993) defined illness events of at
Jeast two consecutive days of either runny nose, wet cough,
wheezing, or trouble with breathing. The analysis was limited to
1205 subjects completing at least one month of observation.
Findings indicate that in a population of healthy infants there
was no significant association between NO, eXposure estimates (in
the range 0 to 0.04 ppm NO,) and respiratory illness when
precaution was taken to make an accurate assessment of exposures,
to validate measurements of respiratory illness, to eliminate
potentially confounding variables, and to adjust for key
variables (CD, p. 14-33).

Several other epidemiology studies attempting to associate
NO, exposure with increased risk of respiratory effects in

infants offer mixed results. Presence of a gas stove was
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associated with increased upper respiratory illness in l-year
olds living‘in'northern Scotland (Ogston, et al. 1985), while
Melia et al. (1983) found no relationship between use of gas
stoves and prevalence of respiratory symptoms in infants under
one year old. Margolis et al. (1992) studied the Prevalence of
pPersistent respiratory symptoms in 393 infants of different
socioeconomic status (SES) living in North Carolina during their
first year of life and reported that infants in the low-SES were
more likely to have symptoms than high-SES infants, though the
difference was statistically significant only for those not in
day care. Of the infants studied by Margolis et al. (1992), only
41 lived in homes with gas stoves, and the relative risk of
persistent respiratory symptoms among those infants exposed to
NO, from gas stoves, unadjusted for any covariates, was 1.12 (95%
confidence interval of 0.63 to 2.04). The studies of infants
discussed above formed the'basis for a meta-analysis discussed in
Section V.C.1.b below.

2) Outdoor Studies ‘

Several epidemiological studies have been conducted in the
U.S. and other countries to examine the relationship between
ambient NO, levels and vespiratory health effects. 1In one part
of the Six Cities Study, Dockary et al. (1989b) used data. from
centrally located ambient monitors to investigate associations
between respiratory symptoms and air pollution and found the
strongest associztions were between respiratory symptoms and
particulate matter. Even though the odds ratios for respiratory
symptoms {e.g., bronchitis, chronic cough, chest illness) with
amhient NG, wer: not statisticsally significant, the direction was
consistent with results reportad in the indoor studies.

Several studies conducted in various locations around the
U.S. have reporizd little or 0 relationship between ambient NO,
levels and respiratory illness In a study conducted in Chestnut
Ridge, PA, Vedal et al. (1987 reported no quantitative
relationship beaiween daily réspiratory symptoms (e.g., wheeze,
pain on breathiry, or plilegm) and ambient NO, levels; however,
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the number of subjects included in the analysis was only 55. A
california seventh Day adventist study (Euler et al., 1988)
concluded that NO, exposure levels were not linked to chronic
respiratory disease symptoms. Although the Chattanooga studies
conducted by Shy et al. (1970a,b; 1973) offer qualitative
evidence of higher respiratory illness rates for families living
in higher-NO, compared tO lower-NO, neighborhoods, Pearlman et
al. (1971) reported results in Chattanooda that were not
completely consistent with the exposure gradient pecause rates of
pbronchitis were just as high in the intermediate—pollution area
as in the high-pollution area.

In contrast, gseveral European studies have investigated and
found a relationship between respiratory disease and ambient NO,
levels, albeit with the contribution of other pollutants. In a
study conducted in gswitzerland, Braun-Fahrlaender et al., (1989,
1992) found that outdoor levels of NO, were predictive of
“duration of respiratory disease episodes. In two studies
. conducted in Germany, Schwartz et al. (1991) showed a
. relationship between short-term fluctuations in ambient
Noz/particulate matter ljevels and medical visits for croup
symptoms, while Rebmann et al. (1991)lreported a relationship
between croup with positive virologic testing and ambient NO,
jevels. Finally, in Finland Jaakkola et al. (1991) report a
significant association between the occurrence of upper
respiratory infections and living in an air-polluted area for
poth infants and 6-year old children. The authors did conclude
that other pollutants (e.g., particulate matter, SO, HsS, etc.)
may have contributed to the effects.

oOutdoor epidemiological studies do appear to provide limited
evidence of an association between ambient exposures to NO, and
increases in respiratory symptoms and illness. However,
uncertainties regarding actual exposures to NO, and the extent to
which other factors (e.g., other pollutants, allergens, weather)
may have contributed tend to 1imit development of a quantitative
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relationship. Thus, staff concludes that this information should
be factored into developing an adequate margin of safety.

b. Meta-Analysis of Gas Stove Studies

Conclusions of the individual epidemiological studies cited
above and others discussed in Chapter 14 of the CD are somewhat
mixed with regard to the effect of NO, on lower respiratory
symptoms and disease. However, most of the indoor studies used
in a synthesis of evidence, alsc referred to as a meta-analysis,
conducted by Hasselblad et al. (1992) showed significantly
increased respiratory disease rates associated with increased NO,
- eXposure in children (ages 5 to 12) but not in infants. As
previously mentioned, human €Xposure patterns differ
significantly for the indoor environment in a home with a gas
stove versus a typical outdoor environment. Therefore,
eéxtrapolation of the results of the meta-analysis to ambient
conditions is difficult. a detailed discussion of the meta-
analysis can be found in the cD (pp. 14-55 to 14-78), and only a
summary will be provided here. _ |

The standard health effect endpoint chosen for the analysis
was the presence of lower respiratory symptoms and illness.
Requirements for inclusion of a study in the analysis were:

(1) the health endpoint of the study must be reasonably close to
the standard endpoint; (2) significant exposure differences
between subjects must exist and some estimate of exposure must be
available; and (3) an odds ratio for a specified exposure
estimate mus* have been calculated or data must be Presented so
that an odds ratio can be calculated. Table V-2 is a summary of
studies selected for the meta-analysis and of estimated odds
ratios and confidence intervals for each.

Meta-analysis of data from the selected gas-stove studies
gives an estimated odds ratio of 1.2 (95% confidence limits of
1.1. and 1.3) for inrreased lower respiratory symptoms and
illness in children 4ges 5 to 12 (Hasselblad et al., 1992). This
odds ratic corresponds to each increase of 0.015 Ppm in estimated

2-week average NO, exposure, where mean weekly concentrations in
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TABLE v-2. SUMMARY OF ODDS RATIOS FROM INDOOR STUDIES
OF THE EFFECTS OF NITROGEN DIOXIDE

Estimated 2.5 and 97.5 Percentiles

Author odds Ratio (Confidence Interval)
Melia et al. (1977) 1.28 1.14 to 1.43
Melia et al. (1979) 1.22 1.08 to 1.37
Melia et al. (1980) | 1.49 1.04 to 2.14

; Melia et al. (1882a) 1.11 0.84 to 1.46
Ware et al. (1984) 1.07 0.98 to 1.17
Neas et al. (1981) 1.40 1.14 to 1.72
Ekwo et al. (1983) 1.09 0.82 to 1.45
Dijkstra et al. (1990) 0.54 0.70 to 1.27
.Keller et al. (1979b) 0.75 0.35 to 1.62

gource: Table 14-1%, p. 14-71 of the CD (U.S. EPA, 1993a).
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bedrooms in studies reporting NO, levels were pPredominately
between 0.008 and 0.065 ppm NO,.

For studies of infants 2 years old and younger, a meta-
analysis yielded no consistent relationship between estimates of
NO, exposure and prevalence of respiratory symptoms and illness.
The combined odds ratio for increased respiratory disease per
increase of 0.015 ppm NO, (2-week average) was 1.09 (confidence
interval of 0.95 to 1.26). Based on these results which clearly
contain the no-effect value of 1.0 (i.e., not statistically
significant), the CD (p. 17-78) concluded that the evidence did
not suggest an effect in infants comparable to that seen in
children 5 to 12 years of age. Results of the both the 5-12 year
old and the infant meta-analysis are summarized in Table V-3,

In summary, two major conclusions which can be drawn from
the indoor—NO2 epidemioclogy studies and the associated meta-
analysis are: (1) for studies of children (ages 5 to 12 years),
an increased risk of about 20% for developing respiratory
symptoms and disease corresponds to each increase of 0.015 ppm
NC, in estimated 2-week average NO, exposure, where mean weekly
concentrations in bedrooms reporting NO, levels were
predominately between 0.008 and 0.065 ppm NO, (CD, p. 14-73); and
(2) for studies of infants (< 2 years old), although the combined
odds ratio estimate is positive {1.09, CI 0.95 to 1.26) for the
increase in resp.ratory disease per increase of 0.015 ppm NO,, it
clearly contains the no-effeci value of 1.0 (i.e., is not
statistically significant), and so the evidence does not suggest
an effect in infants comparable to that seen in older children
(CD, p. 14-75).

Assessing the potential value of the meta-analyses to
developing the basis for a NAAQS for NG, is limited by several
considerations. There remains substantial uncertainty about the
actual exposures of subjects in the above studies. The NO,,
levels which were monitored .in the gas-stove studies are only
estimates of expusure and do not represent actual exposures. The
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TABLE V-3. KEY EPIDEMIOLOGICAL STUDIES OF EXPOSURE TO
NITROGEN DIOXIDE - SUMMARY OF META-ANALYSIS

NO, (ppm)
(Exposure Duration)

Observed Effects

References

0.015-ppm increase, where
mean weekly
concentrations in
bedrooms in studies
reporting levels were
predominately between
0.008 and 0.065 ppm NO,
(in 1- and 2-week
integrated average NO,
concentration estimating
an unspecified long-term
average)

0.015-ppm increase in
annual average of 2-week
NO, levels, where mean
weekly concentrations in
bedrooms were
predominately between
0.005 and 0.050 ppm NO,

A meta-analysis shows increased risk
of lower respiratory
symptoms/disease in children S to 12
years old associated with exposure
estimates of NO, levels. The 95%
confidence interval of the odds ratio
estimated by Hasselblad et al. (1992)
was 1.1 to 1.3. Predominant source
of exposure contrast is homes with
gas stoves vs, homes with electric
stoves.

In individual indoor studies of
infants 2 years of age and younger,
no consistent relationship-was found
between estimates of NO, exposure
and the prevalence of respiratory
symptoms and disease. Based on a
meta-analyses of these infant studies,
the combined odds ratio for the
increase in respiratory disease per
increase of 0.015 ppm NO, was 1.09
with a 95% confidence interval of
0.95 to 1.26. Thus, although the
overall combined estimate is positive,
it clearly contains the no-effect value
of 1.0, (i.e., is not statistically
significant); and so we cannot
conclude that the evidence suggests
an effect in infants comparable to
that seen in older children (see
Chapter 14).

Melia et al.
(1977, 1979,
1980, 1982)
Ware et al.
(1984)

Neas et al.
(1991)
Ekwo et al.
(1983)
Dijkstra et al.
(1990)
Keller et al.
(1979)

Samet et al.
(1993)
Margolis et al.
(1992)

"~ Dockery et al.

(1989)
Ogston et al.
(1985)

Ware et al.
(1984)

Ekwo et al.
(1983)

Melia et al.
(1983)

Source: Table 16-2, p. 16-14 oi_ the CD (U.S. EPA, 1993a).
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studies collected 2-week average NO, measurements and, therefore,
cannot distinguish between relative contributions to respiratory
symptoms and illness of peak and average exposure to NO,. To the
extent that the endpoints investigated are affected by a peak
exposure, repeated peak exposures, or a combination of peak and
longer-term average exposures, uncertainty is increased in the
results and conclusions of the meta-analysis. Another factor to
consider is the presence of indoor nitrous acid, which is a
byproduct of gas combustion; although nitrous acid might affect
the health endpoints observed, very little is known about either
health effects or indoor concentrations associated with this
substance. Finally, and perhaps most significant to this NAAQS
review, is the fact that indoor exposure patterns to NO, are
quite different compared to outdoor exposure patterns. With much
higher peaks and average indoor exposures than would be found
outdoors, it is extremely difficult to extrapolate the results of
the meta-analysis in a manner which would provide quantitative
estimates of health impacts for outdoor exposures to NO,, .

c¢. Biological Plausibility _

Animal toxicoldgy studies, and to a lesser extent controlled
human exposure studies, provide evidence for possible underlying
mechanisms of NO,-induced respirxatory illness. These studies
have shown that exposure to NO, can impair components of the
respiratory host defense system and increase susceptibility to
respiratory infection. The increased respiratory symptoms‘and
illmess in children reported in the epidemiology studies cited
above may be a reflection of the increased susceptibility to
respiratory infection caused by the impact of NO, on pulmonary
defenses. The studies discussed below, and in greater detail in
Chapters 13, 15, and 16 of the CD, provide a plausible biological
basis for making such a hypothesis.

Although the lungs arxz commonly invaded by microorganisms
(e.g., viruses, bacteria) which have the potential to initiate
respiratory infection, respiratory defense mechanisms play a key
role in eliminvating the irnfectious agent, thereby reducing the
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rigk of illness. Animal studies support the contention that
inhalation of NO, damages respiratory defense systems, including
important components of the host defenses such as the humoral and
cell-mediated immune system and the alveolar macrophages (AMs) .
Animal infectivity studies also have provided evidence that NO,
exposure increases susceptibility to infection by affecting
overall function of the host defense mechanisms.

Humoral and cell-mediated immune systems are essential for
both antibody production and secretion of cellular products,
which regulate normal defense responses and/or destroy certain
invading organisms. Although the pulmonary jmmune system has not
been adequately gtudied to assess the impact of NO, exposure,
there is some indication that NO, suppresses some systemic immune
responses and that these responses may be both concentration and
time dependent. Although the causeé of suppression was not clear
in either study, 4 weeks of continuous exposure to 0.4 ppm NO,
resulted in significant suppression of antibody production by
spleen cells (Fujimaki et al., 1982), and 7 weeks of 7 hour/day
exposure to = 0.25 ppm NO, had a significant systemic effect on
cell-mediated immunity in mice (Richters and Damji, 1988, 1990) .

When particles deposit below the mucociliary region in the
gaseous exchange region of the lungs, the AMs kill and remove
viable particles, remove nonviable particles, and process/present
antigens to lymphocytes for antibody production. In this area of
investigation, animal studies of NO, exposure have shown: (1) a
decrease in phagocytic ability of AMs at 0.3 ppm for 13 days for
2 hours per day (schlesinger et al., 1987) but increased
phagocytosis at 1.0 ppm for 2 days (Schlesinger, 1987a,b); (2)
decreased pulmonary bactericidal activity, altered metabolism,.
jncreased numbers of macrophages, .and morphological changes
(Rombout et al., 1986; Aranyi et al., 1976; Goldstein et al.,
1973;: Suzuki et al., 1986; Chang et al., 1986; Mochitate et al.,
1986; Robison et al., 1990); and (3) morphological changes in the
ciliated epithelial cells involved in mucociliary transport '
following exposures of 0.5 ppm for 7 months (Yamamoto and
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Takahashi, 1984), however, mucociliary clearance was not affected
for exposures up to 5.0 Ppm (Schlesinger et al., 1987).

A series of animal infectivity studies has shown that
exposure to NO,, can increase susceptibility to respiratory
infection and result in microbial-induced mortality. These
studies involve exposure of animals to varying concentrations and
durations of NO, followed by exposure to an aerosol laced with an
infectious agent (e.g., bacteria or virus). Although the lowest
acute (2-hour) exposure to affect bacteria-induced mortality was
2.0 ppm (Ehrlich et al., 1977), subchronic exposures to NO,
concentrations as low as 0.5 te 1.0 ppm have increased both
bacteria-induced and influenza-induced mortality (Ehrlich and
Henry, 1968; Ito, 1971; Ehrlich et al., 1977). These as well as
numerous other studies (Parker et al., 1989; Gardner et al.,
1877a,b, 1979, 1980, 1982; Graham et al., 1987; Jakab, 1987a,b;
Motomiya et al., 1973; Miller et al., 1987:; Coffin et al., 1977)
have provided support for the contention that NO, increases
microbial-induced mortality by impairing the host’s ability to
defend the respiratory tract from infectious agents. thereby
increasing susceptibility to viral, mycoplasma, and bacterial
infections. Using susceptibility to respiratory infection as an
index, Gardner et al. (1977a,b) and Coffin et al. (1977)
concluded that incidence of mortality was significantly more
influenced by concentrat ion of NO, than by duration of exposure.
These studies however, used a large range of exposure
concentrationz (0.5 - 28 ppm), beginning above typical ambient
concentrationg In the ambient range of eéxposures, time may be a
more important influence than concentration. However, there was
no data showing clearly the effect of time on effects of long-
term, low-level exposures representing ambient exposure levels.
In the urban air, the typical pattern of NO, is a low-level
baseline exposure on which peaks uare superimposed. When the
relationship &f the p=ak to baseline exposure and of enhanced
susceptibility to bacterial infection was investigated, the
results indicated that no simplistic concentration times time
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relationship was present, and that peaks had a major influence on
the outcome (Gardner, 1980; Gardner et al., 1982; Graham et al.,
1987) .

