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Preface

Many delightful experiences can be enjoyed in our nation's numerous national parks
and wilderness areas, but among the finest are the beautiful views of nature found in
these locations. Particularly spectacular are the often distant and majestic scenes of
mountains, deserts, plains, and ocean. Our concern for maintaining the clarity of views in
these areas is reflected in the Clean Air Act, which specifically addresses the protection
of visibility in our national parks and wilderness areas. Early in 1990, the National
Research Council (NRC) established the Committee on Haze in National Parks and
Wilderness Areas to address issues related to visibility degradation in these protected
regions. In particular, the committee was asked to consider the relative importance of
human-derived and natural emissions that contribute to visibility reduction in these
locations and to evaluate possible source-control approaches. As part of its charge, the
committee was also asked to evaluate a recent scientific study by the National Park
Service (NPS) of visibility degradation and its causes in one of our most beautiful
national parks, Grand Canyon. This publication is the committee's evaluation of the NPS
report on the Winter Haze Intensive Tracer Experiment (WHITEX) and its conclusion
that the Navajo Generating Station (NGS) contributed to wintertime visibility
impairment in Grand Canyon National Park during the study.

The committee's task was not an easy one. Source apportionment is a rather inexact
but very complex component of the atmospheric sciences. New techniques and
approaches are constantly being designed and tested, and personal judgment and
experience often play significant roles in evaluation processes. However, I have never
worked with a committee more dedicated to the development of a fair, objective, and
honest evaluation of what has become a controversial issue. Everyone involved in this
NRC project, including the sponsoring organizations, cooperated in every way possible.

The committee met at Grand Canyon National Park from March 28-31, 1990. We
were provided with extensive written and oral information by feder

PREFACE vii
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al personnel and other project sponsors, including the National Park Service, the Bureau
of Reclamation, the Department of the Interior's Office of Environmental Quality, the
Department of Energy, the Environmental Protection Agency, the Forest Service, and the
Arizona Salt River Project (operators of NGS) and their consultants. We were also given
an extensive tour of the NGS and of the atmospheric monitoring station at Hopi Point in
Grand Canyon National Park. After this meeting, the federal liaison group—representing
the sponsoring agencies—and the Arizona Salt River Project continued to provide the
committee with information promptly whenever it was requested. This was greatly
appreciated. In addition to the committee's formal meetings, committee members and
NRC staff spent many hours in conference calls and in individual conversations.

The committee's heartfelt thanks must go to the NRC staff who devoted themselves
so thoroughly to this report. Dr. James J. Reisa, the director of the Board on
Environmental Studies and Toxicology, and Dr. Robert Smythe, the program director,
provided us with guidance, perspective, and oversight. The project director, Kathleen J.
Daniel, worked closely with committee members through all phases of the report
preparation. Her enthusiasm, knowledge of the field, sense of humor, commitment to a
quality report, and true concern about the issues being addressed played a major role in
the committee's efforts, and in particular, in our development of a consensus on this
controversial issue. We also thank staff member Raymond Wassel, who contributed
significantly to the committee's efforts, and Felita Buckner, Boyce Agnew, and Sandi
Fitzpatrick, who worked closely and effectively with the committee throughout report
preparation and production. Finally, Lee Paulson took our often-tangled prose and
provided clear renditions and editorial revisions.

The committee hopes this report will provide useful suggestions and guidance as the
nation continues efforts to protect and preserve the natural visibility in our national parks
and wilderness areas for ourselves and future generations.

ROBERT A. DUCE
CHAIRMAN
OCTOBER 3, 1990
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Executive Summary

BACKGROUND

The Grand Canyon is one of the most spectacular natural sights on earth.
Approximately 4 million visitors travel to Grand Canyon National Park (GCNP) each
year to enjoy its majestic geological formations and intensely colored views. However,
visibility in GCNP can be impaired by small increases in concentrations of fine
suspended particles that scatter and absorb light; the resulting visibility degradation is
perceived as haze. Sulfate ( ) particles—largely the result of the atmospheric
transformation of sulfur dioxide (SO2) emissions from anthropogenic sources—are a
major factor in visibility impairment at Grand Canyon in summer and winter.

Many wintertime hazes at GCNP are believed to result from the accumulation of
emissions from local sources during conditions of air stagnation, which occur more
frequently in winter than in summer. In January and February 1987, the National Park
Service (NPS)—the managing agency for the GCNP—carried out a large-scale
experiment known as the Winter Haze Intensive Tracer Experiment (WHITEX) to
investigate the causes of wintertime haze in the region of GCNP and Canyonlands
National Park. The overall objective of WHITEX was to assess the feasibility of
attributing visibility impairment in specific geographic regions to emissions from a
single point source. The experiment called for the injection of a tracer, deuterated
methane (CD4), into one of the stacks of the Navajo Generating Station (NGS), a major
coal-fired power plant located 25 km from the GCNP boundary and 110 km northeast of
Grand Canyon Village. A network of field stations was established in the vicinity—
mostly to the northeast of GCNP and NGS—to measure CD4 concentrations,
atmospheric aerosol and optical properties, and other chemical and physical attributes.

During some haze episodes, significant concentrations of CD4 were detected at the
Hopi Point sampling station on the south rim of the Grand Canyon
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near Grand Canyon Village to the southwest of NGS. The NPS analyzed data from
WHITEX and recently issued a final report concluding that NGS contributed to
wintertime visibility impairment in the GCNP during the study period. The report
asserted that NGS was responsible for approximately 70% of the mean particulate 
and approximately 40% of the mean aerosol-related light extinction for selected
wintertime periods of haze at the Hopi Point sampling station. In response to the NPS-
WHITEX report, the U.S. Environmental Protection Agency (EPA) published a proposal
to attribute visibility impairment in the GCNP to NGS and took steps to propose that the
level of allowable SO2 emissions from NGS be reduced by 90%.

THE NATIONAL RESEARCH COUNCIL STUDY

This evaluation of WHITEX was prepared by the Committee on Haze in National
Parks and Wilderness Areas, which was convened in February 1990 by the National
Research Council's Board on Environmental Studies and Toxicology in collaboration
with the Board on Atmospheric Sciences and Climate of the Commission on
Geosciences, Environment, and Resources. The committee comprises members
appointed for their expertise in meteorology, atmospheric chemistry, atmospheric
aerosols, air pollution monitoring and modeling, statistics, environmental engineering,
control technology, and environmental law and public policy.

The committee's overall charge is (1) to develop working principles for assessing
the relative importance of anthropogenic emission sources that contribute to haze in
Class I areas (which include many national parks and wilderness areas) and for assessing
alternative source control measures and (2) to recommend strategies for improving
scientific understanding and technical information on relative source contributions to
haze formation, regional and seasonal factors affecting haze, relevant air quality models,
and various emission control measures. The committee's work is sponsored by the U.S.
Department of the Interior (National Park Service, Bureau of Reclamation, and Office of
Environmental Quality), the U.S. Department of Energy, the U.S. Environmental
Protection Agency, and the Arizona Salt River Project (SRP). The committee's final
report, which will address this charge, will be issued in 1991.

In addition to the final report, the committee was also asked to provide this special
report evaluating WHITEX, the recent site-specific study conducted by NPS. This report
evaluates the scientific evidence relevant to EPA's recently proposed finding that NGS
contributes to ''impairment of visibility'' in GCNP. Specifically, the committee was asked
to review NPS data and analyses upon
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which the EPA determination was based and other data and analyses related to source
attribution for Grand Canyon haze. It was also asked to evaluate the contribution of the
WHITEX study toward the science of source apportionment. The committee reviewed
the December 1989 NPS-WHITEX report, other relevant published materials, and some
unpublished information. In March 1990, the committee conducted site visits to the
GCNP and NGS near Page, Arizona, and heard technical presentations from NPS, SRP,
and their scientific consultants. This information was used as part of the basis for the
committees evaluation.

The committee based its evaluation solely on the scientific aspects of WHITEX. It
did not consider whether or how EPA should regulate NGS.

QUALITATIVE ASSESSMENT

On the basis of the data presented in the NPS-WHITEX report, the committee
concludes that, at some times during the study period, NGS contributed significantly to
haze in GCNP. The committee bases this assessment on evaluations of meteorological,
photographic, chemical, and other physical evidence. The committee's conclusion is
supported by the following qualitative evidence: (1) the haze episodes (periods when
visibility was particularly poor) observed during WHITEX occurred under conditions of
air stagnation, when sulfur from local sources would be expected to accumulate; (2)

 aerosol was a significant contributor to haze at Hopi Point during periods when
visibility was particularly poor and when CD4 was detected; (3) NGS is a large source of
SO2 emissions near GCNP and it could potentially account for the total sulfur (SO2 and

) observed at Hopi Point during some haze episodes; (4) meteorological analyses
and photography indicate air movement from NGS to GCNP during some haze episodes;
(5) significant quantities of CD4 released from NGS were observed at Hopi Point; and
(6) the presence of clouds and fog in the vicinity of GCNP and NGS during haze
episodes would accelerate the conversion of NGS SO2 to form  aerosol.