Several other animal infectivity studies (Miller et al.
1987; Gardner et al., 1982; Graham et al., 1987) offered evidence
which indicated that mice exposed to baseline plus short-term
peaks were more susceptible to respiratory infection than either
those exposed toO control or background levels of NO,. This
regearch also indicated that the pattern of NO, exposure had a
major influence on the response. gseveral of the above-cited
animal studies, which have been identified in the CD (p. 16-16)
as representirng key toxicological effects of exposure to NO,, are
summarized in Table v-4.

Relatively few controlled-exposure studies have been
conducted using human subjects exposed to NO, and infectious
agents. One guch study (Goings et al., 1989) examined the
- effects of NO, on pulmonary host defensé'systems using live
attenuated influenza virus and reported a non-statistically
significant trend toward elevated rate of infection. Similarly,
Frampton et al. (1989a) reported a trend for less effective
jnactivation of virus by AMs taken from subjects exposed
continuously to 0.6 ppm NO, for 3 hours, although no effects were
reported in those exposed continuously to 0.05 ppm with three 15
minute 2.0 ppm spikes with exercise. 1In a related investigation,
Frampton et al. (1989b) found that 3 hours of exposure to 0.60
ppm NO, may transiently increase levels of antiprotease alpha-2-
macroglobulin in lung lavage fluid and thereby may alter AM
defenses against infection. Although these studies are
suggestive, they do not provide clear evidence that NO, increases
susceptibility of humans to respiratory infection.

The weight of evidence provided by animal toxicology and
human exposure studies supports the contention that NO, impairs
the ability of host defense mechanisms to protect against
respiratory infection. Although some of the health endpoints may
not be valid for humans (e.g., jncreased mortality), there are
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TABLE V-4. KEY ANIMAL TOXICOLOGICAL EFFECTS OF EXPOSURE TO
NITROGEN DIOXIDE2

NO, @pa)

Daration) Species  Observed Effects ) Reflerences

0.2 ppm (continuous Mouse Increased susceptibility to respiratory  Miller et al. (1987)

base for 1 year) plus infection and decreased vital <capacity

0.8 ppm (1-h peak, and respiratory system compliance,

2x/day, . comipared to control or baseline only

5 days/week) . :

025 ppm Mouse Systemic effect on cell-mediated Richters and Damji (1988,
(7 b/day), immunity 1990)

5 days/week, '

7 weeks)

03 ppm Rabbit Decreased phagocytosis of alveolar - Schlesinger (1987a,b)

@Q h/day, 2 days) macrophages

0.4 ppm Mouse  Decreased systemic humoral Fujimaki et al,, (1982)
(continuous, immunity

4 weeks)

0.5 ppm Mouse Increased susceptibility to respiratory  Ehrlich and Henry (1968)
(continuous, infection

A mo)

0.5-28 ppm: (6 mia Mouse Linear increase in susceptibility to Garduoer ¢t al, (1977a,b)

to 1 year) respiratory infection with time; ~ Coffin et al. (1997)
increased slope of curve with
increased concentration; C more
importent than T

#NO, = Nitrogen dioxide.
C = Conceatration of expasure.
T = Duration (*ime) of expasurs,

Source: Table-16-3, p. 16-16 of the CD (U.S. EPA, 1993a).
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many shared mechanisms between animals and humans which support
the hypothesis of association between NO, exposure and increases
in respiratory symptoms and illness reported in the
epidemiological studies. According to the CD (p. 16-9), however,
testing this hypothesis would require performing additional
animal toxicology studies, conducting more diagnostic tests for
infection in future epidemiological studies, and applying
additional approaches in controlled human exposure studies.

5. Lung Function, symptoms and Airway Resistance

At sufficiently high exposures (e.g., 2 to 8 ppm) , acute

exposure to NO, can induce statistically significant pulmonary

function decrements, symptomatic effects, and increased airway
resistance (Raw) in both healthy and sensitive subjects. Airway
resistance is defined as the (frictional) resistance to airflow
afforded by the airways between the airway opening at the mouth
and the alveoli. Although many controlled human exposure studies
of healthy individuals conducted at NO, concentrations even above
1.0 ppm report negative results, some studies of asthmatics and
patients with chronic obstructive pulmonary disease (COPD) |
observe effects following exposures to NO, at concentrations less
than 1.0 ppm. |
Human exposure studies summarized in Section 15.2 of the CD
(pp. 15-10 toO 15-36) provide very 1imited evidence of functional
alterations, symptoms, OY Rgy changes in healthy subjects exposed
for short periods (5 minutes to 2 hours) to NO, concentrations
ranging from 2 to & ppm. Most of the studies cited report no
changes in lung function or symptoms; however, increased R,,, Was
observed after short-term exposures of healthy subjects to 5-B
ppm NO, (Von Nieding et al., 1979; Von Nieding and Wagner, 1977;
Von Nieding et al., 1980; Islam and Ulmer, 1979 a,b). When
healthy subjects were exposed to somewhat lower NO, levels (2 to
4 ppm), no changes were reported in either spirometry Or Riy
(Linn et al., 1985b; Mohsenin, 1987b, 1988). None of the studies
jnvestigating healthy subjects exposed to less than 1.0 ppm NO,
gemonstrated any clear responses to NOp (CD, p.- 15-36).
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In contrast to the lack of effects reported with healthy
subjects at lower NO, levels, there is some evidence that
asthmatics experience symptoms, functional changes, and increased
R w When exposed to NO, levels below 1.0 ppm (CD, pP.- 15-36 to 15-
65). In one early study of asthmatics, symptoms of respiratory
discomfort were experienced by 4 of 13 asthmatics exposed to 0.5
Ppm for 2 hours; however, Kerr et al. (1979) concluded that the
symptoms were minimal and did not correlate well with functional
changes. 1In several other studies of asthmatics, very small
changes in spirometry or plethysmography were reported following
acute exposures in the range of 0.1 (Hazucha et al., 1982, 1983)
to 0.6 ppm NO, (Avol et al., 1988). Hazucha et al. (1982, 1983)
found an eight percent increase in specific airway resistance
(SR,,,) after mild asthmatics were exposed to 0.1 ppm NO, at rest.
However, this finding is not considered statistically
significant. Bauer et al., (1986) reported statistically
significant changes in gpirometric response in mild asthmatics
exposed for 20 minutes (with mouthpiece) to 0.3 ppmn NO, and cold
air. Avol et al. (1988) Found significant changes in SR, and
FEV, asz a fuaction of exposure concentration and duration for all
exposurs conditions (i.e. exposure of moderately exercising
asthmatics for 2 hours to 0.3 ppm and 0.6 ppm NO,) ; however, it
was coucluded that there was no significant effect of NO,
exXposur: on tnese measures of pulmonary function (CD, p. 15-47).
Exercising ad.lescent astbmatics exposed (with mouthpiece) to
air, © 12 ppm and 0.18 ppgm NO, exhibited small changes in FEV,,
but there werz no differeuces in symptoms between air and either
of the NO, exposures (Koeunig et al., 1987a,b). The absence of
spirometry ow Plethysmography changes in studies (Avol et al.,
1986; Zylin =t al., 1985. Linr et al., 1985b; Linn et al., 1986)
conducted at higher NO, concenirations makes developing a |
concentrati~n-response relationship problematic (CD, p. 15-62).

Patien s with COPD uiso have been used as subjects in NO,
exposure studies. Due to the ayperresponsiveness of their
airwavs to shysical and cheminal stimuli, their already
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compromised lung functiomn, and the poor distribution of
ventilation leading to greater NO, delivery to the segment of the
lung that is well ventilated (thus resulting in a greater local
dose), patients with COPD might be expected to experience a
heightened response to NO, exposures compared to healthy
individuals. Early studies (Von Nieding et al., 1970, 1971,
1973; Von Nieding and Wagner, 1979) found increased Rgy, with
exposure of COPD patients to 1.6 ppm NO, or greater. However, in
a more recent comparative study of healthy and bronchitic
subjects, Von Nieding et al. (1980) reported that responses of
subjects with bronchitis were similar to. those seen in healthy
subjects. Linn et al. (1985a) investigated effects of a 1-hour
exposure to 0.5, 1.0, and 2.0 ppm NO, on intermittently
exercising patients with emphysema and chronic bronchitis; they
found no statistically significant changes in arterial
oxygenation, lung function, oY symptoms . Finally, Morrow and

- Utell (1989) exposed COPD patients for 3.75 hours to 0.3 ppm NO;
" during intermittent mild exercise and found progressive and
statistically significant decrements in FVC and FEV, during and
after exposure.

In summary, in healthy individuals, even very high acute NO,
exposures do not appear to cause pulmonary function effects,
symptoms, OT increases in R,y The current database does,
however, show that small pulmonary function changes have occurred
in asthmatics at low, but not high (i.e., up to 4 ppm), NO,
concentrations. Although the observed effects were noted in
different studies, nO plausible explanation is of fered to account
for this lack of a concentration-response relationship. The CD,
in assessing the available data on pulmonary function responses
to NO, in asthmatic individnals, concludes that the most
significant responses to NO, that have been observed in
asthmatics have occurred at concentrations between 0.2 and 0.5
ppm (CD, Pg- 16-3). Patients with COPD experience pulmonary
function changes with brief exposure toO high concentrations (5 to
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8 ppm for 5 minutes) or with more prolonged exposure to lower
concentrations (0.3 ppm for 3.75 hours) .

3. Increased Airway Responsiveness

There is little, if any, convincing evidence that healthy
individuals experience increases in airway responsiveness when
exposed to NO, levels below 1.0 ppm. However, studies of
asthmatics have reported some evidence of increased airway
responsiveness caused by acute eéxXposure to NO, in the range of
0.2 to 0.3 ppm. A detailed discussion of these responses is
provided in Chapter 15 of the CD. ' '

Responsiveness of an individual’s airways is typically
measured by evaluating changes in airway resistance or spirometry
following challenge with a pharmacologically active chemical
(e.g., histamine, methacholine, carbachol), which causes
constriction of the airways. Airway hyperresponsiveness is
reflected by an abnormal degree of airway narrowing caused
primarily by airway smooth muscle shortening in response to
nonspecific stimuli. Asthmatics experience airway
hyperresponsiveness to certain chemical and physical stimuli and
have been identified as one of the population subgroups which is
mosSt sensitive to acute NO, exposure (CD, p. 16-1).

Evidence of increased airway responsiveness in normal adults
has been reported in very few studies. Mohsenin (1988) found
increased airway respcnsiveness to methacholine following
eXposure tc 2 ppm NO, for 1 hour at rest. Frampton et al. (1991)
reported statistically significant airway responsiveness
following a 3-hour exposure of healthy subjects to 1.5 ppm NO,
and carbachol challenge, but no increase in airway responsiveness
was reported with exposure to 0.6 ppm NO,. 1In one study (Hazucha
et al., 1992), airway responsiveness, which was subsequently
induced by a 2-hcur exposure to 0.3 ppm O3, was augmented by a 2-
hour preexposure to 0.5 Epm NO, . None of these studies,
however, provide clear evidence of increased airway
responsiveness in normal individuals when exposed only to NO, at
concentrations f 1 ppm or lower.
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There is evidence that exposure of mildly allergic asthmatic
patients to NO, levels below 1 ppm may causeé increased airway
responsiveness. geveral controlled exposure studies (Ahmed et
al., 1983a,b; Bylin et al., 1985; Hazucha et al., 1982, 1983;

' Koenig et al., 1985; Orehek et al., 1981) of asthmatics showed no
significant effect on responsiveness at very low NO,
concentrations of 0.1 to 0.12 ppm. Using a mouthpiece and
somewhat higher exposures of 0.3 ppm NO,, Bauer et al. (1986)
reported a statistically significant response to NO, after 20
minutes rest followed by 20 minutes of exercise (30 L/min) ; all
had elevated response to cold air pronchoprovocation. A
subsequent study (Morrow and Utell, 1989), using some of the same
subjects in the same laboratory, showed no change in lung
function, symptoms, OI carbachol reactivity following exposure to
0.3 ppm NO,. It is important to note, however, that the Morrow
‘and Utell (1989) study was a chamber study; thus, the difference
“in exposure mode (mouthpiece Vvs. chamber) could account for the
~gignificant difference in the study results. studies which
investigated concentration-response relationships for exposures
of < 0.6 ppm NO, (Roger et al., 1990; Bylin et al., 1985, 1388;
avol et al., 1988) found no significant changes in spirometry O
airway reactivity as a result of NO, exposure. Even for
exposures to 3.0 ppm (Linn et al., 1986) and 4.0 ppm NO, (Linn
and Hackney, 1984), no effects of NO, on SRy’ symptoms, heart
rate, or skin conductance were reported in exercising asthmatics.

Folinsbee (1992) analyzed data on asthmatics experimentally
exposed to NO, in various studies which used challenges producing
increased airway responsiveness in 96 subjects and decreased
airway responsiveness in 73 subjects. For exposures in the range
of 0.2 to 0.3 ppm NO,, he found that the excess increase in
airway responsiveness was attributable to subjects exposed to NO,
at rest. Because NO, at these levels does not appear to causeé
ajrway inflammation and the increased airway responsiveness
appears fully reversible, implications of the observed increases

in responsiveness remain unclear. It has been hypothesized that
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increased nonspecific airway responsiveness caused by NO, could
lead to increased responses to a specific antigen; however, there
is no plausible evidence to support this. '

In summary, there is some evidence that acute exposure to
NO, may cause an increase in'airway responsiveness in asthmatic
individuals. This response has been observed only at relatively
low N02 concentrations, mostly in the range of 0.2 to 0.3 ppm
Noz. However, the above findings, taken as a whole, do not
provide any clear quantitative conclusions about the health
effects of short-term eéxposures to NO,.

4. Emphysema

Although no attempt has been made to quantitatively assess
the potential risk of NO,-induced emphysema to humans, the CD (p.
16-9) clearly states that because emphysema is an irreversible
disease representing an important public health concern, the
potential for risk warrants discussion. Investigations of
chronic exposures of animals to NO, levels much higher than those
found in the ambient air have demonstrated that NO, can cause
morphclogic lung lesions that meet the criteria for a human model
of emphysema (which requires the presence of alveolar wall
destruction in addition to enlargement of the airspace distal to
the terminal bronchiole) Howeﬁer, only a few studies cited in
Chapter 13 ¢f the CD document emphysema (according to the human
definition) resulting from chronic NO, exposure. Three studies .
(Haydon et al., 1967; Freeman et al., 1972; Port et al., 1977),
in which rats and rabbits werc exposed for periods ranging from 1
month to more than 30 wonths to NO., concentrations greater than 8
ppm, showed morphologic lung lesions that meet the criteria for a
human model of enphysema. Another study (Hyde et al., 1978)
provided evidence of emphysemx (including alveolar destruction)
in dogs exposed to a mixture of 0.54 ppm NO, and 0.25 ppm NO for
a period of 68 munths. The dogs were examined 2.5 to 3 Years
after exposure tu the mixture . The finding that pulmonary
function decrements progressed poet—exposure suggests that
morphological effects may have been progressive also. 1In the
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same study (Hyde et al., 1978), a low NO, (0.14 ppm) and high NO
(1.1 ppm) mixture produced no evidence of emphysema, thus
implying that NO, was & significant etiologic factor. Numerous
other studies cited in Chapter 13 of the CD reported emphysema,
but they either lacked sufficient detail for independent
conclusions to be drawn or did not meet all of the criteria for
human emphysema.

In conclusion, it is clear that at sufficiently high
concentrations of NO, (i.e., > g ppm) for long periods of
exposure, NO, can cause emphysema (meeting the human definition
criteria) in animals. Although current information does not
permit identification of the lowest NO, levels and exposure
periods which might cause emphysema, it is apparent that levels
required to induce emphysematous lung lesions in animals are far
higher than any NO, 1evels which have been measured in the
ambient air.

D. Populations Potentially at Risk

Two general groups in the population may be more susceptible
to the effects of NO, exposure than other individuals. These
groups ‘include persons with pre-existing respiratory disease and
children (5-12 years old). Individuals in these groups appear to
pe affected by lower levels of NO, than individuals in the rest
of the population.

With regard to decreased respiratory function caused by NO,,
a reasonable hypothesis of enhanced susceptibility to NO, has
peen offered for those with preexisting respiratory disease.
Since these individuals live with reduced ventilatory reserves,
any reductions in pulmonary function caused by exposure to NO,
have the potential to further compromise their poseibly marginal
health status. Compared to healthy individuals with normal
ventilatory reserves who may not notice small reductions in lung
function, those with preexisting respiratofy disease may be
prevented from continuing normal activity following exposure to
NO, .
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Numerous epidemiological studies conducted in homes with gas
stoves provide evidence that children (5-12 years old) are at
increased risk of respiratory symptoms/illness from exposure to
elevated‘NO2 levels (Melia et al., 1977, 1979, 1983; Ekwo et al.,
1983; Ware et al., 1984; Ogston et al., 1985; Dockery et al.,
1989a; Neas et al., 1990, 1991, 1992; Dijkstra et al., 1990;
Brunekreef et al., 1987; Samet et al., 1993). Because childhood
respiratory illness is very common (Samet et al., 1983; Samet and
Utell, 1990), any impact which NO, might have of increasing the
probability of respiratory illness in children is a matter of
public health concern. This is particularly true in light of
evidence that .recurrent childhood respiratory disease may be a
risk factor for later susceptibility to lung damage (Glezen,
1989; Samet et al., 1983; Gold et al., 1989) (CD, p. 16-4). 1In
the United States, there are approximately 35 million children in
the age group 5 to 14 years (Centers for Disease Control, 1950).