The detection of CD4 at Hopi Point is an unambiguous indicator that air parcels
containing NGS emissions did impinge on the GCNP on several occasions. The use of
CD4 in WHITEX was an innovative and important step forward in the field of source
attribution, and NPS and the WHITEX team are to be commended for including this
tracer in WHITEX.
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QUANTITATIVE ASSESSMENT

The NPS-WHITEX report based its quantification of the NGS contribution to
 aerosol at Hopi Point on two empirical models—Tracer Mass Balance Regression

(TMBR) and Differential Mass Balance (DMB)—both of which are based on multiple
linear regression techniques. Although multiple linear regression has been used before to
apportion primary (directly emitted as particles) source contributions to ambient aerosol
mass, there has been little verification of its applicability in the case of a predominantly
secondary (particles formed in the atmosphere) species, such as . Moreover, the
committee identifies problems in the implementation and interpretation of multiple linear
regression in the WHITEX analysis: (1) satisfactory tracers were not available for all
major sources; (2) the interpretation did not adequately account for the possible
covariance between NGS contributions and those from other coal-fired power plants in
the region; and (3) both models employ inadequate treatment of sulfur conversion, which
is an important controlling factor in the formation of haze at GCNP.

Therefore, the committee concludes that WHITEX did not quantitatively determine
the fraction of  aerosol and resultant haze in CGNP that is attributable to NGS
emissions. The report did not adequately quantify the sensitivity of the analyses to
departures from model assumptions, nor did it establish an objective and quantitative
rationale for selecting among various statistical models. The conceptual framework for
DMB involved physically unrealistic simplifications, the effect of which on quantitative
assessments was not addressed. The data base contained weaknesses; especially
damaging were the absence of measurements below the rim of the Grand Canyon and the
paucity of background measurements. In addition, the background measurements that
were made were not adequately incorporated into the data analyses.

ESTIMATES OF THE RANGE OF POSSIBLE IMPACTS
FROM NGS

The committee used the WHITEX data obtained during a haze episode in GCNP to
estimate the ranges of possible impacts from NGS. These estimates consist of a series of
mass-balance calculations made on the basis of simple, but reasonable, assumptions.
These calculations were made for illustrative purposes; they cannot, in themselves, be
used to quantify the impacts of NGS on visibility in GCNP, in part because
measurements needed to confirm some of the assumptions were not made during
WHITEX. The committee's analysis
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indicates that NGS sulfur emissions are sufficiently large to account for even more than
the total sulfur concentration measured in GCNP. However, the actual impact of NGS
emissions on haze in GCNP depends on the rate of conversion of SO2 to . The
extent of conversion is extremely sensitive to meteorological conditions and the
availability of oxidants; the extent could range from a very small percentage to nearly
100%. Conversion rates would tend to be high during cloudy and foggy conditions, such
as those observed during WHITEX haze episodes. Under these conditions, NGS
emissions could produce  concentrations similar to those measured in GCNP.
However, the WHITEX data also show that there are important sulfur sources in addition
to NGS that appear to contribute to regional background  aerosol levels. These
additional sources evidently account for a significant fraction of the haze observed in
GCNP. Thus, if NGS emissions were controlled, then wintertime haze at GCNP would
most likely be reduced, but not eliminated.

THE COMMITTEE'S CONCLUSIONS IN PERSPECTIVE

The committee cautions that its conclusions do not resolve whether EPA should
require NGS to install the best available retrofit technology (BART). First, the
committee's conclusions are not binding on EPA or any other government agency.
Second, even if accepted by EPA, the committee's conclusions would not dictate a
particular result to EPA's rule making. Section 169A of the Clean Air Act generally
requires the installation of BART on any "major stationary source" built after 1962 if
that source "emits any air pollutant which may reasonably be anticipated to cause or
contribute to any impairment of visibility" in a listed Class I area, such as GCNP. The
phrase "may reasonably be anticipated'' suggests that Congress did not intend to require
EPA to show a precise relationship between a source's emissions and all or a specific
fraction of the visibility impairment within a Class I area. Rather, EPA is to assess the
risk in light of policy considerations regarding the respective risks of overprotection and
underprotection. These considerations transcend scientific issues and are, therefore,
outside this committee's purview.
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Haze in the Grand Canyon: An Evaluation
of the Winter Haze Intensive Tracer

Experiment

BACKGROUND

The Grand Canyon is one of the most spectacular natural sights on earth. The
diversity and color of the geological formations are extraordinary, and the geographical
scales are immense. In some places the canyon is 1.6 km deep and 30 km wide, and
panoramic views typically extend to over 100 kin. The aesthetic effect of the canyon
depends on many aspects of visibility in addition to distance: the luminous quality of the
air; the interplay of color, light, and shadow; the colossal scale; and the clarity of the
view. These magnificent and unique qualities attract approximately 4 million visitors to
Grand Canyon National Park (GCNP) each year.

The atmosphere in the Grand Canyon is generally very dear, and under ideal "blue-
sky" conditions (particle-free, also known as Rayleigh, conditions), visibility approaches
the ultimate value of 400 km. However, even small increases in aerosol1 concentrations
can change the appearance of views—dulling the colors, shifting the color spectrum,
reducing the contrasts, and decreasing the visual range (see Appendix 1).

When visibility is impaired in the Grand Canyon, suspended fine particles in the air
are usually the major cause. Fine particles, which typically are 0.1-to 1.0-µm diam.,
scatter and absorb light, and the viewer perceives haze. In the Grand Canyon region,
sulfates ( ) account for approximately one-third to one-half of the fine-particle-
mass concentration in the air.  plays a major role in visibility degradation in
summer and winter (NPS, 1988; Trijonis et al., 1989);  in this area is
predominantly the result of atmo

1 An aerosol is strictly defined as suspension of particles in a gas. In this report,
"aerosol" is used synonymously with "particle," in conformity with common usage in the
atmospheric chemistry literature (e.g., see Buat-Ménard et al., 1989, p. 252).
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spheric transformation of sulfur dioxide (SO2) emissions from anthropogenic sources.
Wintertime hazes are believed to result from the accumulation of emissions from local
sources during conditions of air stagnation; such conditions occur more frequently in
winter than in summer.

The National Park Service (NPS)—the managing agency for the GCNP— believes
that the Navajo Generating Station (NGS) is an important source of  aerosols that
cause wintertime haze in GCNP. NGS is a coal-fired power plant placed in operation in
stages between 1974 and 1976. It is owned jointly by the U.S. Department of the
Interior's Bureau of Reclamation, the Salt River Project (SRP),2 and several electric
utilities. NGS is located approximately 25 km from the GCNP border at its closest point
and about 110 km northeast of the Grand Canyon Village tourist area near Hopi Point
(Fig. 1). NGS has a generating capacity of 2,400 MW gross (2,250 MW net), which
makes it one of the largest power plants in the United States west of the 100th meridian.

In January and February 1987, a large-scale experiment was carried out by NPS to
investigate the causes of wintertime haze in the region between Grand Canyon and
Canyonlands National Park. The Winter Haze Intensive Tracer Experiment (WHITEX)
was a research project sponsored by a consortium of utilities and governmental agencies
called SCENES (Subregional Cooperative Electric Utility, Department of Defense,
National Park Service, and Environmental Protection Agency Study). The original
objectives of WHITEX were (1) to evaluate an empirical approach for assessing the
relative contribution of an isolated source to aerosols at specified locations and (2) to
determine the relative contributions of individual aerosol constituents to haze at these
locations (SCENES, 1987). The initial plan was for "a scoping study to investigate the
feasibility of more extensive source attribution studies in future years" (SCENES, 1987).
The original experimental design focused on the area between NGS and Canyonlands
National Park, because this region was believed to be most susceptible to effects from
NGS emissions due to the presumed prevailing wind flow toward the east. NPS added
additional sampling sites in northeastern Arizona and southeastern Utah, including one at
Hopi Point on the south canyon rim near Grand Canyon Village to the southwest of NGS.

Except for the Hopi Point site, all of the NPS sampling sites were north and east of
GCNP (Figs. 1 and 2). Measurements included atmospheric optical properties, particle
concentrations and composition, SO2 concentrations,

2 The SRP, a political subdivision of Arizona (akin to a special district), supplies
consumers with water and electrical power. The project is the operating agent of the NGS.
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Figure 1
SCENES WHITEX study area. Source: Adapted from NPS, 1989.
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meteorological variables, and trace elements. Source tracers included particulate
selenium (Se), assumed to be a generic tracer for coal-fired power plants; particulate
arsenic (As), assumed to be a generic tracer for copper smelters; and deuterated methane
(CD4), which was injected into the NGS stacks to serve as a unique tracer for NGS
emissions. NPS analyzed the data from WHITEX to evaluate the effects of NGS
emissions on visibility in GCNP. NPS recently issued a final report on the WHITEX
study (NPS, 1989), subsequently referred to as the NPS-WHITEX report.

WHITEX focused on NGS because it has large sulfur emissions. NGS is one of the
largest single sources of SO2 in the United States west of the 100th meridian. It emits
more SO2 than is emitted in the Los Angeles basin but less than is emitted in the area of
California south of Point Conception.3 NGS emits approximately the same amount of
SO2 as the combined output of two power plants at Four Corners and San Juan, New
Mexico (Appendix 2, p. 80)4 (EIA, 1987). However, NGS emits less than half the total
SO2 of the group of copper smelters in southeast Arizona and Mexico. During
WHITEX, NGS emitted less SO2 than two or three individual copper smelters whose
emissions have since been reduced.5

NGS has no technological controls on its SO2 emissions, although the plant was
designed so that flue-gas desulfurization could be incorporated later (SRP, 1971).6 NGS
limits its SO2 emissions by burning low-sulfur coal, typically 0.45%-0.55% sulfur, which
allows NGS to meet Arizona's emission limit of 1.0 1b SO2/million btu for the plant.
Nevertheless, at full operation, NGS emits more than 200 tons SO2/day through three
236-m tall stacks.7 These emissions qualify NGS as a major stationary source, defined by
Section

3 About 120 tons SO2/day were emitted in 1987 in the Los Angeles Basin and about
300 tons SO2/day were emitted for all of southern California in 1987 (California Air
Resources Board, 1990).

4 Appendix 2 consists of selected pages from the NPS-WHITEX report.
5 According to the Arizona Department of Environmental Quality (1989), the three

Arizona copper smelters currently emit a total of 170 tons SO2/day, and the two Mexican
smelters a total of 300 tons SO2/day. During WHITEX, the estimates by ADEQ were
450 tons SO2/day total from the Arizona smelters and 620 tons SO2/day total from the
Mexican smelters.

6 NGS is equipped with electrostatic precipitators that limit primary particle emissions
to approximately 6.4 tons/day under typical conditions (Appendix 2, p. 82).

7 During WHITEX, the average emission rate was reported to be 163 tons SO2/ day
(Appendix 2, p. 78). This emission rate is reasonably consistent with coal-consumption
records for January and February 1987: 648,000 and 488,000 short tons, respectively,
with sulfur contents of 0.47% and 0.46% (EIA, 1987).
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169A(g)(7) of the Clean Air Act8 as a source that emits over 250 tons of a regulated
pollutant in a year (i.e., 0.68 ton/day).

In an innovative step forward in the field of source attribution, WHITEX injected
CD4 as a tracer into the NGS stacks (Appendix 3). Significant concentrations of CD4
later were detected at Hopi Point during some haze episodes (periods during which
visibility was particularly poor). WHITEX investigators focused their analyses on these
episodes. Receptor modeling and statistical techniques were used to estimate
quantitatively the fraction of particulate  at Hopi Point that could be attributed to
NGS. As is often the case when new techniques and approaches are being used,
however, unexpected problems arose that made quantitative evaluations of the
experimental data difficult. These are discussed in detail in this report.

The NPS-WI-WHITEX report concluded that NGS causes wintertime haze in
GCNP (Appendix 2, p. 74). The report claimed that during the days CD4 measurements
were made at Hopi Point, NGS was responsible for about 70% of the mean particulate

 and about 40% of the mean aerosol-related light extinction. During some
wintertime haze episodes,9 the report claimed that NGS contributed as much as 60% of
the aerosol-related light extinction.

On the basis of the WHITEX results, the U.S. Environmental Protection Agency
(EPA) initiated regulatory action under Section 169A of the Clean Air Act (U.S. EPA,
1989). This section requires the installation of the best available retrofit technology
(BART) on any ''major stationary source" placed in operation after August 7, 1962, that
"emits any air pollutant which may reasonably be anticipated to cause or contribute to
any impairment of visibility" in a Class I area10 for which EPA has determined that
visibility is an important value (Section 169A(b)(2)(A)). EPA has chosen to take a
phased approach to the implementation of Section 169A. Consequently the agency's
regulations

8 References are to the Clean Air Act as amended, 42 USC § 7401-7626.
9 CD4 was released for 43 days, from January 7 to February 18, 1987, and was

sampled continuously throughout this period. Based on examination of meteorological
and other available data, a minority of the CD4 samples was selected for analysis. At
Hopi Point, the selected samples covered 36 half-day periods. The selection process and
criteria are not documented in the NPS-WHITEX report, but had the effect of
emphasizing periods of higher than average  concentrations.

10 Class I areas are those areas subject to the most restrictive limits on growth in air-
pollution concentrations under the Clean Air Act's Prevention of Significant
Deterioration program. Section 162(a) of the act classifies 158 national parks,
international parks, and wilderness areas as Class I areas whose designation may not be
altered. Section 164(a) allows states and Indian tribes to designate additional areas as
Class I; to date, this authority has been little used.
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currently require BART only when visibility impairment is "reasonably attributable" to
an existing major stationary source (U.S. EPA, 1980).

EPA preliminarily attributed haze in the GCNP to NGS (U.S. EPA, 1989). This is
the first attempt by EPA to regulate an existing source under Section 169A. The agency
is in the process of deciding whether to make its attribution final and, if so, determining
what level of control of air pollution from NGS would constitute BART, as defined in
Section 169A(g) of the act. The agency placed in the public docket (EPA Docket No.
A-89-02-A) a draft notice of proposed rule making pursuant to Section 110(c) of the
Clean Air Act. The proposal would require that NGS reduce emissions to 0.1 1b SO2/
million btu, which would reduce the level of allowable emissions by 90%. EPA believes
that an approximately 90% reduction in emissions would be required to meet the
emission limit reliably.

THE NRC COMMITTEE STUDY

The Committee, Its Charge, and Its Approach

This evaluation of WHITEX was prepared by the Committee on Haze in National
Parks and Wilderness Areas, which was convened in February 1990 by the National
Research Council's Board on Environmental Studies and Toxicology in collaboration
with the Board on Atmospheric Sciences and Climate of the Commission on
Geosciences, Environment, and Resources. The committee comprises members
appointed for expertise in meteorology, atmospheric chemistry, atmospheric aerosols, air
pollution monitoring and modeling, statistics, environmental engineering, control
technology, and environmental law and public policy.

The committee's overall charge is:

to develop working principles for assessing the relative importance of
anthropogenic emission sources that contribute to haze in Class I areas and for
assessing alternative source control measures; and
to recommend strategies for improving scientific understanding and technical
information on relative source contributions to haze formation, regional and
seasonal factors affecting haze, relevant air quality models, and various
emission control measures.

The committee's work is sponsored by the U.S. Department of the Interior (National
Park Service, Bureau of Reclamation, and Office of Environmental
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Quality), the U.S. Department of Energy, the U.S. Environmental Protection Agency,
and the Arizona Salt River Project. The committee's final report, which will address this
charge, will be issued in 1991.

In addition to the final report, the committee was also asked to provide this special
report evaluating WHITEX, the recent site-specific study conducted by NPS. This report
evaluates the scientific evidence relevant to EPA's recently proposed finding that NGS
contributes to impairment of visibility in GCNP. Specifically, the committee was asked
to review NPS data and analyses upon which the EPA determination was based and other
data and analyses related to source apportionment for Grand Canyon haze. It was also
asked to evaluate the contribution of the WHITEX study toward the science of source
apportionment. The committee reviewed the December 1989 NPS-WHITEX report,
other relevant published materials, and some unpublished information. In March 1990,
the committee conducted site visits to the GCNP and NGS near Page, Arizona, and it
heard technical presentations from NPS, SRP, and their scientific consultants. This
information was used as part of the basis for the committees evaluation.

The Committee's Specific Interpretation of Its Charge

The committee focused on assessing the methodology and design of WHITEX and
the validity of the conclusions. The committee based its evaluation solely on the
scientific aspects of WHITEX.

The committee is aware that its assessment is relevant to the regulatory matters
currently before EPA. The committee wishes to emphasize that it has not considered
regulatory issues relating to NGS and expresses no opinion on them. Such issues involve
policy considerations; these matters lie outside the committee's purview.

This review of WHITEX will be considered by the committee in the preparation of
its final report. WHITEX is an example of approaches to source attribution in Class I
areas. Because WHITEX is one of the most recent studies of this type, it will provide
useful insight for the final report.