Airway inhalation challenge tests have been used to evaluate
the responsiveness of asthmatics’ airways and have demonstrated
that asthmatics are hyperresponsive to a variety of inhaled
substances (e.g., pollens, cold/dry air, dust, and air
peollutants). With regard to NO,, asthmatics are considered to be
one of the groups in the population most responsive to NO,
exposure (CD, p. 16-1). There is evidence that asthmatics
exposed to low levels of NO, (0.2 to 0.3 ppm) will experience an
increase in airway responsiveness (Folinsbee, 1992}. The
National Inst.itutes of Health (1991) estimates that approximately
10 million asthmatics live in the U.S. Because asthmatics tend
to be much more sensitive to inhaled bronchoconstrictors than
nonasthmat.ics, there is the added concern that NO,-induced
increase in airway response may exacerbate already existing
hyrerresponsiveness caused by preexposure to other inhaled
materials.

Patients with chronic obstructive pulmonary disease (COPD)
coustitute another subpopulation which is potentially susceptible
to NO, exposuiz. This group, which is estimated to be 14 million
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in the U.8. (U.S. Department of Health and Human gervices, 1990),
includes persons with emphysema and chronic bronchitis. One of
the major concerns for COPD patients is that they do not have an
adequate ventilatory reserve and, therefore, would tend to be
more affected by any additional loss of ventilatory function as
may result from exposure to NOj. 1t is also possible that NO,
might further damage already impaired host defense mechanisms,
thus putting copD patients at increased risk to lung infection.

A final gubpopulation group which the CD (p. 1-24) has
identified as potentially susceptible to NO, is immunocompromised
individuals. Persons in this group would have an increased
susceptibility for infectious pulmonary disease as well as other
health effects. Examples of such individuals would be those
suffering from acquired immune deficiency syndrome (AIDS) and
cancer patients being treated with chemotherapy. Approximately 1
“million persons were estimated by the Centers for Disease Control

(cbc, 1990) to pe infected with the human immunodeficiency virus,
which precedes development of AIDS symptoms (Karon et al., 1990).
There are about 1 million patients diagnosed with cancer each
year (U.S. Bureau of the Census, 1991), about 25% of whom are
prescribed chemotherapy as a first course of treatment (Steele et
al., 1991). Although the above immuno-compromised groups
represent populations potentially at risk for NO, effects, no
numan research has examined the effects associated with NO,
exposure in these groups. additionally, no such studies have
peen conducted in similarly immuno- compromised animals exposed to
NO, . Although it is clear that NO, can affect alveolar
macrophages, humoral immunity, and cell-mediated immunity in
otherwise normal animals (Chapter 13), the animal -to-human
extrapolation cannot yet pe made quantitatively. Thus, there
only now exists a hypothesized association with increased
susceptibility to NO,. Nevertheless, it may be prudent to
consider including such reduced immune function groups as
susceptible subpopulations at potentially increased risk for NO,-
induced health effects” (CD, p. 1-25). Table V-5 summarizes
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evidence and population estimates for groups identified above.
£. Effects of Concern
As discussed in detail in the CD (U.S. EPA, 1993a) and in

earlier sections of this Staff Paper, there is substantial

scientific literature providing evidence of health effects
associated with exposure toO NO, . These effects vary widely
depending on the level of exposure, pattern of exposure, and
conditions of subjects during exposure (e.g., ventilation
rate,sensitivity). although scientific research provides an
essential basis upon which conclusions can be drawn relating
various health effects to expoOSure patterns and levels of
exposure to Ndz, the specific level, averaging time, and form of
any primary NAAQS are largely a public health policy judgment of
the Administrator.

In Chapter 16 of the CD (U.S. EPA, 1993a), key information
and conclusions of the health assessment chapters are summarized
- and integrated to provide a framework for decisions regarding
health risks of NO,. That discussion provides the basis for the
following conclusions: |

1. Evidence is insufficient at +his time to establish

clear guantitative conclusions reqarding airway responsiveness

and pulmonary function changes resulting from gshort-term

- eXposures of healthy and asthmatic_individuals to near-ambient
NO, levels. (CD, pp. 16-3 and 16-4)

Evidence of health effects occurring below 1.0 ppm NO, is
equivocal at best in healthy individuals. There is limited
evidence of increased airway responsiveness in asthmatics
‘following short-term exposures as low as 0.2 to 0.3 ppm NO,
(Folinsbee et al., 1992), even though changes in airway
responsiveness have not been observed at much higher
concentrations of up to 4 ppm (cD, p. 16-3). The implications of
this increased responsiveness in asthmatics, however, remain
unclear due to the apparent total reversibility of acute effects
and the apparent lack of airway inflammation at low-level N02
exposures.
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Although no consistent pattern of pulmonary function
response in normal subjects has been reported for short-term
exposure studies conducted at < 1.0 ppm NO, (CD, p. 15-36), there
is limited evidence of small changes in lung function in
asthmatics following short-term exposures to NO,. Most of the
responses to NO, in asthmatic individuals have been observed at
concentrations between 0.2 and 0.5 ppm (CD, pg. 16-3). The
significance of these findings, however, is somewhat diminished
by the absence of changes reported at higher (3 to 4 ppm) NO,
concentrations (Bylin et al., 1985; Linn et al., 1984, 1985 a,b,
1986) and the apparent lack of a concentration-response
relationship for pulmonary function changes.

2. Although there is substantial evidence which suagests

that increased exposure to NO2 is associated with increased

respiratorv illness in 5- to 12-vear old children, exposure

estimates appear to be inadequate to establish a guantitative

relationship between estimated exposures and svatoms (CD, 16-5)

As described in detail in Chapter 14 of the CD, the meta-
analysis of nine "gas stove" epidemiclogical studies (Melia et
al., 1877, 1979, 1980, 1982; Ware et al., 1984; Neas et al.,
1991; Ekwo et al., 19832; Dijkstra et al., 1990; Keller et al.,
1979) is supportive of a relationship between estimates of

€xXposure to NC, and respiratory symptoms and disease in children
aged 5 to 12, but not in infants'(c 2 years old). Furthermore,
underlying mechanisms which suppart KO, exposure as a cause of
increased susceptibility tec respiratory infection in animals
provide a plausible bhiological hypothesis for such effects
occurring in humans (CD, 16-5). However, the "gas stove" studies
do not provide sufficien. exposu:-« information, including human
activity patterns, to establish whether the health effects are
related primarily to peak, repeated peak, or long-term exposures
to NOz. Also. extrapolation of indocr exposure to outdoor
exposure is difficult according re the CD {p. 16-5) and CASAC
(1993) .
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3. Animal toxicology studies provide gualitative evidence

of Noz-induced morphologic_lung lesions indicative of emphysema;

however, NO,_exposures which have been reported to cause

emphysema in animals are far greater than levels currently

measured in ambient air. (CD, p. 16-11)

Morphologic lung lesions that meet the NIH (1985) workshop
criteria for a human model of emphysema (i.e., alveolar wall
destruction occurs in addition to other characteristic changes)
have been reported in rats and rabbits following exposures of 1
to 30 months to NO, concentrations of > 8 ppm (Haydon et al.,
1967; Freeman et al., 1972; Port et al., 1977). Another study
(Hyde et al., 1978) in which dogs were exposed to a mixture of
0.64 ppm NO, and 0.25 ppm NO for up to 68 months suggested that
NO, was the cause of morphologic lesions that meet the criteria
for human emphysema 32 to 36 months after a 68-month exposure.

Although there are numerous other NO, investigations in
- which emphysema has been reported and several which have found no
emphysema, it is not possible at this time to establish a "no-
observed effect" level. Reasons for this cited by the CD (p. 16-
'11) include: complexity of changes occurring with NO, exposure,
the lack of published papers utilizing appropriate morphometric
techniques, interspecies differences in response, and inadequate
description of methods and findings in some published reports.
Although it is clear that at sufficiently high concentrations NO,
can induce emphysematous lesions, the levels of NO, which are
known to cause emphysema are far higher than those which have
been reported in the ambient air.

4. There are other factors which staff believes ghould be

considered in evaluating the adequacy of current NAAQOS for NO-,.

First, the Administrator should take into consideration the
range of health effects associated with NO, exposure and that
these effects vary widely depending on the level of exposure,
pattern of exposure, and condition of subjects during exposure
(e.g., ventilation rate, sensitivity). Second, ethical

considerations in selecting subjects for studies suggest that the
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most sensitive individuals have not been studied. Finally, the
staff must reemphasize that most effects of NO, which have been
reported in animal studies have not yet been demonstrated in
human studies (e.g., immunological effects).

VI. AVERAGING TIME AND FORM OF THE PRIMARY NAAQS

A. Averaging Time of the Primary NAAQS

When the EPA promulgated the NO, primary NAAQS in 1971 (36
FR 8186, April 30, 1971), an annual (arithmetic mean) averaging
time was selected. The annual standard was selected in part
because epidemiology studies (Shy et al., 1970 a,b) conducted in
Chattanooga reported small, but statistically significant,
decreases in FEV for children (ages 7 to 8) living in areas with
relatively high (> 0.06 ppm) annual average NO, levels. Follow-
up studies (Shy et al., 1973, 1978; Pearlman et al., 1971) failed
to support the earlier findings, and the measurement method used
in the studies was called into question. |

When the decision was made on June 1%, 1985 to retain then-
existing primary NAAQS for NO, (50 FR 25532), emphasis was placed
on animal studies which provide evidence of health effects
associated with chronic high-level NO, exposures (e.qg.,
emphysematous-like lesions in the lungs and damage to host
defense mechanisms resulting in increased susceptibility to
infection). Cther evidence suggesting health effects associated
- with long-term, low-level NO, exposures, such as the Chattanooga
commurn..ty epidemiology studies and the studies of children living
in homes with gas stoveg, were viewed as providing limited
qualitative support for a long-term standard. Although there was
substantial debate regarding the need for a short-term (1- to 3-
hour) primary NAAQS, it was concluded that there was insufficient
evidence to set a short-term standard untii further research
could be conducted. Based on the data available in 1985,
retaining the annual NAARQS of 0.(S53 npm was seen as a means of

.

providing protection from long-terwm healih effects and some

iv

measure of protecticn against prssitls short-term health effects

(50 FR 25543, June 1.9. 1685).

¥}

1
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Subsequent research has provided little, if any, evidence of
.significant health effects of short-term exposures to NO,. No
.consistent pattern of response in normal subjects has been
reported for short-term exposure studies conducted at < 1.0 ppm
NO, (CD, p. 15- 36). There is only limited evidence of small
changes in spirometry or plethysmography in asthmatics following
short-term exposures to 0.2 to 0.5 ppm NO,. The -significance of
these findings, however, is diminished by the absence of changes
reported at higher (up to 4 ppm) NO, concentrations (CD, pg. 16~
3). Patients with chronic obstructive pulmonary diseasge
experience pulmonary function changes with brief exposures to
high concentrations (i.e., 5 to & ppm for 5 minutes) or with more
prolonged exposure to lower concentrations (0.3 ppm for 3.75
hours). As the criteria document discussed at some length,
several questions remain unanswered regarding the correlation of
disease state with exposure variables for both persons with
asthma and COPD patients (CD, pg. 15-62).

The meta-analysis presented in Chapter 14 of the CD (U.S.
EPA, 1993a) provides reasonably good evidence of a guantitative
relationship between indoor NO, exposure in homes with gas stoves
and increased respiratory illness in children living in those
homes. However, as noted by the CASAC at the July 1983 meeting
(CASAC, 1993), it is very difficult to generalize this
relationship to outdoor NO, exposures. The exposure patterns
encountered in the homes studied with gas stoves are different
from exposure patterns which would be encountered in the ambient
air. Also, in spite of the large number of studies which have
focused on respiratory effects experienced by children living in
homes with gas stoves, there remains considerable uncertainty
with regard to the averaging time (s) associated with these
effects. Although it is reasonable to hypothesize that repeated
exposure to peak levels of NO, may be responsible for increased
respiratory illness, the contribution of low-level chronic
exposures to NO, cannot be ruled out at this tlme It is,
therefore, not feasible for staff to recommend a NAAQS for NO,
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with a short-term averaging time due to the lack of adequate
information indicating that acute health effects of concern occur
at or near émbient exposures.

With regard to chronic effects, a relatively large data
base, including epidemiology and animal toxicology studies,
provides evidence of significant biological effects resulting
from long-term (months to years) exposure to NO,. Among the best
documented of these effects is damage to host defense mechanisms
which can result in increased susceptibility to respiratory
illness. These effects are discussed in detail in Chapters 13,
14 and 16 of the CD (U.S. EPA, 1993a). In addition, chronic

exposure to NO, has been shown to produce changes in lung

biochemistry, pulmonary function, and a variety of extrapulmonary
changes. Finally, chronic NO, exposure has induced emphysema-
like lesions in the lungs of experimental animals but only at
concentrations much higher than ambient levels. |

In light of the above information, staff concludes that
there is a need to protect public health against short-term and
long-term exposures to NO.. This has been accomplished
previously by setting the NAAQS for NO, at an annual average,
which if met would adequately control most peak NO, exposures.
Staff again believes that this approach is apprepriate.

B. Form of the Primary NAAQS

The current annual primary NAAQS for NC, is based on the |
arithmetic mean cf all valid hourly averages in a calendar year. |
The arithmezic mean is more sensitive to repeated short-term
peakgs than the alternative, which is the geometric mean, and its
use is consistent with other standards.

If£ the Administrator chooses to estakclish a short-term
(e.g., 1-hcur, & hour, 24-hour) primary standard to protect the
public frcw exposure to repeated NO, peak concentrations, then
the staff recommends that the standard ke set in a statistical
form rathce than a deterministi s form. (The statistical form of
the standard offers a more stable target for control programs and

is less sensitive to truly unusual metenrological conditions than
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a deterministic form). This could be accomplished by (1) setting
a NAAQS with an allowable number of exceedances of the standard
level which would be expressed as an average or expected number
per year, OT (2) setting a NAAQS where a given percent of the
daily maximum hourly values would be expected to be less than or
equal to the ctandard level. The emissions reductions achieved
in the required control implementation program would be based on
'a statistical analysis of the monitoring data over a multi-year

period (e.g., the preceding 3-year period) .

VvII. SUMMARY OF STAFF CONCLUSIONS AND RECOMMENDATIONS FOR THE
NITROGEN DIOXIDE PRIMARY NAAQS

The key findings presented below concerning the NO, primary
NAAQS draw upon discussions contained in previous sections of
this staff Paper. The key findings are: | |

1) The staff concludes that exposure to NO, is associated
with a variety of acute (short-term) and chronic (long-term)
health effects. Clearly adverse health effects (e.g., pulmonary
edema, death) have been reported following accidental short-term
exposures of humans to Very high concentrations (150-200 ppm OTr
greater) of NO, (CD., pg. 14-55) and animal studies have provided
evidence of emphysema caused by long-term exXposures to greater
than 8 ppm NO,. However, these health effects are caused by
exposures which are much higher than those found in the ambient
air and only serve as indicators of the most extreme effects of a
potentially vefy noxious oxidant.

2) Based on the assessment of available information
regarding health effects associated with exposure to'Noz, the
staff concludes that the two potentially sensitive population at
risk are children 5 to 12 years old and individuals with pre-
existing respiratory diseases.

3) The available data indicate that short-term exposure to
NO, may cause an increase in airway responsiveness in asthmatic
individuals at rest. This response has been reported only at

relatively low concentrations (mostly within the range of 0.2 to
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0.3 ppm NO,) which are of concern in the ambient environment.
Similarly, NO, induced pulmonary function changes in asthmatic
individuals have been reported at low, but not high, NO,

concentrations. For the most part, the small changes in
pulmonary function observed in asthmatic individuals have
occurred at concentrations between 0.2 and 0.5 ppm, but not at
much higher concentrations (i.e., up to 4 ppm) (CD, pg. 16-3).
These findings contrast with the findings for healthy individuals
exposed to low NO, concentrations. In healthy individuals, there
is no evidence of lung function decrements or changes in airway
responsiveness at concentrations below 1.0 ppm NO,

The epidemiological evidence includes a meta-analysis of
nine epidemiological studies of children (5-12 years old) living
in homes with gas stoves. The results of the meta-analysis show
‘the children (5-12 years old) living in homes with gas stoves are
at increased risk for developing respiratory diseases and
illnesses compared to children living in homes without gas
stoves. Typical mean weekly NO, concentrations in bedrooms in
studies reporting NO, levels were predominately ketween 0.008 and
0.065 ppm NO,. Most of the KO, measurements reported in the
studies are fer indoor 1- to 2-ws=ek averages, but very little
information is provided regarding either peak hourly exposures or
measurements providing estimates of annual exposures. Because of
this, the studies and, therefore, the meta-analysis cannot ‘
distingiish between relative contrivuticns of peax and longer
term exposure ard their relatrionuship with the observed health
effects. Giver the uncertair.ty associated with determining
actual expocsure patterns in these homes and the difficulty in
extrapciating the data to ambient exposures, results of the meta-
analysis provide insufficient data to support specific limits for
either shert-term or long-term standards for nitrogen dioxide.