EVALUATION OF WHITEX

Whitex Overview

WHITEX was conducted on the Colorado Plateau in Northern Arizona and
Southern Utah between January 7 and February 18, 1987 (days 7-49 in 1987).
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The objective of the WHITEX research program was to evaluate the suitability of
various receptor modeling methods for attributing haze in specific Class I areas (i.e.,
Grand Canyon and Canyon lands) to emissions from an isolated point source (i.e., NGS).
Previous investigations demonstrated that wintertime regional hazes occur during
periods of air stagnation and that these hazes are largely attributable to submicrometer
particles composed primarily of , organic carbon compounds, and black carbon
(soot) (Malm and Walther, 1979; Walther and Malta, 1979; Chinkin et al., 1986). A
significant part of WHITEX focused on , because it is the dominant light-
scattering species during the most severe haze episodes. NGS emissions include primary

 particles, as well as gaseous SO2 which is converted to  in the atmosphere.
The NPS-WHITEX report contains the following major elements:

•   A discussion of the experimental setting, including a review of regional
emissions and climatology;

•   A description of the optical, particle, SO2, and tracer measurements, as well as
discussions of data quality;

•   A description of some preliminary prognostic transport modeling for one 2-day
period; and

•   Various analyses supporting the attribution of  concentrations and haze
to NGS.

A distinctive and novel feature of the WHITEX experiment was the use of CD4.
CD4 is nearly inert; its concentration during WHITEX would not have been significantly
affected by chemical reactions, precipitation scavenging, or dry deposition to the surface.
The concentration of CD4 in an air parcel can be reduced only through dilution with air
that does not contain CD4. WHITEX used CD4 as a tracer to identify air parcels that
contained NGS emissions, to estimate the dilution that had occurred during transit, and
to estimate the amount of sulfur species that were originally injected into the air parcel
by NGS. Knowing the ratio of SO2: CD4 in the stack emissions at NGS and knowing the
concentration of CD4 at GCNP, the concentration of NGS SO2 that would have been
present in the air parcel in the absence of deposition or conversion can be calculated,
assuming the CD4 and sulfur species from NGS travelled by the same trajectory. This
calculated upper limit on NGS-derived sulfur is referred to as S(CD4).

The analyses in the NPS-WHITEX report focused on data acquired at Hopi Point,
because higher CD4 concentrations were found there than at the other sampling stations
(except for Page, which is immediately adjacent to NGS). NPS estimates of NGS effects
on haze at GCNP depended on the
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measurements of CD4 at Hopi Point. However, measurements of CD4 by themselves
could not provide information on the fraction of SO2 that was converted to  in
transit, nor could they account for the quantities of these species that were deposited
during transit. Thus, S(CD4) yielded only an upper-limit estimate of possible effects of
NGS SO2 emissions at GCNP. For this reason, statistical and modeling tools were
needed to make quantitative estimates of NGS impacts.

The attribution analysis of the NPS-WHITEX report was carried out in two stages:
(1) the observed light extinction first was apportioned to fine-particle  and other
atmospheric species, and (2) the observed  concentrations then were attributed to
NGS and other sources. The apportionment of extinction among chemical species
(extinction budgeting) was largely based on literature and statistical values for the
extinction: mass ratios (extinction efficiencies) of the various species. The quantitative
attribution of  to specific sources rested primarily on semi-empirical statistical
models, highly simplified physical models fit to the data through least-squares procedures.

WHITEX SOURCE-ATTRIBUTION MODELS

The quantitative attribution of  to NGS rested on two empirical models:
Tracer Mass Balance Regression (TMBR) and Differential Mass Balance (DMB).
TMBR employs multiple linear regression (MLR) of the  concentration on selected
source-tracer concentrations to estimate the ambient : tracer ratios attributable to
individual sources. MLR has been used since the mid-1970's to apportion primary
(directly emitted as particles) source contributions to ambient aerosol mass, although it
has been subjected only to limited testing and verification. The literature does not
contain convincing evidence that MLR applications can successfully apportion a
predominantly secondary (particles formed in the atmosphere) species, such as ,
among several source types.

In the NPS-WHITEX report, some of the tracer concentrations are multiplied by
relative humidity (RH) in an attempt to account for the increased rate at which SO2 is
converted to  in liquid-phase reactions in clouds or fogs. RH scaling as used in the
NPS-WHITEX report appears to be previously untested.

DMB is an elaboration of TMBR in which the regression variable for the target
source is adjusted to reflect the varying ages of emissions at the receptor. The expected
proportion of : tracer is calculated based on the following factors: 1) assumed and
constant values of SO2 and  deposition rates, 2) an SO2 conversion rate assumed to
be in constant proportion to
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RH, and 3) plume ages estimated from wind data. Because these factors were not
measured during WHITEX, NPS selected them from within a range that they believed to
be physically reasonable to maximize the correlation coefficient of the multiple linear
regression relating  to the NGS tracer term and other source tracer terms. The net
effect is one of nonlinear multiple regression.

The use of DMB appears to be unprecedented in the source-apportionment
literature. Because it ultimately relies on MLR, its statistical assumptions are similar to
those of TMBR. As with TMBR, DMB requires that  from untraced sources be
only negligibly correlated with the source-tracer terms used in the regressions. The
statistical assumptions used in the NPS-WHITEX report are accurately identified in the
report (Appendix 2).

CRITICAL ASPECTS OF WHITEX TECHNIQUES AND
DESIGN

The committee assessed the qualitative and quantitative aspects of the NPS-
WHITEX conclusions; these two aspects are addressed separately.

Qualitative Assessment

The committee concludes that a properly executed experiment using a
methodology and design similar to those used in WHITEX could provide
qualitative information as to whether NGS emissions contribute to 
aerosol and resultant haze in GCNP.

The WHITEX protocol included measurements of ambient optical properties,
concentrations of key gaseous and particulate species, tracers for contributing 
sources (including CD4), wind-flow patterns and other meteorological data, and time-
lapse photography. WHITEX analyses included dynamic meteorological modeling of air
movements, tracer mass-balance calculations, and multiple-regression analyses for
apportioning  among sources. Such information should be adequate to support a
qualitative assessment of whether NGS emissions reach GCNP and whether these
emissions contribute to haze in GCNP.

The use of CD4 in NGS emissions could provide definitive evidence of the transport
of NGS emissions to the GCNP. Dynamic meteorological modeling could provide
supplemental information that could be used to help evaluate the extent to which the
emissions are transported into and distributed throughout the Grand Canyon. For any
particular site, the contributions of the various aerosol species to optical extinction could
be reasonably estimated.
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Multiple-regression techniques, such as those used in TMBR and DMB, have a long
history of success in many areas of science; they are widely accepted in epidemiology,
econometrics, and other disciplines for which cause-effect relationships are complex and
for which extraneous factors cannot be controlled. Such techniques clearly could be used
in a WHITEX-type experiment if 1) satisfactory tracers were available for all major
sources that might affect GCNP, and 2) there were a strong correlation between the NGS
tracer and the fraction of haze-forming aerosol (i.e., ) that was not accounted for
by the tracers for all other sources. Under these conditions, the results of multiple-
regression analyses would constitute persuasive qualitative evidence that NGS emissions
had a detectable effect on haze at GCNP. However, the literature does not demonstrate
that previous MLR applications can successfully apportion a predominantly secondary
species, such as , among several source types. Therefore, it would not seem
advisable to rely solely on such models for the success of a major field experiment.

The committee concludes that WHITEX qualitatively showed that, at some
times during the study period; NGS emissions significantly contributed to 

 aerosol and resultant haze at Hopi Point in GCNP.

This conclusion is based on the data presented in the NPS-WHITEX report. The
conclusion is not based on the results of the TMBR and DMB analyses, which contained
various shortcomings that are discussed in more detail later in this report. Instead, the
committee's qualitative assessment is based on the following observations and
measurements made during WHITEX.

Meteorological Evidence.

Meteorological analyses support the NPS conclusion that NGS emissions can be
transported to GCNP during the wintertime when the air stagnates. The NPS-WHITEX
report focused on February 11-14, 1987 (days 42-45 in 1987), for its intensive analyses
of the NGS contribution to haze in GCNP. During this time, the region was dominated
by a polar high-pressure system that resulted in low-speed surface winds. Under such
conditions, surface winds at Page usually alternate between northeasterly during the day
and southwesterly during the night (Bailing and Sutherland, 1988), and observations at
Page during the study period showed this pattern. Furthermore, the upper-air winds
measured at Page confirmed the NPS conclusion that winds at the expected plume height
flowed from the northeast during much of this period. Deterministic meteorological
modeling performed in WHITEX also indicated that winds at the height of NGS stacks
could have
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carried emissions to the GCNP area; however, these simulations did not reproduce the
diurnal fluctuations in wind flow observed at the surface at Page.

The meteorological data and the deterministic meteorological modeling do not
allow quantification of the contribution that NGS might have made to haze at GCNP.
The deterministic meteorological modeling cannot pinpoint the location of the NGS
plume nor its entrainment into the canyon. The model uses a grid size of 5 kin; hence, it
cannot reproduce the complex topography of GCNP (Fig. 2) nor the associated small-
scale meteorological effects, such as gravity flows. (For example, the model could not be
expected to quantify the mass of sulfur entering the Grand Canyon from the rim versus
that transported directly down the Grand Canyon.) Thus, the meteorological studies
provide only qualitative evidence of transport.

Photographic Evidence.

The wind-field analyses are supported by time-lapse photography and still
photographs of cloud, fog, and haze conditions. Photographic evidence was obtained on
the rim of the Grand Canyon and elsewhere in the region. The time-lapse images
provided particularly striking evidence of the complex meteorological conditions that are
due in part to the complicated topography (Fig. 2). Time-lapse video sequences taken on
the east end of the south rim during the early part of the period showed well-developed
wind flow into the Grand Canyon from the east; in contrast, aloft and at relatively low
altitudes, winds flowed strongly from the west.

Still photographs provided additional information on the meteorological context of
February 11-14. Photographs from Echo Cliffs looking northeast toward NGS—about 24
km away—showed noticeable haze on February 8 that dissipated on February 9. On the
9th, a brown plume was seen moving in a westerly direction from NGS. On February
10-12, the plume was embedded in fog; when the fog rose, the plume appeared to move
to the west. On the afternoon of February 12, skies were clear and visibility was
improved, except in the Lake Powell valley, where a haze was obvious. These
photographs are evidence that the NGS plume was entrained into a cloudy environment
with winds traveling toward the GCNP most of the time during February 11-14. The
presence of cloud water within the plume has important implications regarding the
conversion rate of SO2 to , because the heterogeneous conversion rate in cloud
droplets can be much faster than that for homogeneous gas-phase conversion.

Chemical and Physical Evidence.

The chemical and physical evidence are summarized by the following statements,
most of which are based on data obtained during WHITEX.
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1.  Averaged over the WHITEX study period,  aerosol was a significant
contributor to non-Rayleigh light extinction at Hopi Point in GCNP.
During certain episodes,  was the predominant contributor to non-
Rayleigh light extinction. These conclusions regarding the contribution of

 aerosol to haze at Hopi Point are not sensitive to uncertainties in the
WHITEX data (including substantial uncertainties regarding the carbon
data). These conclusions are based on visibility and aerosol data taken
during WHITEX and on literature values for sulfate light extinction
efficiencies and are consistent with prior studies linking  to haze in
the Southwest (Trijonis et al., 1989).

2.  NGS is one of the largest single SO2 sources in the United States west of
the 100th meridian, and during WHITEX, it was also among the largest.
Although other large SO2 sources could affect Hopi Point (e.g., the
smelters in southeast Arizona and Mexico, other power plants, and urban
areas), NGS is the source closest to Grand Canyon—25 km from the
GCNP boundary and 110 km northeast of Grand Canyon Village—while
the other major sources are 300-500 km distant. Mass-balance
considerations suggest that the rate of SO2 emissions from NGS during
WHITEX was large enough to produce sulfur concentrations at GCNP
much greater than those measured at Hopi Point.

3.  The  measured at Hopi Point during haze episodes probably included
contributions from sources within the region. These episodes tended to
occur during stagnant wind conditions, which could lead to the
accumulation of emissions from sources in the region, as evidenced by the
significant spatial inhomogeneities in  concentrations. The modeling
studies of transport winds during the major stagnation episodes showed
that NGS emissions could affect GCNP. However, these findings do not
preclude the possibility of significant contributions from other local and
regional sources, such as copper smelters, urban areas, and other power
plants.

4.  During the periods selected for tracer analysis, the tracer data showed that
Page and Hopi Point were affected significantly by the NGS plume. During
three episodes, average CD4 tracer concentrations were generally much
higher at Page and substantially higher at Hopi Point than at the other six
sampling locations. The CD4 tracer indicated that NGS contributions could
account for total sulfur concentrations 2.5 times greater than those actually
measured at Hopi Point. However, these tracer studies cannot account for
losses in transit, nor can they reduce the large uncertainties regarding the
conversion rates of SO2 to .

5.  Cloudy conditions were observed during WHITEX haze episodes. These
conditions favor the higher conversion rates required to generate
significant  contributions from NGS at Hopi Point.
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Quantitative Assessment

The committee concludes that a properly conceived and executed experiment,
using a methodology and design similar to those used in WHITEX, might be
useful to determine quantitatively the fraction of  aerosol and resultant
haze in GCNP that is attributable to NGS emissions.

The committee concludes that an experiment based on the WHITEX methodology
could provide a quantitative determination of the fractional contribution of NGS to haze
in GCNP in simple—but highly improbable—cases, such as:

•   If no CD4 were measured in GCNP, then the unambiguous conclusion would be
that NGS made no contribution to GCNP haze. The absence of measurable
CD4 would be evidence that no material of any kind was transported from
NGS to GCNP.

•   If CD4 were measured in GCNP and background measurements showed that
 from other sources were insignificant at that time, then all 

detected could be attributed to NGS.

Beyond simple cases such as these, there is little consensus among those in the
source apportionment field about which methods might be appropriate for apportioning
haze due to secondary . Labeling the sulfur or oxygen might provide a definitive
test. However, because of the large background 34S and the radioactivity of 35S, use of
these isotopes is impractical. Some believe that extensions of receptor-oriented
techniques similar to those used in WHITEX, if applied with better tracers and better
temporal and spatial resolution, might provide quantitative estimates.

Others believe that alternative analyses would provide more reliable quantitative
estimates. For example, a mass balance might be developed to explain measured SO2 and

 concentrations across the sampling stations. The mass balance would incorporate
emissions from all sources in the region, calculations of convective fluxes based on
dynamic meteorological modeling, and wet and dry deposition (using measured values
where possible). Others feel that source apportionment can best be achieved using
deterministic models that couple transport, deposition, and known 
conversion mechanisms. The validity of the models would be tested by comparing
simulations with measurements from the sampling stations. This lack of consensus
among experts is evidence of the need for further efforts to validate or otherwise evaluate
methods used for source apportionment of secondary aerosols.
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The committee concludes that WHITEX did not quantitatively determine the
fraction of  aerosol and resultant haze in GCNP that is attributable to
NGS emissions.

The committee found that the data analyses described in the NPS-WHITEX report
contain weaknesses that preclude quantitative source apportionment. The report did not
attempt to quantify the effects of departures from model assumptions on the analysis, nor
did it establish an objective and quantitative rationale for selecting among various
statistical models. In addition, the conceptual framework for DMB involves physically
unrealistic simplifications, and their impact on quantitative assessments was not
addressed. These points are elaborated in the following section.

LIMITATIONS OF THE WHITEX STUDY

Weaknesses in the Data Base

Uncertainties about Tracer Data.

DMB and TMBR require that emissions from specific sources or source types be
associated with unique tracers. In WHITEX, these tracers were CD4 for NGS, As for
copper smelters, and Se for coal-fired power plants (although the latter two sources each
emit some Se and As, respectively). No tracer in WHITEX was used to evaluate urban
emissions; therefore, the fraction of haze attributable to these sources is impossible to
calculate. Furthermore, the source profile for power plants was based on limited aircraft
measurements of NGS emissions downwind from the stacks. The copper-smelter profile
was based on old and uncertain data from the literature. Variabilities and uncertainties in
NGS CD4 emission rates (which ranged from 2 to 5 mg CD4 per MW during the study
(Appendix 2, p. 75)) led to substantial uncertainties in the day-to-day relationship
between CD4 and NGS sulfur emissions. Moreover, at Hopi Point, CD4 concentrations
were determined for only 36 samples, an undesirably small data set for the types and
large numbers of statistical analyses performed on the data.

Several questions have been raised about the accuracy of the data regarding CD4
emissions from NGS and, specifically, the ratio of CD4: SO2. The rate of injection of
CD4, normalized to power output, was known to vary during the experiment by a factor
of 2.5, and these changes were factored into the WHITEX data analyses. However, the
ratio of CD4: SO2 was not measured in the stack (samples apparently were collected but
not analyzed). The ratio was measured in the plume using samples collected from
aircraft. In addition, a small leak was discovered in the CD4 injection line after the
experiment was completed.
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The NPS-WHITEX report provides little documentation of procedures and quality
assurance for the sampling and analysis of ambient CD4. Despite the known problems
with emissions and the lack of documentation on ambient measurements, the committee
concluded that the CD4 data are among the most useful data obtained in WHITEX,
because CD4 is the most specific tracer available for NGS emissions. In addition, most of
the difficulties with the CD4 data pertain to daily variations in the concentrations, not the
overall average concentrations. Nonetheless, deficiencies in the experimental design
precluded quantitative results regardless of CD4 data quality.

Absence of Measurements within the Grand Canyon.