4) For the reascns discussed in section VI of this Staff
Paper, the siaff recommeuds ihat & annual arithmetic mean

averaging time be retained for the crimary NO., NAAQS.
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5) Based on the assessment of the available scientific and
technical information (which remains largely unchanged since the
1985 review), the staff again recommends that consideration be
given to setting the level of the annual primary standard within
the range of 0.05 to 0.08 ppm NO,. 1In the staff’s judgement,
‘selecting a standard within this range would provide adequate
protection against the health effects associated with long-term
NO, exposure. In reaching a determination on the standard, the
staff also recommends that consideration be given to the degree
of protection that would be provided against repeated short-term
peak exposures. Based on air quality analyses, a standard
cselected from-the lower portion of the range suggested would
effectively limit the frequency and magnitude. of 1-hour NO,
concentrations. McCurdy (1994) estimated that if the existing
standard of 0.053 ppm NO, is attained, the occurrence of'ljhour
NO, values greater than 0.2 ppm would be unlikely in most areas
of the country. At the upper end of the range, the frequency of
~ 1-hour NO, peaks of 0.2 or higher could increase significantly.
However, because all areas of the country reporting NO, air
quality data are attaining the existing standard and because of
the nonlinear relationship of 1-hour peaks and annual averages,
it is not possible to estimate with any degree of confidence what
the fregquency and magnitude of 1l-hour peaks would be if the
standard was selected from the upper end of the suggested range.
Given this uncertainty, the staff recommends consideration be
given to selecting the standard from the lower portion of the
range in order to provide a reasonable measure of protection

against repeated 1-hour peaks of potential health concern.
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VIII. Environmental Effects of Nitrogen Deposition

This section describes the environmental effects attributed
to nitrogen deposition and, where possible, sets forth judgments
as to which levels of effects may be defined as adverse for
standard setting purposes. In addition to the environmental
features identified for protection by the secondary standard in
the definition of public welfare (see Section 302(h) [42 U.S8.C.
7602(h)]), the 1990 Amendments to the Clean Air Act express a new
determination on the part of Congress to investigate through

research "...short-term and long-term causes, effects, and trends
of ecosystems damage from air pollutants..." (see Title IX, Sec.
901(e)). 1In keeping with this expanded scope, the Staff Paper

will address as part of the secondary standard review short- and
long-term effects of nitrogen deposition on bioclogical, physical
and chemical components of ecosystems and the resulting effect of
changes in these components on ecogystems structure and function,
as well as the traditional issues of visibility impairment, and
materials damage.

A, Inuroductlon

1. Context of Current Standard Review
In the 1982 OAQPS Staff Paper for nitrogen oxides, the staff

concluded that "there is inadequate evidence to demonstrate that

exposure to NO, alone at low levels will lead to significant
impacts on growth and yield for commercially impcrtant crops and
indigencus vegetatien...."® Additicnally, though studies on
pollutant combinations showed that gyrergistic responses could
occur. this type of response was extremely variable and was not
adequately documented. Therefore, the staff concluded that there
existed "insufficient data on combined erfects of NO, and 80, to
do a quantitative evaluation cf ‘yileld reduztion for various
ambient exposure levels." CASAC concurred that the data did not
suggest significant effects of - NO, on vegataticn at or below
curreat ambient levels and that sz standari in the form of an

annual arithmetic mean at the .evel of 0.053 epm weuld provide
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gufficient protection against significant adverse effects on
vegetation (50 FR 25532, June 19, 1985) .

More recent research in the above areas, as discussed in the
1993 NO, Criteria Document, continues to demonstrate that
- pollutant 1evels for NO alone and in combination with other
pollutants in the United States, except in very rare cases, are
well below those required to produce direct phytotoxic effects on
plant yield or growth. The evidence linking nitrogen deposition
with ecological impacts, however, has been growing since the mid-
1980’'s (Skeffington and Wilson, 1988). gince these new concerns
have not been evaluated in the context of a secondary NAAQS for
nitrogen oxides, .the main focus of this Staff Paper will be on
the possible cumulative impacts of nitrogen at the ecosystem
level.

This Staff Paper is an effort to identify for the
Administrator any existing or potentially sensitive ecosystems or
ecosystem structures Or functions which may be adveréely affected
by ambient levels of the criteria pollutant, NO,, its oxides, and
other nitrogen inputs. The definition of ecosystems set forth in
the discussion on page 10-2 of the NO, Criteria Document is used.

5. Atmospheric Nitrogen Inputs

Little, if any, research has been initiated to determine
what percentage of total nitrogen deposition can be attributed to
emissions of nitrogen oxides. However, it is known that there
are many natural and anthropogenic soOurces of nitrogen that are
not nitrogen oxide based.

of the different species of nitrogen oxides present in the
atmosphere (CD, Table 9-12, Pp. 9-141), NO and NO, are generally
present in highest concentrations in the lower troposphere.

Thus, they are considered the most likely to have a potential
impact on vegetation. Research on interactions of NO, species,
other than NO and NO,, with vegetation is sparse. Some other
nitrogen-containing species do participate.in photochemical
reactions and may convert to NO, in the atmosphere. According to

some researchers, this is the case with ammonia (NH3), which
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originates on a global scale through both natural and
anthropogenic processes. Another source of atmospheric nitrogen
inputs to the envirénment, and one that has been the focus of
growing concern, is nitric acid (HNO,) .

Under ambient air quality conditions observed to date (see
Section IV, Air'Quality Trends), the current secondary standard
for NO, is rareiy exceeded. However, an analysis performed by
McCurdy (1994), shows that areas attaining the current NO, NAAQS
might still experience multiple exceedances of 1 hour values
greater than or equal to 0.15 ppm, and in Los Angeles, have
multiple hourly or daily exceedances greater than 0.20 ppm. As
will be discussed in Section B.1.a. (Vegetation) it does not
appear that the concentration times duration scenarios discussed
by McCurdy would be likely to adversely affect vegetation in
those areas, though given other factors, some sensitive species
might experience temporary foliar injury.

To have an effect, nitrogen that has been released to the
atmosphere must enter the ecosystem by either wet or dry
deposition. Deposition is primarily as nitrate. Cne-third to
one-haif of the emissions of NO* in the United States are
estimated to be removed by wer deposition (Levy and Moxim, 1887;
Hicks et al., 1991 . The measurement of dry deposition is still
Very much a contentious issue. Most researchers estimate rates
of dry d=position by assuming they are some fraction of wet
deposition rates. The assumption that dry deposition is equal to
wet depesition is probably reasonable for areas directly adjacent
to emissions source:s (Summers wt ai.., 1986), but the ratio of dry
deposition te the sum of wet and dry deposition méy fall as low
as 0.2 in locations remote frowm sources (CD, p. 206). A third,
and rarely measured mechanism oF deposition that is locally
“important iz the interceptior or capture of fog or cloud droplets
by vegetation. Twc studies (Lo&ett et al., 1982; Woodin and Lee,
1987) reccrded the chenocwenon cof t.igheyr concentrations of
nitrngen within the clend droplwts than were measured by bulk
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deposition gauges, suggesting that bulk precipitation samplers
underestimate total deposition.

_ This paper will limit its focus to a discussion of the
mechanisms by which concentraticns of nitrogen in the air may
affect deposition and how, in turn, nitrogen deposition affects
sensitive ecosystems. Thus, the paper will not specifically
address how the nitrogen component of acid rain influences
ecosystem response.

3., Nitrogen Cycle

Nitrogen is unique among nutrients in that its retention and
Jjoss within ecosystems is regulated almost exclusively by
bioclogical processes. The processes which make up the "nitrogen
cycle" and transform nitrogen as it moves through an ecosystem
include: (1) assimilation (2) nitrification (3) denitrification
(4) nitrogen fixation and (5) mineralization (see Figure VIII-1
and definitions in Appendix C). In general, the nitrogen cycle
is identical in terrestrial, freshwater, and oceanic habitats;
only the microorganisms that mediate the various transformations
are different (Alexander, 1977).

Mature natural ecosystems are essentially self-sufficient
and independent of external additions (CD, Pp. 10-6) .
Anthropogenic inputs, by altering amounts of nitrogen moving
though the cycle, can upset the relationships that exist among
the various components and thus alter ecosystem structure and
function. Under natural conditions, nitrogen is added to
ecosystems by fixation of atmospheric nitrogen, deposition in
rain, from windblown aerosols containing both organic and
inorganic nitrogen, and from the absorption of atmospheric NHy by
plants and soil (Smith, 1980). However, modern technology is
altering the cycle by changing the amounts and fluxes of nitrogen
in the various portions of the cycle. The effects that these |
perturbations are having on the nitrogen cycle are outlined in
the discussion below.
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B. Ecosystem Response

A great degree of diversity exists among ecosystem types as
well as in the mechanisms by which each system assimilates
nitrogen inputs from various sources. Becauseé the various
ecosystem components are chemically related, stresses placed on
the individual components, such as those caused by nitrogen
loading, can produce perturbations that are not readily reversed
and will significantly alter an ecosystem. How each ecosystem
responds to sLress will depend on the response of the organisms
that comprise that particular system. The significant effects of
nitrogen inputs on terrestrial (i.e., plant communities),
wetland, and aguatic ecosystems are evaluated in the following |
discussions.

The following discussion focuses primarily on how soil
Tacidification and nitrogen saturation affect terrestrial
~ecosystems. In the terrestrial ecosystem, nitrogén may enter the
“plants by several different mechanisms: (1) through the roots by
absorption of ammonia and ammonium; (2) by absorption of nitrate
and nitrite; and, (3) through nitrogen fixation'by symbiotic
- organisms (CD, P. 10-6). Therefore, uptake of nitrogen deposited
to the soil, direct adsorption of gaseous NO, through the plant
foliage, and interactions at the soil/root interface will be
addressed in the following discussion. - _

Exposure for the wetland ecosystem is chiefly through
deposition of nitrogen to the water surface. Additional nitrogen
may be added to the system from the watershed if the wetlands
were formed and maintained by drainage. The discussion focuses
on impacts to the waterlogged soils as well as on the affects of
direct deposition on the leaves of plants within the system.

Acidification and eutrophication are issues of concern for
aquatic systems. The basic concern is that deposition of
nitrates alters the availability of nitrogen to the organismal
constituents and thereby can cause changes in species composition
within the system. The scientific evidence documenting these
changes is summarized below.
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1. Terrestrial Systems
a. Vegetation

Nitrogen is an essential nutrient in plant metabolism and
vital to the photosynthetic process. Previous studies have
‘demonstrated that the occurrence, type, and magnitude of NO,
effects on terrestrial vegetation depend on the pollutant
species, the concentration of pollutant, the duration of
exposure, the length of time between exposures, and the various
environmental and biological factors that influence the response.
Foliar injury from NO, is rarely found in the field (CD, p. 9-1).

Though the relationship between reduced plant yield, altered
- biochemical processes, or foliar injury and NO, exposure

(concentration x duration) is complex and distinctly non—linear,‘
common features from many studies do suggest a general form for
the relationship between exposure to NO, and effect on growth or
yield. These features include: (1) a threshold exposure that
must be exceeded for an effect (i.e., a deviation from the
unexposed state) to occur; (2) an increase in arowth or yield at
exposures above the chreshold but below those that produce a
decrease; (3) an increasingly greater reduction in growth or
vield with increasing concentration of NO, or duration or
frequency of exposure (greater than those that produce an
increase in growth), yielding a nonmonotonic but unimodal
relationship; and (4) within the same species, the exposure-
effect relationship can be differen: for repreductive and
vegetative devzlopmeni: and it can vary among different organs of
the same plant (e.g., an effect on the growth of roots could
occur at a lesser or yreater exposure than what would produce the
same degree of effect in the growth of stems or leaves)
- (CD, p. 9-89). Studies also show that at sufficiently high
concentrations and durations, plants experience irreparable cell
or tissue damage and ultimately, plant death.

Once @ particular plant species is exposed to NO,
concentrations above the lowest effects concentration x duration
for that particular species, the observable physioleogical effects
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of NO, are significant and include changes in carbon dioxide
fixation (photosynthesis), alterations in specific enzymes,
.changes in metabolite pools, and alterations in the allocation
‘and translocation of photosynthate. Biochemical changes within
.the plants may become expressed as visible foliar injury,
-premature senescence, increased leaf abscission, and altered
plant gfowth and yield (CD, p. 9-1). These changes at the
individual plant level may lead to altered reproduction,
reduction of plant vigor, or other changes in competitive ability
which could have far reaching impacts at the ecosystem level.

Gaseous concentrations of nitrogen in the United States are
generally not ‘high enough to cause the adverse effects on plants
listed above. Therefore, if the current NAAQS for NO, continues
to be attained on an annual basis, the likelihood that plants
being exposed to direct atmospheric concentrations of nitrogen
oxides through their leaves will cause adverse effects is
minimal. Single exposures of 24 hours or less only produce acute
or adverse effects at concentrations of NO, greater than what
have been shown to occur in ambient concentratibns in the United
States. In experiments of 2 weeks or more, with intermittent
exposures of several hours per day, adverse effects on growth or
yield start to appear when the concentration of NO, reaches the
range of 0.1 to 0.5 ppm (CD, pp. 9-89,90) .

Many of the newer studies investigate the effects of NO, in
concert or sequentially with other pollutants. Again, they
demonstrate that though pollutants in combination can act
synergistically or additively to increase plant sensitivity,
effectively lowering the lowest effects concentration x exposure
required to produce injury/growth effects, these effects only
occur at higher than ambient concentrations of the pollutants and
at frequencies of co-occurrence greater than that typically
monitored in the ambient air (CD, Table 9-20, p. 9-127).

The staff concludes, therefore, based on the review of the
data in the criteria document, that the existing secondary
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standard provides adequate protection for vegetation from direct
ambient exposure to NO,.

b. Plant/Soil Interactions

Plants obtain their nutrients through the soil. Nitrogen
present in the soil is an essential element for healthy plant
growth and development. As discussed above, biological processes
which make up the nitrogen cycle regulate how much and what form
nitrogen will be available to plants. Because it is the most
common limiting nutrient for vegetative growth, deposition of
nitrogen at non-toxic levels and durations in any bioclogically
available form to most uncultivated areas is likely to produce
some growth iricrease. When heterotroph and plant demand for
nitrogen are substantially satisfied (i.e., when nitrogen _
saturation occurs) nitrification and nitrate leaching will become
significant. If there is an excess of nitrogen available, the
result will be‘alternation of the plant/soil interaction. This
alteration is the most important aspect of excess nitrogén in a
terrestrial ecosystem. _ _

Vegetative nitrogen demand varies according to stand age,
stand type, the availability of other nutrients, temperature, and
moisture. The effects of stand age and type on vegetative
nitrogen demand are illustrated in the facts that uptake rates of
nitrogen for ~onifers are generally maximal around the time of
canopy closure, whereas in deciduous forests, maximum nitrogen
uptake rates occur somewhat later (and at higher rates) due to
the annual replacement of canopy foliage in these ecosystems
(Turner et al., 199().

As forests mature, and nitrogen uptake rates decline, soils
begin to acidify naturally. Processes, such as forest fires and
harvesting, which can release nitrogen and increase ecosystem
nitrogen dermand can reverse this ftrend in the long-term.