One of the greatest weaknesses of the study was that no measurements were made
below the rim of the Grand Canyon, within the canyon itself. As suggested by
meteorological considerations and supported by still photographs and a time-lapse video
of the February 11-14 period, a strong shallow wind flowed over the Colorado plateau
and cascaded into the eastern end of the canyon at Desert View. This suggests that sulfur
concentrations in the canyon might have been considerably greater than was observed on
the rim farther away at Hopi Point.

Inadequacy of Background Measurements.

Because the WHITEX study originally focused on Canyonlands National Park, too
few sampling stations were located in the area surrounding GCNP. Without data from
additional stations, the effect of NGS emissions is difficult to differentiate from those of
other sources in the region. These considerations are important for a thorough evaluation
of the sources of  in GCNP. This issue is addressed in more detail below.

Departures from Statistical Assumptions

The statistical assumptions underlying TMBR are accurately identified in
Appendix 6B of the NPS-WHITEX report. Analogous assumptions underlie DMB,
because it too is based on regression analysis. The discussion of the TMBR assumptions
concludes, ''Ideally, if there was a constant background pollutant concentration . . . and if
the tracer release was directly proportional to emissions, and emissions were
conservative, the reported estimated average NGS contribution should be a reliable
estimate of the actual value for the time period in question.''

Each of the quoted conditions appears to have been violated by the WHITEX data.
The nonproportionality of the CD4 release rate and the nonconservation of SO2
emissions are discussed at length in the NPS-
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WHITEX report and this report. Less is known about the behavior of the background
, because insufficient attention was devoted to it in the placement of sampling

sites and the selection of CD4 samples for analysis. However, the concentration of non-
NGS  in the region clearly varied significantly. For example, concentrations at
Monticello increased from 0.27 mg S/m3 from late February 9 to 0.45 mg S/m3 early
February 10 (Fig. 3); during this period, CD4 was 9 × 10-5 ppt, corresponding to a
maximum possible contribution from NGS of only about 0.05 mg S/m3 (Appendix 2, pp.
76, 77, 85 (eq. 6-10)). Samples collected at Green River, Canyonlands, and Bullfrog
during this period were not analyzed for CD4.

The NPS-WHITEX report did not attempt to quantify the effects on its analyses of
departures from the statistical assumptions that it identified. However, the potential
magnitude of such effects is substantial. Unfortunately, the WHITEX design did not
provide the data needed for a definitive resolution of this issue.

Formulation of Statistical Models

The  contribution attributed to NGS depends strongly on the model chosen,
the tracers included in the model, and the criteria by which the model is fit to the data.
The NPS-WHITEX report attached most significance to the TMBR and DMB models
using the variables of CD4 concentration × RH for NGS and As concentration × RH for
copper smelters. Variable selection was critical to the interpretation of the results,
because CD4 is clearly not the only tracer correlating with GCNP . Indeed, NPS
noted in its reply to SRP's comments that two-thirds of the  variance can be
accounted for by RH and As alone. To establish a more rational basis for quantitative
attribution, more attention must be given to alternative formulations for TMBR and
DMB and to criteria for selecting among them. However, even if these criteria were
adequately considered, the statistical results would most likely remain non-robust in the
sense that the source attributions generated by the various statistical models would
probably still differ substantially from one another. One difficulty is that the number of
plausible alternative models is substantial relative to the number of samples for which
CD4 data are available. As the number of models increases, so does the likelihood that
one of them will test significant purely by chance.

The NPS-WHITEX report assumed  yields from NGS and smelter emissions
to have been proportional to the ambient RH, as an index of their exposure to liquid
water. This is a simple and indirect assumption, which scales intermittent processes
along the entire trajectory at cloud level directly
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Figure 3
Fine particulate sulfur (mg/m3) measured at WHITEX sampling sites, February
9-12, 1987. (Multiply by 3 to get sulfate.) Source: Malm, 1990.
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to a continuous variable measured locally at ground level. The RH factor is critical
to the explanatory power of the statistical models: without it, CD4 alone can account for
only 3% of the observed variance in  at Hopi Point and only 6% of the observed
variance in total sulfur. Given the overriding importance of the RH scaling factor, the
committee believes that the sensitivity of results to alternative assumptions should have
been explored in formulating the models used for the TMBR and DMB analyses. The
NPS-WHITEX report also assumes that the contributions of background sources, such as
other power plants and urban areas, were unaffected by RH. No effort was made to
justify this assumption. The committee believes the report should have considered the
possibility that yields from other sources were also affected by RH.

Simplifications in the DMB Model

The DMB analyses are dependent on unique "plume ages." The validity of these
ages is questionable, given that travel times from NGS to Hopi Point were estimated to
be 12-48 h on February 11-12. Slow-moving air parcels typically contain a mixture of
materials (possibly more than one plume) emitted from a variety of sources.
Furthermore, plume ages were estimated only for NGS emissions and not for other
contributing  sources. The effects of these simplifications on quantitative
apportionment are unknown.

The DMB approach is based on linear models for the oxidation of SO2 to 
and for the deposition of SO2 and . In reality, both processes are likely to occur at
rates that can vary greatly in time and space. The major transformation process for SO2
during wintertime conditions is probably oxidation by hydrogen peroxide (H2O2)11 in
clouds. Oxidation rates by this process theoretically can exceed several percent per
minute. Such high rates are maintained for only short periods due to rapid depletion of
either H2O2 or SO2. In the absence of clouds, the photochemical conversion rate of SO2
is very slow—lose to 0%/min—under wintertime conditions at GCNP. The result is that
under cloudy conditions, a significant portion of the SO2 in an air parcel is rapidly
transformed to  each time the parcel is entrained into a cloud; otherwise, the SO2
remains essentially unconverted and, hence, cannot contribute significantly to haze
conditions in GCNP.

Furthermore, deposition and oxidation are coupled processes. Because of

11 A more realistic model should include the heterogeneous oxidation of SO2 in cloud
water by ozone, oxygen (carbon or metal ion catalyzed), and other oxidants.
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the nonuniform transformation rate of SO2 to , dry deposition rates also are
nonuniform. Rainfall was measured between February 10-12 at the Grand Canyon
Airport weather station; consequently, wet deposition occurred. Because rainfall in
complex terrain is seldom spatially or temporally uniform, wet-deposition rates were
probably not uniform. These nonuniformities in conversion and deposition rates lead to
variabilities in the relationship between  concentrations measured at the receptor
sites and tracer concentrations used in the regression analyses. Because these
nonuniformities were not taken into account in the DMB formulation, the DMB results
are of questionable applicability.

Potential Covariance of NGS and Other Source Contributions

Even if CD4, Se, and As were accepted as satisfactory tracers for all major sources
that could potentially affect GCNP, a critical gap remains in the chain of evidence—CD4
was not shown to add anything to the explanatory power of Se and As. In other words,
the NGS tracer was not shown to correlate with any of the  variability that is not
already accounted for by generic source tracers. One reason for this might be that CD4
and Se are themselves correlated, with a correlation coefficient of 0.6. This suggests that
the effects from NGS emissions and those from other Se sources affecting the Grand
Canyon were correlated (and perhaps highly correlated considering imprecisions in the
data set).

It is true, as stated by NPS, that a high degree of collinearity between CD4 and Se is
consistent with the conclusion that the emissions from other plants did not reach GCNP
and that all Se came from NGS. However, the observed degree of collinearity is also
consistent with the hypothesis that emissions from other plants did reach GCNP and that
their  contributions were correlated with those of NGS. The latter hypothesis is not
unreasonable, given that most other power-plant emissions occur also to the east and
north in the Colorado River drainage basin, and that RH could have had a similar effect
on those emissions. Under such conditions, it is difficult to distinguish statistically the
relative effect of NGS from those of other coal-fired power plants in the region, given
the limited number of data. The committee concludes that GCNP haze due to NGS
emissions cannot be quantitatively estimated solely on the basis of TMBR and DMB
analyses.
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Estimates of the Range of Possible Impacts of NGS
Emissions at Hopi Point

The WHITEX data can be used to estimate ranges of possible  effects from
NGS. These estimates consist of a series of mass-balance calculations made on the basis
of simplifying assumptions. These calculations are made for illustrative purposes and
cannot, in themselves, prove or disprove that NGS emissions were responsible for GCNP
haze, because measurements needed to confirm some of the assumptions were not made
during WHITEX. The committee's estimates are summarized below. In discussing these
estimates, the committee devised a set of three questions to address specific concerns.

Assuming that all NGS emissions are carried into GCNP under typical wind
conditions, is the rate of NGS SO2 emissions sufficiently large to produce total
sulfur concentrations in GCNP that are comparable in magnitude to those
measured during WHITEX at Hopi Point?