However, it should ke pointed out that because of the lack cf
biowass to sequester the nitrogen, these events may also lead to

episodic acidification. Also, depending on the intensity of the




61

fire, nitrogen may be redistributed from the forest floor to the
surface mineral soil rather than being lost from the system.
Additional factors that influence ecosystem response to
nitrogen inputs include the rate of the nitrogen additions,
initial nitrogen status of the receiving system, the competitive
advantage between species, and the size of the initial population
of nitrifying bacteria. When nitrogen fertilizer is added in one
or two large doses to sites where the initial population of
nitrifiers is low, as 1is typical of nutrient poor areas, trees
out compete soil heterotrophs and show increased growth, while a
‘significant lag time occurs before the onset of nitrate
production (CD, p. 10-49). On the other hand, slow, steady
nitrogen inputs typical of atmospheric pollution to the same
system would favor a buildup of nitrifying bacteria populations
and thus cause a much earlier commencement of nitrate leéching.
. In nitrogen rich sites, researchers find much higher soil
' solution nitrate concentrations in general, no delay in the onset
- of nitrate leaching, and tree growth under both pollutant and
fertilizer regimes (Techaplinski et al., 1991);- In some cases
. where atmospheric nitrogen deposition acts as a fertilizer and
1eads to increased plant production, the benefits of
fertilization may be considered toO outweigh the detrimental
effects of soil acidification (see soil discussion below) .
However, in systems in which the pre-existing- balance among
species is mediated by competition for nitrogen, additional
inputs may also bring about an alteration in species mix. For
example, Van Breeman and van Dijk (1988) found a substantial
displacement of heathland plant by grasses from 1980-1986 and
noted increases in nitrophilous plants in forest herb layers (see
wetlands discussion). 1In the United States, nitrogen deposition
has been occurring since the 1920's. However, because we have
only recently become concerned about the effects of this
deposition, there are no documented accounts in the United States
of ecosystems undergoing species shifts due to atmospheric
nitrogen deposition.
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In addition to direct effects of nitrogen on growth, several
studies have examined the effects of nitrogen deposition on
forest species sensitivity to drought, cold, or insect attack.
Though some studies show that increased nitrogen deposition can
alter tree susceptibility to insect and disease attack and plant
community structure, results are mixed and often contradictory,
and currently do not provide a sufficient basis on which to make
a decision on a secondary standard (CD, pp. 10-92 to 10-93).
Climate is thought to play a major role in the severe red spruce
decline in the northeastern United States, perhaps with some
additional exacerbation due to the direct effects of acid mist on
foliage (Johnson et al., 1992). There is also some evidence that
suggest that indirect effects of nitrogen saturation (i.e,
nitrogen input in excess of total combined plant and microbial
nutritional demands;, namely nitrate and Al leaching, may be
contributing factors to red spruce decline in the southern
Appalachians (CD, p. 10-74).

While the available data in the U.S. is limited, the staff
is concerned that excess nitrogen deposition to terrestrial
ecogystems may be modifying interplant competitive balances
leading to future changes in species composition and/or diversity
(see following discussions on wetlands and aquatics) . Because it
is difficult to ascertain the potential for ecosystem
simplification from the currcent concentrations of nitrogen in the
atmosphere, any appropriate regulatory control option would need
to take inte account the current nitrogen status cf the.
ecosystem{s) of.concern and the specific dynamics of nitrogen
inputs into the area.

c. Soils

Soils are the largest nitrogen pool in terrestrial
ecosystens. The most obvious and immediate effect of pollutant
nitroge:: inputs on scils is an increase in the activity of
heterotrophs and nitrifiers associated with an increase in
decomposition and nitrificaticn. The foremost concern about

long-term, capacity-controllesd effects of excessive nitrogen



63

deposition and NO5~ leaching is soil acidification and
mobilization of a13* into soil solution and surface waters.
‘Base saturation is the primary measure of sqil acidity (CD,
p. 10-66). Bése saturation refers to the degree to which soil
cation exchange sites (i.e., negatively charged sites to which
positively charged ions (cations) are adsorbed) are occupied with
base cations. Base cations are_calciﬁm jons (Ca?*), magnesium
ions (Mg?*), and potassium ions (k*). Aluminum ions (a13+) and
hydrogen ions (H*) are acid cations. Lower base saturation
values correlate with more acidic soils. Figure VIII-2 below
shows a schematic diagram'of a soil with 50% base saturation

versus a soil -with 10% base saturation.

input

Cation Exchange Sites
Catlon Exchange Sltes

Mineral

Mineral _ ’
Weathering

Weathering

Leaching Leaching

Figure VIII-2 Schematic diagram of cation exchange for base cations, aluminum ions,
and hydrogen ions in circummneutral (50% base saturation, left) and acid

(10% base saturation, right) soils.

Source: Figure 10-15, p. 10-66 of the 1993 Air Quality Criteria for Oxides of Nitrogen
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Soils go through various buffering ranges as they acidify
(CD, p. 10-67). First is the base cation buffering range, where
incoming acid and base cations are exchanged primarily for base
cations. 1In this buffering range, very little H* and A13* are
leached from the soil (see Figure VIII-2, left). As soils
acidify, exchangeable base cations are replaced by exchangeable
213* and HY, and soils are said to be in the aluminum buffering
range. In this range, incoming cations (acid and base) are
exchanged primarily for H' and al13* and acid cations become more
prevalent in the soil leachate (see Figure VIII-2, right).

Atmospheric additions of nitrogen speed acidification of
soils and increase aluminum mobilization if they are at or in
excess of plant and microbial demand. However, the levels of
nitrogen'input necessary to produce measurable soil acidification
are quite high. In the few studies cited (Tamm and Popovic,
1574; Van Miegroet and Cole, 1984), nitrogen inputs ranged from
50 to 3,900 kg/ha for 50 and 10 years respectively to effect a
change in soil pH of 0.5 pH units. Currently, there are no
documented cases in the United States in which excessive
atmospheric nitrogen deposition has caused soil acidification;
however, the potential exists :f additions are high enough for a
sufficiently long period of time. Concerns may also be greater
for nitrogen deposition in certain sensitive areas of the
country.

Results of the National Acid Precipitation Assessment
Program (NAPAP) and other research efforts showed that the
acidification of soils can alter the availability of plant
nutrients (i.e., calcium and magnesium) and may expose trée rcots
to toxic levels of aluminum and wanganese. While the impact on
tree growth may be 2 significani cause of concern, only limited
information is available on whirh to make quantitative
assessments of damage.

In addition tu anthropogenic inputs, the type and size of
soil nitrogen pocls are also siunificantly changed by living

organisms (e.g., heterotrophs (Jdecomposers such as fungi and
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bacteria), autotrophs (plants), and nitrifying bacteria) in the
system. These organisms compete for the biologically available
portion (mineralizeable or organic pools) of the total soil
nitrogen. AS heterotrophic bacteria decompose organic matter,
they release NHy, which can subsequently be nitrified to NO3 by
nitrifying bacteria. Because NOy~ 1is poorly adsorbed to soils,
it is readily leached from the system, taking nutrients essential
to plant health with it. The mobilization of aluminum which
follows, can be toxic to plants, and if tranéported to the
waterways, toxic to various aquatic species.

There are a few areas in the U.S. where soils are exposed to
nitrogen additions without the benefit of vegetative cover, as in
some desert systems oY in areas temporarily denuded by fire or
flood. Because arid and semiarid soils are more alkaline than
most forest and agricultural systems and have less water
available than in more humid regions, they are not as susceptible
. to soil acidification and groundwater NO4y~ pollution and will,
therefore, not be considered as a sensitive ecosystem on the
basis of short-term (under 3 years) exposure to NO, pollution
(CD, p. 10-41).

Since natural disasters such as fires or floods occur
randomly, it seems impractical to consider their impacts. In
intensively managed forests, fire may be used as a tool and
fertilizer applied regularly. In these cases, the effects of
pollutant deposition are overwhelmed by manmade manipulation of
nitrogen inputs.

2. Wetlands

wetlands function as habitats for plant and wildlife, flood
control systems, stabilizers and sinks for sediments, storage
reservoirs for water, and biological filters that maintain water
quality. Since many different types of communities can be
classified as wetlands, there is often significant disagreement
over what constitutes a wetland and what terminology is used to
describe them. For the purposes of this discussion, we will use

four terms defined in the criteria document for wetlands: marsh;
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fen; bog; and heathland or shrub bog (see definitions in CD, p.
10-110 to 10-116). The discussion that follows evaluates how
nitrogen deposition from anthropogenic sources may alter the
nitrogen cycle in the wetland system and analyzes the possible
effects that may occur as a result of these changes.

In general, the significance of atmospheric nitrogen inputs
as a percent of total nitrogen inputs from other sources to
wetlands can be said to increase as rainfall increases as a
fraction of the total water budget for a wetland. Salt marsh
ecosystems which. depend on tide and groundwater for most of their
nitrogen inputs are relatively unresponsive to additional
atmospheric nitrogen, while ombrotrophic bogs, which receive
nutrients exclusively from brecipitation, are much more
responsive.

a. Vegetation

Nitrogen assimilation by wetland plant communities varies
from 38 to 66 kg nitrogen/ha/year in bog ecosystems to 225 to 274
kg nitrogen/hé/year in the salt marsh and fen ecosystems,
respectively. The nitrogen cycle in bog and heathland ecosystems
is largely clocsed while in_salt‘marshes and fens it is open,
permitting a great exchange with adjacent systems. Using rates
of nitrogen application ranging from 7 to 3,120 kg/ha/yr,
numercus field experimencs have documented standing biomass
increases in a vear of 6 to 413% (CD, Table 10-18, p. 10-112),
showing that primary production in wetland ecosystems is most
commonly limited by the availability of nitrogen. Other short-
term (3 vears or lees) fertilization studies performed in
different wetland communities demonstrate that (1) stimulation of
primary production by nitrogen applications is not a linear
functien, with the ureatest increase in standing biomass
occurriug in studies where the control biomass was low, and (2)
the respohse of leaf growth is much greater than the response of
roots. In additicn to stimulsting growth rates of wetland
species. several fertilization studies demonstrated a tendency

toward a changs in species composition or dominance. Vermeer
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(1986) found that in fen and wet grassland communities, grasses
tended to increase in dominance over other species. Jefferies
and Perkins (1977) also found a species-specific change in stem
density at a Norfolk, England salt marsh after fertilizing
monthly with 610 kg NO5 ™~ nitrogen/ha/year or 680 kg NH,,
nitrogen/ha/year over a period of 3 to 4 years.

Long-term studies (greater than three years) of increased
nitrogen loadings to wetland systems further demonstrate that
increases in primary production can result in changes in species
composition and succession. Changes in species composition may
occur from increased evapotranspiration (Howes et al., 1986;
Logofet and Alexander, 1984) leading to a changed water regime
that favors different species or from increased nutrient loss
from the system through incorporation into or leaching from
aboveground vegetation. In parts of Europe, historical data
‘seems to implicate pollutant nitrogen in altering the competitive
-relationships among plants and_threatening'wetland species
adapted to habitats of low fertility (Tallis, 1964; Ferguson et
al., 1984; Lee et al., 1986). '

What'makes these findings important to the policymaker is
that wetlands are often home to many rare and threatened piant
species. Some of these plants adapt to systems low in nitrogen
or with low nutrient levels. For some species, these conditions
can be normal for growth. Therefore, excess nitrogen depogition
can alter these conditions and thus alter species density and
diversity. In what was formerly West Germany, Ellenberg (1988)
surveyed the nitrogen requirements of 1,805 plant species and
concluded that 50% have adapted well to habitats with low
nitrogen supplies. Furthermore, of the threatened plants, 75 to
80% grow only in habitats where nitrogen availability is low. In
eastern Canadian wetlands, nationally rare species are found
principally on low fertility sites (Moore et al., 1989; Wisheu
and Keddy, 198%9). In the conterminous United States, wetlands
also harbor 14% (18 species) of the total number of plant gpecies
that are formally listed as endangered. Several species on this
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list, such as the insectivorous plants, are widely recognized to
be adapted to nitrogen-poor environments. Based on the evidence
reviewed in the criteria document, the staff believes we can
anticipate similar effects from atmospheric nitrogen deposition
in the United States, in areas where deposition is exceeding an
area’s absorptive capacity.. However, there is no documentation
provided in the studies reviewed that provides sufficient
evidence to support the theory that species changes have occurred
in the past or are occurring currently in the United States.

b. Soils

The feature of wetlands that sets them apart from
terrestrial ecosystems is the anaerobic (oxygen-free) nature of
their wateriogged soils. Because there is no oxygen,
decomposition of organic matter in wetland soils is incomplete
(CD, p. 10-110). Consequently, organic carbon is built-up in the
system. This influences the various microbial transformations in
nitrogen cycling. Anoxic soils favor denitrification which
results in important losses of nitrogen from wetland ecosystems.

- Furthermore, the hydrology of wetlands favors diffusive exchanges
of nitrogen compounds to and from sediments and water within the
system carries nitrogen compounds between ecosystems.

Single additions of 15 N-labeled mineral nitrogen to
vegetated soils at rates of about 100 kg nitrogen/ha/year
indicate that up tc 93% of applied NH4+ is rapidly assimilated
into organic matter within a single growiny season. The majority
of the labeled nitrogen is lost from the system after 3 years by
the combined processes of advective transport in water of
particulate organic.ma;ter, advective and diffusive transport of
dissolved nitrogen, and denitrification. In the absence of
plants, the major fate of inorganic nitrogen applied to wetland
soile is loss to the atmosphere by denitrification (CD, pp. 10-
247 to 10-248) , | '

3. Aguatic Systems

Some aquati: systems are potentially at risk from
atmospheric aitroge: additions through the procésses of
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eutrophication and acidification. Both processes can
‘sufficiently reduce water quality making it unfit as a habitat
for most aquatic organisms and/or human consumption. Atmospheric
nitrogen can enter aquatic systems either as direct deposition to
water surfaces or as nitrogen deposition to the watershed. 1In
northern climates, nitrate may be temporarily stored in snow
packs and released in a more concentrated form during snow melt
(see discussion on acidification). Nitrogen deposited to the
watershed is then routed (e.g.. through plant biomass and soil
microorganisms) and transformed (e.g., into other inorganic or
organic nitrogen species) by watershed processes, and may
eventually run off into aquatic systems in forms that are only
indirectly related to the original deposition. The contributions
of direct and indirect atmospheric loadings has received
increased attention. Growing evidence does indicate that the
impact of nitrogen deposition on sensitive aguatic systems may be
© significant. However, there is still uncertainty with regard to
the quantification of the relationship between atmospheric
deposition of nitrogen and its appearance in receiving waters.

a. Acidification

1. Chronic Acidification. In the United States, the most
comprehensive assessment of chronic acidification of lakes and
streams comes from the National Surface Water Survey (NSWS)
conducted as part of the National Acid Precipitation Assessment
program (NAPAP) . The NSWS selected a single season of the year
that exhibited low spatial and temporal variability to be the
nindex period", so that the general condition of surface waters
could be assessed. For lakes, the index period selected was
autumn overturn (a time when most lakes are mixed uniformly from
top to bottom). Henriksen (1988) ‘has proposed that the ratio of
NO3':NO3' + 804(2') in surface waters be used as an index of the
influence of NO3  on chronic acidification status. The results
of the Eastern Lake Survey using measurements taken during the
autumn overturn index period, suggest that nitrogen compounds
make only a small contribution to chronic acidification in North
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America. Other studies (cited in Henriksen, 1988) which did not
use this index, but monitored intensively over the course of the
year, however, showed that NO4™ may be important in chronic
acidification. Since annual mean values include high spring NO4 ™
concentrations in runoff waters and will, therefore, be higher
than concentrations measured only in the autumn, these study
results cannot be compared. Regional lake surveys with
representative annual or spring values for the United States were
not available for review.

The index period for streams was chosen as the spring base
flow (the period after spring snowmelt and before leaf-out).
Unlike the -lake surveys, the National Stream Survey (NSS) data
have the advahtage of having been collected during a spring base-
flow index period. This period has been shown to be a good index
of mean annual condition for streams. Though several stream
regions exhibit ratios of NO; " :NO3™ + SO4(2') as high as those
reported for the Adirondacks, this is in part because some of the
stream regions have SO4(2“) concentrations that are relatively
low. The stream data do suggest that the Catskills, Northern
Appalachians. valley and Ridge Province, and Southern
Appalachiars all show some potential for chronic acidification
due to NO; . Two efforts (Kaufmann et al., 1991; Driscoll et
al., 1989) have also been undertaken to determine if atmospheric
deposition is the source of the NO;~ leaking out of these
watersheds. Data from the NS$ (Kaufmann et al., 1991) suggest a
strong correlation between concentrations of stream water and
levels of wet nitrogen deposition in each of the NSS regions.
Secondly, Driscoll et al. (19829) collected input/output budget:
data for a large number of watersheds in the United States and
Canada, and summarized the relationship between nitrogen export
and nitrogen depositicn at all the sites. Though the
relationships discovered should not be over-interpreted or
construed as an illustration of cause and effect, they do show
that watersheds in many regions of North America are retaining
less than 75% of the nitrogen tihat enters them, and that the
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amount of nitrogen being leaked from these watersheds is higher
in areas where nitrogen deposition is highest.

In Europe, many sites show chronic increases in nitrogen
export from their watersheds (e.g., Henriksen and Brakke, 1988;
Hauhs, 1989). Chronic acidification attributable to ammonium
deposition has also been demonstrated in the Netherlands (Van
Breemen and Van Dijk, 1988; gchuurkes, 1986, 1987). It has been
suggested that chronic nitrogen acidification is more evident in
Europe than in North America because nitrogen saturation is
further progressed in Europe.