This is the simplest quantitative question that can be asked about the potential
impact of NGS on haze in GCNP. This case ignores all complicating questions and
focuses on the worst case—that all NGS sulfur emissions are carried into the Grand
Canyon and distributed uniformly throughout it. Using the NGS emission rate during
1987 reported in the NPS-WHITEX report (163 tons SO2/day) (Appendix 2, p. 80),
assuming the width and depth of the Grand Canyon range generally from 8 to 16 km and
0.9 to 1.2 km respectively, and assuming a mean wind speed of 2-4 m/sec (pers. comm.,
K. Gebhart, NPS, May 25, 1990), the total sulfur concentration within the canyon would
be about 10-60 mg/m3. This is much greater than the NPS-WHITEX-estimated upper
limit of total sulfur attributed to NGS at Hopi Point over the period of the CD4 analyses.
This total sulfur concentration is also significantly greater than the total sulfur measured
at this site during this period, when values were typically in the range of 0.2-1 mg/m3

(absolute range, 0.07-1.50 mg/m3, excluding the single value of 4.4 mg/m3) (Appendix 2,
pp. 84, 85).

Although crude, this estimate suggests that under appropriate conditions, the rate of
SO2 emissions from NGS is easily large enough to serve as the source of the sulfur
measured in GCNP. The implicit assumptions in this upper-limit calculation are: 1) that
the meteorological conditions enable the NGS plume to be transported into the Grand
Canyon with little dispersion (i.e., that a substantial fraction of the NGS output actually
enters the canyon), and 2) that there is relatively little loss of sulfur during transit. It is
clear that

HAZE IN THE GRAND CANYON: AN EVALUATION OF THE WINTER HAZE
INTENSIVE TRACER EXPERIMENT

33
Ab

ou
t 

th
is

 P
D

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 t
he

 o
rig

in
al

 w
or

k 
ha

s 
be

en
 r

ec
om

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 f
ro

m
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 f

ro
m

 t
he

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Haze in the Grand Canyon: An Evaluation of the Winter Haze Intensive Tracer Experiment
http://www.nap.edu/catalog/1574.html

http://www.nap.edu/catalog/1574.html


both assumptions often were not true to some degree during the experiment.
Furthermore, this estimate does not address the question of the degree to which SO2 is
converted to , a factor that is critically important to haze effects.

If the NPS-WHITEX estimates of sulfur transport from NGS to GCNP are
correct, how much SO2 might be expected to be converted to  aerosol
during transit from NGS to GCNP under winter meteorological conditions
such as those observed during WHITEX?

To address this question, the committee estimated upper and lower limits for the
amount of conversion that could take place using data for the haze episode on February
11-12. Data were used from this episode because it is the focus of much of the WHITEX
analysis. At Hopi Point on February 11-12, a maximum of about 2 mg/m3 S(CD4) could
have come from NGS (Appendix 2, p. 85). This is based on the CD4 concentrations at
Hopi Point and the total sulfur: CD4 ratio in the NGS plume. The total measured
concentration of sulfur at Hopi Point was about 0.5 mg/m3 on February 11, and 0.25-0.4
mg/m3 on February 12 (Appendix 2, p. 84).

Minimum Conversion of SO2 to .

In the absence of clouds, SO2 conversion is controlled by homogeneous gas-phase
photochemistry, and conversion rates are at a minimum. The NPS-WHITEX report
provided estimates of the wintertime 12-h average daytime conversion rate (about 0.06%/
h) and the 24-h average rate (about 0.03%/h) (SAI, 1985; Appendix 2, p. 81). The NPS-
WHITEX-estimated transport times from NGS to Hopi Point during February 11-12
ranged from 12 h to 48 h (Appendix 2, p. 82).12 The committee assumed that the
maximum 2 mg/m3 S(CD4) at Hopi Point began its transit from NGS as SO2 and that
there was no loss from the plume due to wet or dry deposition. For a 12-h transit time
and an oxidation rate of 0.06%/h, the maximum amount of secondary  aerosol
generated during transit would be only 0.043 mg/m3.  For a 48-h transit and a
daily average homogeneous SO2 oxidation rate of 0.03%/h, the concentration

12 Figure 6.10 of the NPS-WHITEX report provides conversion rate estimates for
December and March, two periods that bracket the February period of interest. Because
the present objective is to estimate a lower limit on the SO2 conversion, the conversion
rate estimates for December are used. These conversion rates are consistent with
experimental data on the SO2 conversion rate that was observed to occur in the NGS
plume during another visibility experiment (Richards et al., 1981).
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would be only 0.086 mg/m3 . Aerosol concentrations of this magnitude should
have little effect on haze at Hopi Point. This conclusion is based on field measurements
and on the relationship between  concentrations and haze (Trijonis et al., 1989).

From data in the NPS-WHITEX report on the primary-particle emission rate from
NGS and the primary-particle concentration in the NGS plume, the committee also
estimated an upper limit for the transport of primary-particle emissions from NGS to
Hopi Point and concluded that NGS primary particles should not play an important role
in GCNP haze.

The calculations above assume that the only effective processes are the generation
of secondary aerosol through homogeneous gas-phase chemistry and the transport of
primary aerosol. In reality, some depositional loss of SO2 and aerosol during transport to
Hopi Point is inevitable. Consequently, the actual contribution of NGS emissions would
be lower than that calculated here.

Maximum Conversion of SO2 to .

The maximum conversion rate would occur through heterogeneous oxidation of
SO2 by H2O2 (and O3) to form  within cloud droplets. Video tapes show that
clouds were present in the vicinity of the Grand Canyon during much of the study period.
Measurements of H2O2 rarely are made in the atmosphere except in connection with a
specific experimental program. None were made at or near the Grand Canyon during
WHITEX. The nearest temporal and spatial measurements appear to be those of Van
Valin et al. (1987). They found that for cloud-free conditions, H2O2 concentrations
ranged between 0.1 and 0.5 ppb in February 1987 near Memphis, Tennessee,
approximately the latitude of the Grand Canyon. Because H2O2 concentrations in the
Grand Canyon were not measured, the committee assumed that, for the purpose of
estimating the maximum oxidation rate, these data were representative of the NGS
plume. If 0.1-0.5 ppb H2O2 reacts completely with SO2 in an oxidant-limited system,
about 0.4-2 mg/m3 of  is formed. This concentration range includes the maximum
12-h average total  concentration measured at Hopi Point, 1.3 mg/m3 (derived
from Fig. 3) during February 11-12, and is below the limit of the maximum amount of
NGS-sulfur that potentially could be present—6 mg/m3  (2 mg/m3 S(CD4)).

This estimate suggests that the heterogeneous conversion of NGS-emitted SO2
could account for virtually all of the  measured at Hopi Point on February 11-12.
If all of the  measured at Hopi Point over February 11-12 were due to NGS
emissions, then NGS definitely would have contributed to haze at Hopi Point. However,
the validity of the assumptions regarding heterogeneous conversion are unknown.
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Was there evidence that regional background  could have accounted for
a significant fraction of the 1.3 mg/m3  at Hopi Point on February 11?

This question can be addressed by examining the WHITEX data obtained at all
sampling stations. Late on February 9,  levels were relatively uniform throughout
the area northeast of NGS, in the range of 0.6-1 mg/m3 (Fig. 3). The same was true early
on February 10, at all sites northeast of NGS except Monticello, where the concentration
was about 1.4 mg/m3. (Data from Page were excluded from this background
determination, because this site clearly was too close to NGS.) Thus, values in the range
of 0.6-1 mg  could be concluded to constitute the regional background for
February 9, and early February 10.

Subsequent NGS emissions can be added to the background as the air mass passes
over NGS and proceeds to GCNP. At Hopi Point on February 11,  concentrations
were near 1.3 mg/m3. On February 12, the total  measured at Hopi Point was about
the same as the initial regional  background estimate. If the committee's estimate
of background is correct, then the  increment above regional background
that might be attributed to recent NGS emissions would be in the range of 0.3-0.7 mg/m3

out of the total 1.3 mg/m3 measured at Hopi Point on February 11.
The committee's assumption of the existence of background  concentrations

says nothing about the possible sources of that background . It does not preclude
the possibility that a significant portion of background  was derived from NGS
emissions in the days preceding February 11. CD4 concentrations at Mexican Hat and
Monticello on February 9-10 were 8-9 × 10-5 ppt (Appendix 2, p. 76-77). Samples
collected at Green River, Canyon-lands, and Bullfrog during this period were not
analyzed for CD4. The measured concentrations imply an upper-bound NGS contribution
of 0.15 mg/m3  to the regional background, suggesting that on this occasion, most
of the regional background  was actually not derived from NGS.