On a chronic basis in the United States, especially in the
eastern part of the country, nitrogen deposition does play a role
in surface water acidification. However, there are significant
uncertainties with regard to the long-term role of nitrogen
deposition in surface water acidity and with regard to the
quantification of the magnitude and timing of the relationship
between atmospheric deposition and the appearance of nitrogen in
surface waters}

2. Episodic Acidification. Acidic episodes have been
registered in surface waters in the Northeast, Mid-Atlantic, Mid-
Atlantic Coastal Plain, Southeast, Upper Midwest, and West
regions (Wigington et al., 1990). In the Mid-Atlantic Coastal
Plain and Southeast regions, all of the episodes catalogued to
date have been associated with rainfall. In contrast, most of
the episodes in the other regions are related to snowmelt,
although rain-driven episodes apparently can occur in all regions
of the country. It is important to stress that even within a
given area, such as the Northeast, major differences can be
evident in the occurrence, nature, location (lakes or streams),
and timing of episodes at different sites. A number of processes
contribute to the timing and éeverity of acidic episodes
(Driscoll and Schaefer, 1989). The most important of these are:
1) dilution of base cations (Galloway et al., 1980) by high
discharge; 2) increases in organic acid concentrations (Sullivan

et al., 1986) during periods of high discharge, 3) increases in
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SO4(2‘) concentrations (Johannessen et al., 1980) during periods
of high discharge, and 4) increases in NO;~ concentrations
(Galloway et al., 1980; Driscoll and Schafran, 1984; Schofield et
al., 1985) during periods of high discharge. 1In many cases, all
of these processes will contribute to episodes in a single
aquatic system. In addition to these factors, the likelihood of
an acidic episode is also influenced by the chemical conditions
before an episode begins. For example, the magnitude of the
episodes experienced by lakes depends strongly on their lake’s
acid neutralizing capacity (ANC) which is the same as the base
cation concentration. Lakes with lower baseline ANC are affected
more by nitrate pulses, and lakes with higher baseline ANC are
affected more by base cation dilution from snowmelt.

Some broad geographic patterns in the frequency of episodes
in the United States are now evident. Episodes driven by NO4~
are commen in the Adirondacks and Catskill Mountains of New York,
especially during snowmélt, and also occur in at least some
streams in other portions of the Northeast (e.g., Hubbard Brook).
Nitrate cdntributes on a smaller scale to episodes in Ontario,
and may play some role in episodic acidification in the western
United States. There is little current evidence that NO; ™
episodes are important in the acid-sensitive portions of the
southeasterr United States out:side the Great Smoky Mountains. We
have no infermation on the relagave contribution of NO5;™ to
episcd=s in many'of the subregions covered by the NSS, including
those that exhibited elevated KD3" concentrations at spring base
flow ‘e=.g., the Valley and Ridge Province and Mid-Atlantic
Coastal Plain), because temporilly-intensive studies have not
been publishsd for these areas

There is a great need to ~mphasize the importance of
examining nitrogen episodes in a truly long-term context.
Although the data reported her - for the Catskills can be
considered i ruly Jong-term (up to 65 years of record), data for
the Adirondecks (Driscoil and Jan Dreason, in press) and other
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areas of the United gtates. (Smith et al., 1987) span only 1 to 2
.decades, .and should be interpreted with caution. _

Many of the data discussed above suggest that NO;~ episodes
are more severe now than they were in the past. These surface
water nitrogen increases have occurred at a time when nitrogen
deposition has been relatively unchanged in the northeastern
United States (Husar, 1986; Simpson and Olsen, 1990). If we
accept the idea that an increase in the occurrence of NO;~
episodes is evidence that nitrogen saturation of watersheds is
progressing, then current data suggest that current levels of
nitrogen deposition are too high for the long-term health of
aquatic systems in the Adirondacks, the Catskills, and possibly
elsewhere in the Northeast. It is important to note that this
supposition is dependent on our acceptance of NO3~ episodes as
evidence of nitrogen saturation. While some data suggest this to
be the case, because of the lack of adequate air monitoring and .
deposition data, there are still significant uncertainties with
respect to the quantification of the linkage and the timing of
the relationship between the atmospheric deposition of nitrogen
and its episodic or chronic appearance in surface waters.

Because the capacity to retain nitrogen differs from one
watershed to another, the levels of nitrogen deposition that
produce adverse effects will also vary. For example, the
Northeast, because of the presence of aggrading forests and
deeper soils in comparison to those of the west, may be able to
absorb higher rates of deposition without serious adverse effects
than areas of the mountainous West, where soils are thin in
‘comparison and forests are often absent at the highest elevations
(CD, p. 10-179). The data of Silsbee and Larson (1982) suggest
strongly that forest maturation is also linked to the process of
NO4~ leakage from Great Smoky Mountain watersheds.

It should alsc be noted that acidification of lakes from
nitrogen deposition may have some effect on the increased

leaching and methylation of mercury in the aquatic ecosystem.
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Current scientific evidence point to nitrogen as the
principal contributor to episodic acidification of streams and
lakes in the Northeast. Additionally, if further research
indicates that indeed some of the watersheds of the Northeast and
the mid-Appalachians are nearing nitrogen saturation, nitrogen'
deposition will become a more direct cause of chronic surface
water acidification. However, regional and ecosystem differences
will make it difficult for the Administrator to set a secondary
standard which will address the problem in all areas.

b. Eutrophication

Eutrophication is the process by which aquatic systems are
enriched with the nutrient(s) that are presently limiting for
primary production in that system. Eutrophication may produce
conditions of increased algal biomass and productivity, nuisance
algal pdpulations, and decreases in oxygen availability for
heterotrophic organisms. Another effect of chronic
eutrophication is increased algal biomass shading out
ecologically valuable estuarine seagrass beds. During severe
episodes of eutrophy, fish kills can occur and under chronic
conditions, sensitive species may be permanently lost. Though
this process cften occurs naturally over the long-term evolution
of lakes; it can be significantly accelerated by the additional
input oI the limiting nutrients from anthropogenic sources. A
theory is that atmospheric nitrogen deposition is causing
nutrient enrichment in several freshwater systems. In order to
establish a linl between nitrogen deposition and the
eutrophication of aquatic systems, one must first demonstrate
that the productivity of the system is limited by nitrogen
availability, and second, that nitrogen deposition is a major
source cf nitrogen to the system.

1. Freshwater Eutrophication. In most lakes and streams,
phosphorus, not nitrogen, is the limiting nutrient. It is
thought that surplus inorganic nitrogen in lakes and streams is
maintained through nitrogen iixation by various algae and aquatic
plante, whicr must counteresct the significant loss of nitrogen
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that occurs in aguatic ecosystems from denitrification.
Futrophication by nitrogen inputs will only be a concern in lakes
that are chronically nitrogen limited and have a substantial
total phosphorous concentration. This condition is common only
4n lakes that have received excessive inputs of anthropogenic
phosphorous, or in rare cases, have high concentrations of
natural phosphorus. In the former case, the primary dysfunction
of the lakes is an excess supply of phosphorous, and controlling
nitrogen deposition would be an ineffective method of gaining
water quality improvement. In the latter case, lakes with
substantial total phosphorous concentrations would experience
measurable increases in biomass from increases in nitrogen
deposition.

Good predictions of nutrient limitation can now be made
from ratios of total dissolved inorganic nitrogen (DIN)Vto total
phosphorous (TP) (Morris and Lewis, 1988). Morris and Lewis
found that lakes with DIN:TP values less than 9 could be limited
by either phosphorous or nitrogen, whereas lakes with DIN:TP
values less than 2 were always limited by nitrogen. This ratio,
is a refinement from the earlier nutrient ratio of 16:1 put forth
by Redfield (1934) and excludes the forms of nitrogen and
phosphorus that are not biologically available. Other methods
are available for measuring nutrient limitation. Bioassay
experiments, for example, are more direct than nutrient ratios as
various known concentrations of potentially limiting nutrients
are added to an enclosed small volume of lake water and the
growth response of the biomass measured. However, the results of
such experiments are available for only a few selected nutrient-
poor lakes and no clear pattern of nitrogen or phosphorous
limitation is discernible. '

Though significant percentages of lakes in the Pacific
Northwest (27.7%) and the Upper Midwest (19%) indicated nitrogen
limitation when the critical DIN:TP value less than 2 was applied
to lakes from the Eastern Survey and Western Lake Survey, the
number of lakes which meet the criteria of chronic nitrogen
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limitation is likely to be small. Therefore, the potential for
nitrogen deposition to contribute to the eutrophication of
freshwater lakes is limited.

2. Estuaries and Coastal Waters. Estuaries come in many
different shapes and sizes with many different sets of factors
influencing algal production. This variety is partially captured
by the classification scheme designed by Boynton et al., (1982).
Because estuaries and coastal waters receive substantial amounts
of weathered material from terrestrial ecosystems and from
exchange with sea water, acidification is not a concern.
However, this same load of weathered material and anthropogenic
inputs makes these same areas prone to the effects of
eutrophication. Few topics in aquatic biology have received as
much attention in the past decade as the debate over whether
estuarine and coastal ecosystems are limited by nitrogen,
phosphorus, or some other factor. Numerous geochemicélland
experimental studies have suggested that nitrogen limitation is
much more common in estuarine and coastal waters than in
freshwater systems. Experiments to confirm widespread nitrogen
limitation in estuaries have not been conducted, however, and
nitrogen limitation cannct be assumed to be the rule. However,
taken as a whole, the productivity of estuarine waters of the
- United States correlates more closely with supply rates of
nitrogen than of other nutrients (Nixon and Pilson, 1983).
Specific instances of phosphorus limitation {(Swith, 1984) and of
seasonal switching between unitrogen and phosphorus limitation
(D'Elia et al., 1986; McComb et al., 1581) have been observed,
however, and stand as exceptions to the general rule. Nitrogen-
fixing klue-green algae are rarely abundant in estuarine waters
(Howarth et al., 1988), and so nitrogen-deficient conditions may
continue indefinitely in these systems.

Estimatior of the contribution of nitrogen deposgition to the
eutrophication of estuarine and coastal waters is made difficult
by the multiple direct anthropogenic sources (e.g., from
agriculture ar:l sewage) of nitrogeir. In the United States, only
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a few systems have been studied with enough intensity to develop
predictions about the contribution of atmospheric nitrogen to
total nitrogen inputs. One example is the Chesapeake Bay, where
a large effort has been made to establish the relative importance
of different sources of nitrogen to the total nitrogen load
entering the bay (e.g.. D’'Elia et al., 1982; Smullen et al.,
1982; Fisher et al., 1988a; Tyler, 1988). Though estimates for
each individual source are very uncertain, three attempts to
determine the proportion of the total NO3~ load to the bay
attributable to nitrogen deposition all produced estimates in the
range of 18 toO 39%., If this is the case, supplies of nitrogen
from deposition exceed supplies from all other non-point sources
(i.e., farm runoff) to the bay and only point-source inputs
(i.e., discharges to water, emissions from industrial facilities)
represent a Jgreater input than deposition. -

From the few available examples, it is clear that
atmospheric nitrogen inputs to agquatic ecosystems are of concern.
The significance of these inputs will vary from site to site and
will depend on the availability of other growth nutrients, the
flushing rate through the system, the sensitivity of resident
species to added nitrogen, the types and chemical forms of
nitrogen inputs from other sources, as well as other factors.

c. Direct Toxicity

In a report titled "Ambient Water Quality Criteria for
Ammonia-1984", developed by the United States Environmental
Protection Agency, high NH, concentrations are associated with
lesions in gill tissue, reduced growth rates of trout fry,
reduced fecundity (number of eggs), increased egg mortality, and
increased susceptibility of fish to other diseases, as well as a
variety of pathological effects in invertebrates and aquatic
plants. Given the serious nature of these effects, EPA developed
regulations requiring 4-day average concentrations of NH; not to
exceed the limits set more often on average than once every 3
years, nor can 1 hour average concentrations exceed one-half of

the limit set more often on average than once every 3 years.
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Because critical concentrations of NH, that cause the various
effects are wide ranging and are related to site specific
temperature and pH values, no single toxic concentration can be
established. Rather the limits (final chronic value and final
acute value) must be calculated as a function of PH, temperature,
and ionic strength of the water source. Because of the serious
nature of the effects, it is important to determine whether
nitrogen deposition could potentially contribute directly to
toxic effects in surface waters. Given current maximal
concentrations of NH,, in deposition and reasonable maximum rates
of dry deposition, even if all nitrogen species were ammonified,
the maximum potential NH,, concentrations attributable to
deposition would be approximately 280 nmol/L and would be
unlikely to be toxic except in unusual circumstances. Therefore,
it appears that the information reviewed suggests that the
potential for directly toxic effects attributable to nitrogen
deposition in the United States is very limited.

C. Critical loads and Other Potential Fegulatory Actions
1. Critical Ioads Concept

Concerns regarding nitrogen saturation have led to efforts
to develop "critical loads". of nitrogen for various ecosystems.
One wideiy applicable, general definition of a "critical load"
is: "a guantitative estimate of an exposure to one oOr more
pollutants below which significant harmful effects on specified
sensitive elements of the environment de not occur according to
present knowliedge" (Nilsson and Grennfelt. 1988). Other more
specific definiiions have been developed for particular
ecosystems to include relevant receptors and measurable
parameters,

| The critical load concept asmumes a certain acceptable
lifetime for a particular ecosystem resource to function at a
predetermined capacity For example, a critical load may be set
SO tha® &t a given rate of nitrogen into the system, the
buffering capacity of a certain =oil will not be exceeded for the
next 50 or 100 years., Below .e a partial list of endpoints that
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have been suggested as useful for defining appropriate critical
ﬂitrogen loads on ecosystems:
* prevent nitrate levels in drinking or surface waters
from rising above standard levels,
* ensure proton production less than weathering rate,
+ maintenance of a fixed NHB-base cation balance,
* maintain nitrogen inputs below nitrogen outputs (the
nitrogen saturation approach), and
* minimize accelerations in the rates of ecological
guccession (vegetation changes due to altered
interspecific competition) .
Critical 1o0ad values are often expressed as weight of nitrogen
(kilogram) deposited to a certain size area (hectare) over a set
time period (year) .

In 1986, a series of international meetings and workshops to
address critical loads of nitrogen and sulfur deposition to
soils, forest, vegetation, surface water, and groundwater were
initiated. The goal of these meetings was tO provide a technical
basis for determining how extensively deposition, and hence
emissions, need be reduced to preserve valuable.ecological and
cultural resources (i.e., develop target loads). One such
workshop was conducted in Sweden by gkokloster in 1987. The
skokloster workshop report provided valuable information the
United States used to etart evaluating how the critical loads
approach would work in this country.

Estimates of critical loads may be pased upon a number of
different methods and, to a great extent, the selection of a
‘method depends upon the receptor chosen and the availability of
relevant data for the calculations. Research is underway in
several different countries, including the United States, tO
develop acceptable quantitative methods. However, after
evaluating various options for setting a critical nitrogen load,
gkeffington and Wilson (1988) concluded that "we do not
understand ecosystems well enough to set a critical load for

nitrogen deposition in a completely objective fashion."
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Limited data from the National Acid Deposition Program
(NADP) and other sources indicate that total deposition of
nitrogen in parts of North America, particularly the eastern
United States, is comparable to that found for many areas of
Europe. North American sites would appear to have total nitrogen
deposition rates less than 25 kg nitrogen/ha/year (Tables VIII-1
and VIII-2). Other studies indicate that wet NO,” deposition
alone exceeds 15 kg nitrogen/ha/year over most of the midwest and
20 kg nitrogen/ha/year in portions of the northeast United States
(Zemba et al., 1988). |

Furthermore, it is c¢lear that ecosystems differ in their
ability to assimilate and buffer excess nitrogen inputs depending
on -the region they are located in. Hence, there is pProbably no
universal critical load definition that could be applied
effectively to all €cosystems. Therefore, any attempt to set a
critical loads standard(s) would need to take into account
regional differences in sensitivity, as well as other policy
considerations.

Congress included Section 404 in Title IV of the 1990 Clean
Alr Act Amendments (Appendix B of the Act) which requires the
Agency to provide a report to Congress on the feasibility ang
effectiveness »f an acid deposition standard to protect sensitive
and critically sencitive agquatic and terrestrial resources. The
results of this Acid Deposition Standard Study should begin to
answer some of the gquestions necessary for the Administrator to
make future policy decisionrs related to setting critical‘loads.
Specifically, the study seeks to accomplish the following goals:
(1) to identifyv sensitive ecosystems in the United States and
Canada; (2) to determine the Clean Air Act’'s (Title IV - Acid
Rain) level of protection for sensitive ecosystems; (3) to
determine the possible need for an acid deposition standard(s)
(e.g., further emission reducticns to protect these 'systems);
and, (4) to assesgs the feasibiiity and costs of implementing an
acid deposition standard.
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Table VIII-1 MEASUREMENTS OF VARIOUS FORMS OF
ANNUAL NITROGEN DEPOSITION TO NORTH AMERICAN AND
EUROPEAN ECOSYSTEMS

Forms of Nitrogen Deposition (kg/ba)®

Site Location/ Wet Dry
Vegetation Cloud Rain Particles Gases Tou!® Reference
United States
California, Chaparral - 8.2 - - 23°  Riggan et al. (1985)
California, Sierra Nevada - - — - Q) Williams and Melack
(19913)
Georgia, Loblolly pine - 3.7 1.0 42 9  Lovert(1992)
North Carolina, Loblolly pinc - 8.7 22 41 15 Loveu (1992)
North Carolina, Hardwoods - 4.8 Qs - 5.3  Swank and Waide (1988)
North Carolina, White pine - 3.7 _ 09 27 7 Lovett (1992)
North Carolina, Red spruce 8.7 6.2 36 86 27  Loveu (1992)
New Hampshire, Deciduous - 1.0 - - (7) - Likeas et al. (1970)
New Hampshire, Deciduous - 9.3 - - (9) Likens (1985)
New York, Red spruce 2.3 6.1 0.2 23 16 Loveu(1992)
New York, Mixed deciduous - 4.8 0.8 25 8  Lovett (1992)
Teonessee, Mixed deciduous - 29 4.1 6.1 13 Kelly and Meagher
: | (1986)
Teanessee, Qak forest #1 - 3.2 44 40 12 Kelly and Meagher
(1986)
Teonessee, Osk forest #2 - 29 4.4 40 11  Kelly and Meagher
; (1986)
Teanessee, Oak forest #1 - 6.9 13 - 8 Kelly (1988)
Tennessee, Oak forest #2 - 6.0 12 - 7 Kelly (1988)
Tennessee, Qak forest - 4.5 1.8 38 10 Lindberg et al. (1986)
Teanessee, Loblolly pine - 43 0.6 1.4 9 Lovett (1992)
Washington, Douglas fir - 729 1.3 06 5 Lovett (1992)
Washington, Douglas fir - 1.0 - - (1) Henderson and Harris
_ (1975)
~U.S-Regicus™
Adiropdacks - 63 47 - 11 Drisocoll et al. (19893)
Midwest - - 42 29 ~ 7. Driscoll et al. (19893)
Northeast - 21.7 - - 22  Muager and Eiseareich
(1983)
Northwest - 16.6 - - 17  Munger and Eiscareich
(1983) '
Southeast - 20.6 - - 21  Munger and Eiseareich
(1983)

____S_gl‘!_ll_l_ca_sl Appalachians - 4.2 3.1 - 7.3 Dnscoll et al. (1989a)
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Table VITI-1 (cont’d). MEASUREMENTS OF VARIQUS FORMS OF
ANNUAL NITROGEN DEPOSITION TO NORTH AMERICAN AND

EUROPEAN ECOSYSTEMS
Forms of Nitrogen Deposition ('kglln)'
Site Location/ Wet Dry
Vegetation Goad  Ram  Particles Gases Toul® Reference
Canada :
Alberta (southern) - 2.3 122~  19.5 Peske and Davidson
(1990)
British Columbia : - s.5 - - (5)  Feller (1987)
Ontario ' - 3.7 R - (4) Liascy ct al. (1987)
Ontario (southern) _ - 2.3 1.4 - 3.7 Roetal (1988)
Federal Republic of Germany _
Spruce (Southeast slope) - 16.5 - - 16.5 Hantschel et al. (1990)
Spruce (Southwest slope) - 24.3 - - 243 Hantschel et al. (1990)
Netherdands
Qak-birch - - - —  24-56° Van Brecmen and Vao
| Dijk (1988)
Deciduous/spruce - - - —  21-47° Van Breemeo and Van
“ Dijk (1988)
Scots pinc - - - — 1764 Van Breemea snd Van
‘ Dijk (1988)
Douglas fir .- - - i~ 174646 Van Breemen and Van
' ' ' Dijk (1988)
Douglas fis -~ 19.3 957 — 115 Draijers et al. (1989)
EOM!
Spruce - 10.3 0.7 02 112 Loveat (1992)
- - - —  3-19° Rayal Socicty (1983)
United Kinpdom
Spruce farest \ 1.9 - 8.0 - 13.5 23.4 Fowler et al. (19892)
~Cofloi grEs moor 04 80 - 40 12.4 Fowleretal. (19893)

:- Symbolizes datx not availsble or, in the case of cloud deposition, oot preseat.

Measurements of total deposition data thet do not include both a wet and dry estimate probably underestimate
total nitrogen deposition and are eaclosed in pareatheses.

“Total pitrogen deposition was based on butk deposition and throughfall measurements and does include
components of wet and dry deposition. '
Includes deposition from gaseous forms.

Source: Tabie 10-14, pp. 10-99 0 10-10¢ of the 1993 Air Quality Criteria for Qxides of
Nitrogen
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Table VIII-2 NITROGEN INPUT/QUTPUT RELATIONSHIPS

' FOR SEVERAL ECOSYSTEMS
- Ioputs Efflux®
Site/Vegetation (kg/ha/year) (kg/ba/year) Reference
United Suates

Florida, Slash pinc
Goorgia, Loblolly pine
Minnesota, Spruce
North Carolina, Loblolly pine
North Carolina, Qak/hickory
North Carolina, Red spruce
North Carolina, White pine
North Casolina, White pinc
New Hampshire, N. hardwood
New Hampshire, N. bardwood

- New York, Deciduous

" New York, Red spruce

_ Oregon, Douglas fir
Teancssee, Loblolly pine

. Teanessee, Hardwood
Teapessee, Hardwood

" Tenpessce, Hardwood -

T Teanesses, Oak forest

© Teanessee, Oak forest
Tepnessee, Stortleaf/pine
Tennessee, Yellow/poplar
Washington, Douglas fir
Washington, Douglas fir
Washington, Red alder
Washington, Silver fir

. Wiscoosin, N. bardwoods

| Camds
Ontario Maple

Federal Republic of Germany
Nomy spruce .
Beech

Netherlands
ok
Qak/birch

- Ozk
Mixed deciduous

-2

5.9 0
9.0° 0
7.5° 0
15.0° 0
8.2° 3.2
27.1° 11.0-20.0
8.8° 0.2
7.4° o
6.5 40
23.6 17.4
8.0° 1.0
15.9° 3.0
20 1.5
87" 0-2.0

1320 4.4
13.0 3.1
8.7 1.8

7.08.0° 1.25
1ns° 32
8.7 1.8
1.7 35
1.7 0.6
47 0
700° ;710
13 2.7
56 0.05
78 - 182
21.8 14.9
21.8 44
45.0 2.0
54.0 780
56.0 28.0
63.0 68.0

Van Micgroet ct al. (1992)
Van Micgroet ot al. (1992)
Van Miegroet et al. (1992)
Van Miegroet ef al. (1992)
Cole and Rapp (1981)

Van Micgroet et al. (1992)
Cole and Rapp (1981)

Van Micgroat et al. (1992)
Bormann et al. (1977)
Likens et al. (1977)

Van Micgroet et al. (1992)
Van Miegroet et al. (1992)
Sollins et al. (1980)

Van Micgroct « al. (1992)
Kelly and Meagher (1986)

. Hendersoo and Hamis (1975)

Cole snd Rapp (1981)

Kelly (1988)

Kelly and Meagher (1986)
Cole and Rapp (1981)

Cole and Rapp (1981)

Cole and Rapp (1981)

Van Micgrﬁd et al (1992)
Van Micgroct and Cole (1984)
“Turner and Singer (1976)
Pastor and Bockheim (1984)

Foster and Nicolson (1988)

Cole and Rapp (1981)
Cole and Rapp (1981)

Van Brecmen o al. (1987)
Van Breemen ¢t al. (1987)
Van Breemen o al. (1987)
Van Breemen o al. (1987)
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Table VIII-2 (cont’d). NITTROGEN INPUT/OUTPUT RELATIONSHIPS

FOR SEVERAL ECOSYSTEMS
Ioputs Efflux” '

Site/Vegewation (kg/halyear) (kg/halyear) Reference
Norway

Sprucc n.2° 0 Van Miegroet et al. (1992)
Sweden

Coniferous ' ' 2.1 0.6-1.0 Roscan (1982)
United Kingdom

Mixed hardwood 5.8 12.6 Cole and Rapp (1981)
U.S.S.R. '

Norway spruce .1 0.9 Cole and Rapp (1981)

* An estimate based on nitrogen losses from the soil profile or from stream flow out of a watershed.
®Includes precipitation, cloud (wherc appropriate), particulate, and gascous forms of nitrogen deposition.
“Includes nitrogen inputs from precipitation and particulate forms of deposition.

“Mean of two oak forests in castern Teagessee.

Source: Table 10-15, pp. 10-101 to 10-102 of the 1993 Air Quality Criteria for Oxides
of Nitrogen
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_ It is clear that the critical loads concept has potential as
‘a tool in the regulatory process. Most countries of western
‘Europe have adopted a system for estimating critical loads and
are moving closer to implementing emission reduction programs
“based on the concept. However, while some progress in the
science has occurred in the past few years, numerous critical
‘loads related issues remain unresolved, including and
particularly, the long-term effects of nitrogen alone and in
combination with other pollutants. In the United States, no
national critical load level has been proposed, due in part to a
lack of data on multiple forms of nitrogen deposition and a
general need éo examine the implications of this form of effects-
based regulations.

2. Target Loads

A modification of the critical loads concept is that of
target loads. As discussed above, critical loads are developed
dominantly, although not purely, as a matter of science. 1In
" contrast, target loads are only partially based on science and
take into account legal, social, cultural, economic and political
realities. A target load is the level that is believed
" attainable given the above constraints. The Administrator could
decide to set a target:load for.NO,, however it would also be
necessary to exercise significant judgement in identifying the
resources of concern and the acceptable levels of impact to those
resources if a critical load or target load standard is set.

3. Applicability to U.S. Situation

The information discussed in the CD and summarized in this
" document suggest that effects to ecosystems from deposition of
atmospheric nitrogen may have already occurred in the U.S. and
are therefore a very real future concern. While rough estimates
of total atmospheric nitrogen loads in the United States approach
" levels recommended as critical loads for some European countries,
further research is needed to better estimate appropriate
critical loads and to develop the process for setting critical or
target load values in the United States. Furthermore, the staff
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feels that it would be premature to establish a long-term
national ambient air quality standard based on the current
tentative critical loads estimates.

D. Vigibility

1. Major Categories

Air pollution can degrade the visual appearance of distant
objects to an observer and reduce the range at which they can be
distinguished from the background. While vigibility impairment
can occur naturally, it is well documented that anthropogenic air
pollution in the form of fine suspended particles or NO,
exacerbates the problem. The effects are manifested both in
local impairment (e.g., plumes) and in large-scale, hazy air
masses. For purposes of discussion, we are separating visibility
impairment into two major categories: local scale or "reasonably
attributed impairment" and large scale "regicnal" haze.
Reasonably attributed impairment, which may be defined as a
coherent, identifiable impairment, can be seen as an optical
entity against the background sky or a distant object. This
definition assumes that a single source or a small group of
sources produce pollutants that are not widely dispersed. Thus,
reasonably attributable impairment is considered a near source
problem, although it can be parﬁ of a larger, regional
impairment.

The second category of impairment, regional haze, is
produced from a multitude of scurces and impairs visibility in
every direction over a large area, guch as an urban area, or
possibly over several states. Objects on the horizon are masked
and the contrast of nearby objects is reduced. In some cases,
the haze may be elevated and appear as layers of discoloration.
Multiple sources.may combine over many days to produce haze,
which may be regional in scale. The fate of haze is a function
of meteoroleogical processes that occur concurrently on larger
scales of time and distance.
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2. Contributors to Visibility Reduction

Visibility impairment is caused by the scattering and
-absorption of light by particles and gases in the atmosphere and
depends on the concentrations and properties of the gases
-present. Under typical ambient conditions, light scattering by
particles dominates total extinction, which is related to
reduction of contrast and visual range. The most significant
optical effect of NO,, however, involves discoloration. NO,
appears as a yellow to reddish-brown gas because it strongly
absorbs blue light, allowing red wavelengths to reach the eye.
The extent to which NO, filters out blue light is determined by
the integral of NO, concentration along the sight path. The
Criteria Document reports that less than 0.1 ppm-km NO, is
sufficient to produce a color shift which is distinguishable in
carefully controlled, color-matching tests. Reports from one
laboratory using NO, containing sighting tubes indicate a
possible visible color threshold of 0.06 ppm-km for the typical
observer. These values refer to the effect of NO, in the absence
of atmospheric aerosol because the visibility impairment caused
. by aerosol usually overwhelms the effect caused by NO,.

Although the physical properties of NO, are well known and
its coloration effect.in a controlled environment recognized,
there are relatively little data available for judging the actual
importance of NO, to visual air quality. The data needed to make
such a judgment are potentially complex, including wavelength
dependeﬁce of scattered light at different angles which can also
cause discoloration (Charlson et al., 1978). In addition to
being modified by particle scattering, discoloration of plumes
and haze layers by NO, also is affected by a number of other
factors such as sun angle, surrounding scenery, viewing angle,
human perception parametefs, and pollutant concentrations.

One unresolved issue concerns the relative contribution of
NO, and particles to atmospheric discoloration. Although the
color of urban haze (often termed "brown") was originally

ascribed to NO,, more recently it has been shown that the brown
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color can result from particles alone. The coloration effect of
particles depends on particle size, composition, scattering angle
between observer and illumihation, and optical characteristics of
the background target. The overall impact of aerosol haze is to
reduce visual range and contrast and possibly, to change color.
Nitrate aerosols do contribute to the overall impact on
visibility impairment. It is difficult, however, to make a
quantitative assessment of their contribution. The draft staff
paper on particulate matter will consider the relative
contribution of nitrate to fine particle mass.

EPA must assess whether there is any supportable
- relationship between NO, concentrations at a given point and
visibility impairment due to a plume or regional haze. The
present NO, standards are intended to protect against effects at
or near ground level, and monitoring for NO, is generally ‘
performed at or near ground level. 1In the case of visibility
impairment due to a plume from a stationary source, there is no
reliable relationship between ground, or near ground, level
concentrations at any given point and discoloration caused by the
plume. The plumé, trapped in an atmospheric inversion, would
disperse slowly and mix to the ground far downwind of the source.
 Concentrations taken at ground level while a coherent plume was
clearly visible would not necessarily exceed an ambient standard.
For this reasen it would be difficult to set a NAAQS for NO,,
based on grcund level monitoring, that would insure an acceptable
level of visibility.

Another approach to establishing a visibility standard would
be to monitor plume level concentrations. Because of the
difficulty in making plume measurements, it may be possible to
measure the discoloration itself using an optical device; e.g., a
telephotometer, This instrument could measure the color contrast
between the background and the plume. The measurements could be
used as a pogsible index of the effect of NO, . Measuring the
actual discoloration would avoid the problems encountered in the
ordinary approach, where a monitor near ground level'might not
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pick up a violation of the standard, but a plume would be clearly
visible, or where high NO, jevels detected by remote sensing did
not result in a perceptible plume. One problem in this approach
is the uncertainty as to whether the discoloration that would
trigger the telephotometer is caused by NO, or by particles.
Although measurement of discoloration would be a unique way of
expressing the standard, it would be worthy of consideration once
these problems are resolved.

Another regulatory mechanism, provided under sections 169A
and 165(d) of the Clean Air Act (CAA), may provide some control
over the more noticeable brown plumes appearing in otherwise
pristine areas. In December 1980, EPA promulgated a phased
approach to visibility protection. Phase I'applies to pristine
(Clagss I) areas (i.e., all international parks and certain
national parks and wilderness areas as described in section.

162 (a) of the CAR) and requires control of visibility impairment
caused by visible plumes from individual sources. EPA has
initiated steps to control this aspect of visibility impairment.
- The Agency is now beginning its development of rules to address
* regional haze in Class I areas.

In regard to regional haze, because the effect of NO,
depends on the product of the pollution concentration and the
viewing path length, the impression of severity is greater the
farther away the viewer can see past (or around) the haze layer.
(The coloration of 0.05 ppm NO, over 10 km is the same as 0.5 ppm
over 1 km.) When NO, is dispersed over a large area, as in the
case of urban emissions, ground level concentrations at
individual points may be less than a national standard but
because an observer views the entire NO, mass, the urban plume
would appear discolored. '

In summary, the scientific evidence indicates that light
scattering by particles is generally the primary cause of
degraded visual air quality and that aerosol optical effects
alone can impart a reddish brown color to a haze layer, thus

raising the question as to the appropriateness of a NAAQS for NO,
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to protect against visibility impairment. While it is c¢lear that
particles and NO, contribute to brown haze, it is the staff'’'s
judgement that the improvement in visual air quality to be gained
by reducing NO, concentrations seems uncertain at best.
Therefore, the staff concludes that an ambient secondary standard
for NO, to protect visibility is not warranted at this time.

Nitrogen oxides (NO,), including nitric oxide (NO), nitrogen
dioxide (NO2), and nitric acid (HNO,;), are known to enhance the
fading of dyes; diminish the strength of fabrics, plastics, and
rubber products; assist the corrosion of metals; and reduce the
use-life of electronic components, paints, and masonry. Compared
to studies on sulfur oxides (SOx), however, there is only limited
information available guantifying the effects of nitrogen oxides.
Especially in the outdoor environment, it is difficult to
distinguish a single causative agent for observed damage to
exposed materials because many agents, together with a number of
environmental strésses, act. on a surface throughout its life.
Oxides of nitrogen are deposited on material surfaces through
both wet and dry deposition processes. (Tombach, 1982). 1In
addition, particles containing NO, can be transported to a
material surface through gravitational settling or inertial
impaction of the particles on the surface. The rate at which
“depositicn processes transport NO, to the surface is dependent on
the NO, concentrations in the environment, the chemistry and
geometry of the surface, the <oncentrations of other atmospheric
constituents, and the turbulent transfer properties of the air
(Lipfert, 1989). There is wide variation in the deposition of
NO, ©o difforent surfaces and NO, species themselves are reactive
and their interactions with oiher atmospheric constituents are
complex.

It is the staff’s vonclusion that insufficient evidence
exists thal NO2 is currently vlaying & significant role in damage
to non-biological materials. Better experimental techniques are

needed, both for investigating materials damage on the whole and
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for determining the role played by NO.. care should be exercised
;n the extrapolation of data and conclusions based on chamber
studies to effects expected from ambient exposures. Franey and -
Graedel (1985) have suggested that for any chamber study to be
realistic, moisture, radiation, carbon dioxide, reduced sulfur,
ﬂénd a nitrogen—containing gas must be included. Therefore, we
conclude that an ambient secondary standard for NO2 to protect
against materials damage is not warranted at this time.

IX. Summary of staff Conclusions and Recommendations for

gecondary Nitrogen Dioxide_ NAAQS

This summary of staff conclusions and recommendations for
the NO, secondary NAARQS draws from the discussions contained in
previous sections of this Staff Paper. The key findings are:

1) The staff concludes that the impact on terrestrial
vegetation from short-term exposures to NO, under existing
:ambient levels is insignificant and does not warrant a change in
the secondary NARQS at this time. As presented above in section
B.1.a., studies of short-term, acute effects of nitrogen
additions to vegetation have demonstrated that NO, in mixtures
’ with other pecllutants or at higher than ambient concentrations
can produce adverse effects on plant growth or reproduction.
Though the csensitivity of vegetation to NO, varies both within
and between species and can be modified by season, developmental
stage, or other climate or environmental factors, taking all of
these variables into account, the ambient levels of NO, in the
United States are considered below those that evoke a short-term,
acute response.

2) The staff concludes there is little potential for
concentrations of nitrogen to be sufficient to acidify soils to
the extent that it would cause direct phytotoxic effects in
plants.

3) The staff concludes, based on existing European studies
and information in the United States, that addition of nitrogen
to ecosystems in the U.S. (specifically in mature forests and

wetlands which host a number of endangered species adapted to
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nitrogen-poor habitats) may lead to shifts in species competition
and composition and may represent a significant environmental
problem. However, there is not sufficient évidence to conclude
that changes in plant communities have occurred in the past or
are now occurring in the United States due to nitrogen inputs.
Furthermore, there is only limited long-term data available on
Plant community composition. Additional research is needed to
more accurately characterize any potential threat to mature
forests and wetland species from atmospheric nitrogen. Once this
information is available, the need for additional ecosystem
protection should be reassessed by the Administrator.

| 4) The staff concludes that nitrogen deposition is a factor
in chronic acidification of surface waters in certain sensitive
regions. However, at this time, the staff finds insufficient
evidence to quantify the magnitude or timing of the relationship
between atmospheric deposition of nitrogen and its appearance in
surface waters. Additional research should be conducted so that
such information will be available for the next standard review.
Once this relationéhip can be reasonably quantified, the staff
recommends that the Administrator consider appropriate regulatory
approaches to address the problem. These actions could take the
form of a uniform national standard or regional standards which
account for differences in regional sensitivities.

5) Based on the veview of the available scientific
informatici: in the CD, the staff concludes that nitrogen
deposition is a contributor to the episodic acidification of some
streams and lakes in the United States. Thus, it can also be
concluded that some freshwater ecosystems will benefit from
reductions in nitrogen inputs from man-made sources. However,
the scientific information reviewed in the CD is insufficient, at
this time, to quantify how much of a contribution nitrogen
deposition is making to the acidifiration problem and what levels
of reduction are necessary to remedy the éituation.

When additicnal scientific information is available that
adejuately mantifies the relationship between nitrogen
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deposition and episodic acidification, the staff recommends that
the Administrator consider appropriate regulatory approaches to
address the problem. Key considerations will be the major
differences evident in the occurrence, nature, location, timing
of episodés at different sites, and the subsequent effects
produced. Such differences will make setting a single national
standard which would adequately protect all areas of the country
difficult and complex. Therefore, staff believes regional
approaches that take into account such variations should be
considered for providing the level of control needed to address
the problem of episodic acidification.

&) The staff concludes that it is very unlikely that
eutrophication of freshwater systems is due to atmospheric
nitrogen additions since phosphorus, not nitrogen, is generally
the limiting factor for algae growth.

7) The staff concludes that both upland and direct
atmospheric nitrogen deposition can significantly affect the
trophic status of estuarine and coastal waters. However, it is
difficult to quantify the effect that nitrogen deposition is
‘having either within a system oOr across systems.

As mentioned before, once a relationship can be reascnably
quantified, staff recommends that the Administrator consider
appropriate regulatory approaches, including a uniform national
standard or regional standards, to protect our valuable natural
resources. Regional standards may provide a better mechanism to
address the problem because of the variability in responses to
increased nitrogen inputs between regions.

8) Because of nitrogen saturation, nitrogen levels in
surface waters could increase even if nitrogen deposition does
not increase. Therefore, episodic and chronlc acidification of
freshwater, as well as increased loadings to estuaries, could
worsen even without increases in nitrogen deposition. Further
fesearch is needed, however, to determine the direct effects of
nitrogen deposition on acidification or eutrophication, the rate
at which this increase would occur, and in what time frame.
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Therefore, staff recommends that further research be conducted to
provide the information needed to evaluate this issue in its next
standard review.

9) The staff concludes that it would be premature to
consider establishment of a long-term national critical loads
secondary ambient air quality standard for NO, given the state of
the science of critical loads estimation that exists at the
current time. However, this methodology has the potential to
provide a useful tool for making regulatory decisions at the
regional level in the future. The Acid Deposition Standard
Study, which is designed to fully evaluate the issues associated
with thié~approach, should assist the Administrator further in
evaluating the pdtential application of both c¢ritical and target
loads. o

10). With regard to visibility impairment, the scientific
evidence indicates that light scattering by particles is
generally the primary cause of degraded visual air quality.
Furthermore, aerosol optic effects alone can impart a reddish-
brown color to a haze layer. While it is clear that particles
and NO, contribute to brown haze, in the staff’s judgement
reducing ground level NO, concentrations would result in little
improvement in visual air quality. Therefore, the staff
concludes that an ambieunt secondary standard for NO, to protect
visibility is not warranted at this time.

11) Based on the available data, the staftf concludes that
it is unlikely that NO, is playing a significant role in the
damage to non-biological materials and therefore does not
recommend consideration be given to setting a secondary standard
to protect against material damage.

12) If the Administrator determines that a separate
secondary standard is appropriaﬁe; the staff recommends that it
be set identical to the primary standard for NO,. A secondary
standard set within the range recommended for the primary
standard would, in the staff’'s judgement, provide adequate
protection against the lirect effecis of NO, on the environment.
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13) It is clear that additional studies need to be
conducted to reduce the uncertainty in the relationship between
nitrogen deposition and forest health and in determining the
adverse effects on surface waters and estuaries arising from the
long-term accumulation of nitrogen. The staff recommends
substantial efforts be undertaken to illuminate the quantitative
relationships between nitrogen deposition and changes in forest
nitrogen cycling, episodic and chronic acidification of surface
waters, and estuarine eutrophication, either through ongoing
research or new initiatives. Such efforts will provide an

improved scientific basis for the next standard review.
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September 30, 1993 EPA-SAB—CASAC-LTR-93-015

OFFICE OF

Honorable Carol M. Browner THE ADMINISTRATOR
Administrator '
U.S. Environmental Protection Agency
401 M Street, S.W.
Washington, DC 20460
Subject: Clean Air Scientific Advisory Committee Closure on the Air Quality

Criteria Document for Oxides of Nitrogen.

Dear Ms. Browner: -

The Clean Air Scientific Advisory Committee (CASAC) of EPA's Science Advisory
Board (SAB) at a meeting on July 1, 1993, completed its review of the draft document entitled
National Ambient Air Quality Standards for Oxides of Nitrogen (NQ,). The Committee notes
with satisfaction the improvements made in the scientific quality and completeness of the criteria

document. It has been modified in accordance with the recommendations made by the CASAC
in April, 1993.

The document has organized the relevant information in a logical fashion and the
Committee believes that it provides a scientifically adequate basis regulatory decisions on oxides
of nitrogen based on present scientific data on health effects of such exposure.

The Committee looks forward to reviewing the upoonﬁng staff decision paper on the NO,
standard.

Sincerely,
e TL/
George T. Wolff, Ph'D.
. ai ’
Clean Air Scientific Advisory Committee
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OFFICE OF THE ADMINISTRATOR
SCIENCE ADVISORY BOARD

August 22, 1985
EPA-SAB-CASAC-LTR-85-004

Honorable Carol M. Browner
Administrator

U.S. Environmental Protection Agency
401 M St., SW

Washington, DC 20460

Subiect: CASAC Review of the Staff Paper for the Review of the
National Ambient Air Quality Standards for Nitrogen Dioxide:
Assessment of Scientific and Technical Information

Dear Ms. Browner:

The Clean Air Scientific Advisory Committee (CASAC) of EPA’'s Science
Advisory Board (SAB) at a meeting on December 12, 1994, reviewed the document
entitled Review of the Nationat Ambient Air Quality Standards for Nitrogen Dioxide:
Assessment of Scientific and Technical Information, Office of Air Quality Planning and
Standards (ODAQPS) Staff Paper. At that meeting and in subsequent written comments,
the Committee made a number of recommendations for improving the document. On
June 2. 1995, a revised Staff Paper was mailed to the CASAC members for review with
a letter response. The resuiting comments by the Committee members note with
satisfaction the improvements made in the scientific quality and completeness of the
staff paper. It has been modified in accordance with the CASAC recommendations.

The document is consistent with all aspects of the scientific evidence presented
in the criteria document for oxides of nitrogen. It has organized the relevant
information in a logical fashion and the Committee believes that it provides a
scientifically adequate basis for regulatory decisions on nitrogen dioxide. The staft
paper concludes, and the CASAC concurs, that an annual primary standard of the
present form and with a numerical value between 0.05 tc 0.08 ppm would be supported
by the present scientific dxta on chronic health effects of exposure 10 nitrogen dioxide.
in addition. the CASAC concurs with the rationale that if the existing annual standard of
0.053 ppm is atteined, it will provide adequate protection against the occurrence of
short term 1-hour peak cencentrations of 0.2 ppm or higher.
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The staff paper also concludes and the CASAC concurs, that the present
primary standard protects against the direct effects of nitrogen oxide exposure to
vegetation. Further, the CASAC agrees that there is insufficient scientific evidence
available to warrant a secondary standard designed to protect aguatic and terrestrial
ecosystems from the adverse effects of nitrogen deposition including eutrophication
and acidification. Finally. CASAC concurs with the Staff conclusion that setting an NO;
secondary standard to protect against visibility impairment is not warranted.

The Committee looks forward 10 receiving notice of the revised or reaffirmed
nitrogen dioxide standard when it is proposed.

Sincerely,

7 W

Dr. George T. Wolff, Chai
Clean Air Scientific Advisory
Committee
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The following is an excerpt from the report "Analysis of
High 1 Hr NO, Values and Associated Annual Averages Using 1988-
1992 Data" (McCurdy, 1994).
_ "Attaining the current NO, annual average NAAQS of 0.053 ppm
is expected to keep 1 hour and daily exceedances of various NO,
concentration levels below the values shown in Table 16. It
should be noted that personal judgement was used to develop some
of the minimum and maximum estimates since the 95P1 [e.g., the
95th percentile prediction interval around the mean estimatel did
not always appear for an indicator. Most of the "problem
intervals" involved very small exceedances (i.e., <2), so any
mis-estimates that may exist are small.
1. Non-Los Angeles CMSA Sites

As seen in Table 16, attaining the current NO, NAAQS results
in no expected (mean) exceedances of 1 hour or daily exceedances
»0.20 ppm. The worst area might have 10 exceedances of the EX20
> 0.20 ppm]

[e.g., the number of observed 1 hour NO, values
indicator and 5 exceedances of the DAY20 [e.g., the number of
days with > 1 hour NO, concentrations » 0.20 ppm] indicator under
this situation. Multiple exceedances of EX15 [e.g., the number

> 0.15 ppm] and DAY15 [e.g., the

of observed 1 hour NO, values
number of days with > 1 hour NO, concentrations z 0.15 ppm]
indicators can be expected, however, even if the 0.053 ppm NO,
NAAQS is attained.
2. Los Angeles Consolidated Metropolitan Statistical Area

(CMSA) Sites

Attaining the current NO, NAAQS in this area does not
guarantee that numerous hourly or daily exceedances of a 0.15 or
0.20 ppm indicator will be prevented. The CMSA has an NO,
pattern of numerous short-term peaks for relatively low NO,
annual averages. This finding may indicate that more emphasis
should be placed on reducing short-term NO, levels in that major
metropolitan area. This may mean a change in the areas’'s NO,
'control strategy to emphasize peak hour reductions that are not



much impacted by area-wide programs, such as motor vehicle
emission controls.

The peak levels that we are discussing are 0.15 and 0.20
ppm. Even the Los Angeles CMSA would not be expected to see
numerous 1 hour or daily exceedances of a 0.25 ppm peak
concentration if the NO, NAAQS were attained."




Table 16

ESTIMATED NUMBER OF EXCEEDANCES OF VARIOQUS NO- SHORT-TERM AIR
QUALITY INDICATORS GIVEN ATTAINMENT OF THE CURRENT NO, NAAQS OF

0.053 PPM
Concentration Minimum Mean ‘ Maximum
Level (ppm) Egtimate Egtimate Estimate
A. 1 h Exceedances in Los Angeles CMSA
0.15 10 75 195
0.20 i 0 13 38
0.25 0 1 17
0.30 0 0 2
|
1 B. 1 h Exceedances in Other Areas
0.15 0 5 44
0.20 0 0 10
0.25 0 0
0.30 0 0
c. Daily Exceedances in Los Angeles CMSA
0.15 5 27 57
0.20 0 21
0.25 0 8
0.30 0 0 2
D. Daily Exceedances in Other Areas
0.15 0 3 9
0.20 0 0 5
0.25 0 0 2
0.30 0 0 1
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DEFINITIONS:

(These definitions were derived from the welfare discussions in the
Criteria Document.)

1) Short-term exposures:

a) organismal: the organism is exposed for periods less than or
equal to 24 hours in duration.

b) ecosystem: the ecosystem is exposed consistently for less
than or equal to 3 years in duration.

2) Long-term exposures:

a) organismal: the organism is exposed for periods greater than
24 hours in duration and typically greater than or equal to two weeks in
duration. '

b) ecosystem: the ecosystem is exposed consistently for greater
than three years in duration. '

3) Assimilation: the uptake and metabolic use of nitrogen by either

aquatic or terrestrial plants. While terrestrial plant species generally
favor uptake of NH4+ over NO; the form of nitrogen used will strongly
affect the effect nitrogen deposition will have on pH.

4) Nitrification: the oxidation of NH4+ to NO,~ by aquatic or
terrestrial bacteria or fungi and is a strongly acidifying process.

5) Denitrification: an anaerobic process which reduces NO;~ to Ny,

NO, or N,O. High rates of'Nzo production may be a concern in some areas
because of its significance as a greenhouse gas. Denitrification is also
always a acidifying process.

6) Nitrogen fixation: the process by which a variety of single-celled
organisms and aerobic and anaerobic bacteria fix gaseous atmospheric
nitrogen into NH4+. These organisms may be found singly or in symbiotic
nitrogen-fixing nodules on roots of some plant species.

7) Mineralization: the bacterial decomposition of organic matter,
releasing NH4+ that can subsequently be nitrified to NO5 . The effect of
mineralization on the acid/base status of draining waters will depend on
the form of nitrogen produced.
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