This illustration obviously is inexact; its primary purpose is to show the importance
of accurate data on background concentrations for each air-parcel trajectory.
Unfortunately, background  was not adequately addressed in the NPS-WHITEX
report. A further analysis of the WHITEX data is warranted to assess the effect of
regional background  on the amount of  measured at Hopi Point. Even if
this analysis were pursued, background estimates at GCNP would remain uncertain,
because the number of sampling stations was inadequate to evaluate this aspect. The
existence of significant background  concentrations implies that, if NGS emissions
were controlled, wintertime haze at GCNP likely would be reduced but not eliminated.
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THE COMMITTEE'S CONCLUSIONS IN PERSPECTIVE

The committee cautions that its conclusions do not resolve whether EPA should
require NGS to install the best available retrofit technology. First, the committee's
conclusions are not binding on EPA or any other government agency. Second, even if
accepted by EPA, the committee's conclusions would not dictate a particular result to
EPA's rule making. Section 169A of the Clean Air Act generally requires the installation
of BART on any ''major stationary source'' built after 1962 if that source "emits any air
pollutant which may reasonably be anticipated to cause or contribute to any impairment
of visibility" in a listed Class I area, such as GCNP. The phrase "may reasonably be
anticipated" suggests that Congress did not intend to require EPA to show a precise
relationship between a source's emissions and all or a specific fraction of the visibility
impairment within a Class I area. Rather, EPA is to assess the risk in light of policy
considerations regarding the respective risks of overprotection and underprotection (U.S.
Congress, 1977). These considerations transcend scientific issues and are, therefore,
outside this committee's purview.

CONCLUSIONS

The committee concludes that an experiment such as the WHITEX study provides a
valuable data base that sheds light on the nature and magnitude of the haze problems at
GCNP. The use of CD4 as a tracer was innovative and added considerable power to the
program. NPS and the members of the WHITEX team are to be commended for
including the use of this unique and powerful tracer in WHITEX and for attempting to
use CD4 in qualitative and quantitative assessments of the impact of NGS emissions on
haze at GCNP. The NPS mounted a very complex atmospheric measurement and
analysis program at many field sites in a region that is logistically difficult to service,
and NPS went well beyond the original planned feasibility study. On the basis of the data
presented in the NPS-WHITEX report, the committee concludes that, at some times
during the study period, NGS contributed significantly to haze at Hopi Point in GCNP.
The committee bases this qualitative assessment on evaluations of meteorological,
photographic, chemical, and other physical evidence.

The committee also concludes that aspects of the WHITEX data analysis preclude a
quantitative determination of the exact fraction of the Grand Canyon haze problem that
is attributable to NGS. These aspects are primarily related to problems with
implementation and interpretation of multiple linear regression models. The NPS-
WHITEX report makes few attempts to quantify
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the sensitivity of the analyses to departures from model assumptions or to establish an
objective and quantitative rationale for selecting among various statistical models. In
addition, there were weaknesses in the data base. Especially damaging were the absence
of measurements within the Grand Canyon itself and the inadequate consideration of
background  concentrations in the vicinity of the GCNP.

The committee does not believe that its report resolves the regulatory issues before
EPA regarding NGS. These issues involve policy considerations outside the committee's
purview.

In closing, the committee stresses that the deficiencies of the NPS-WHITEX report
appear largely due to unexpected problems that often accompany the use of new
scientific approaches. WHITEX may, therefore, be valuable to other researchers in
designing and carrying out source-attribution studies.
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Appendix 1:

Nature of the Visibility Problem

A person's judgment of aesthetic damage is related to the ability to see form,
texture, and color of scenes at various distances. Visibility can be quart-titled directly in
terms of human judgments or in terms of indices, such as light extinction, that can be
related to judgments.

Visibility can be described quantitatively in terms of the following indices:

•   Contrast—the relative brightness of various features in a scene;
•   Discoloration—shifts in the wavelength distribution of light as it moves

through the atmosphere;
•   Visual range—the farthest distance at which an observer is able to distinguish a

large black object against the horizon sky; and
•   Extinction coefficient—the fraction of light that is attenuated per unit of

distance as a light beam traverses the atmosphere.

A decrease in visual range from 130 to 110 km produces a noticeable change in the
contrast (relative brightness of various features within a scene) and coloration
(distribution in wavelengths of received light) of a view only 30 km away. Contrast and
coloration yield the best correlation with subjective human evaluations of visual air
quality.

Of the four visibility indices, the extinction coefficient is the one that is most
directly related to the composition of the atmosphere. The total amount of light
extinction is the sum of scattering and absorption of light by particles and gases. The
extinction coefficient, Bext, in conventional units of Mm-1 [(106 m)-1], thus comprises
four additive components, Bext = Bsg + Bag + Bsp + Bap:

Bsg = light scattering by gas molecules. Gas scattering is almost entirely
attributable to oxygen and nitrogen molecules in the air, and it is often
referred to as Rayleigh or natural "blue-sky" scatter. It is
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essentially unaffected by pollutant gases, such as SO2, because of their
low relative concentrations.

Bag = light absorption by gas molecules. Nitrogen dioxide (NO2) is the only
significant atmospheric trace gas that absorbs visible light.

Bsp = light scattering by particles. Bsp usually is dominated by free particles,
because the scattering efficiency/unit particle mass exhibits a
pronounced peak in the range of 0.1-1.0 mm. Many pollutant aerosol
species occur in this size range.

Bap = light absorption by particles. Bap arises almost entirely from black
carbon particles.

In the absence of particles, visibility is limited by the Rayleigh scattering of air
molecules. Under such conditions, the nominal visual range, which is one component of
visibility, is on the order of 330-400 km. Fluctuations of mass concentration up to a few
tenths of a mg/m3 should cause little perceptible change in the optical properties of the
atmosphere, except perhaps under conditions of high RH. At an aerosol mass of a few
tenths of a mg/m3, aerosol extinction starts to become significant compared with
Rayleigh scattering. Increases in aerosol concentrations above this level could cause
significant decreases in visual range and shifts in color and contrast. RH affects visibility
significantly—specially for aerosols that are hygroscopic, such as those containing

. The size of hygroscopic aerosols can change dramatically with changes in RH.
However, the factors controlling growth are quite complex and very sensitive to the
composition of the aerosol. During WHITEX, the mean fine particle concentration at
Hopi Point was reported as about 1.6 mg/m3; of this,  contributed about 0.5 mg/m3.

Past estimates (Trijonis et al., 1989) suggest the following annual average
apportionment of Bext in the region of GCNP:

Bsg= 10 Mm-1.
Bsp (natural) = 7 Mm-1.
Bsp (regional anthropogenic average) = 8 Mm-1.
These values suggest a natural background extinction (Bsg + Bsp (natural)) of about

17 Mm-1 out of the current regional average of about 25 Mm-1. Accordingly, pollution
aerosols from all sources have on the average resulted in about a 50% increase in light
extinction above natural conditions. During haze episodes, pollution aerosols can
produce extinction values 2 or more times higher than natural levels (Trijonis et al.,
1989), so that pollution effects dominate natural contributions. Under such
circumstances, visibility will be severely degraded.
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Chapter 1

Introduction

THE DESIGN AND IMPLEMENTATION OF THE WINTER HAZE INTENSIVE
TRACER EXPERIMENT-WHITEX

1.1 Overview

Protection of vistas for certain national parks and wilderness areas as provided by
the Clean Air Act Amendments of 19771 has stimulated an interest in visibility research.
Methods are being developed and used to characterize atmospheric transparency, to iden-
tify the relative importance of the various particulate and gaseous atmospheric materials
and to determine the role of man-made emissions. Much of the research has been con-
ducted in the desert Southwest, in particular in northern Arizona and southern Utah. The
juxtaposition of energy resources (especially coal) and national parks (including Grand
Canyon, Bryce Canyon and Canyonlands) in an area where small changes in aerosol con-
centration can significantly affect visibility justifies concern by government and private
organizations for visibility impacts resulting from industrial emissions. Figure 1.1 is an
emission density map showing locations of major SOx sources and national parks on the
Colorado Plateau.

Accordingly, a cooperative effort, the Subregional Cooperative Electric Utility
(comprised of the Electric Power Research Institute, Southern California Edison and the
Salt River Project), National Park Service (NPS), Environmental Protection Agency
(EPA) and Department of Defense (DOD)) Study, SCENES, is centered in this area. It
operates on a five-year plan (1984-1989) involving continual visibility and aerosol mea-
surements at a dozen locations, plus more in-depth intensive and special studies con-
ducted over shorter, seasonally representative periods. One of these, the Winter Haze
Intensive Tracer Experiment (WHITEX) was conducted in January and February 1987 in
the Colorado River area of the Colorado Plateau.

1.2 Background

The Colorado Plateau, with its many associated class I national park areas, was cho-
sen as the location to implement a scoping study designed to evaluate the ability of a
variety of receptor modeling approaches to attribute visibility impairment in a number of
class I areas to emissions from a single point source, the Navajo Generating Station. The
area, shown in Figure 1.3, is by most standards remote, undeveloped and sparsely popu-
lated. The nearest large urban areas are over 300 km away. Only a few smaller urban
areas or towns are within the area; these include Moab, Utah, Page, Arizona and at the
most western end of the study area, Las Vegas, Nevada.
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Figure 1.1:
Approximate SOx emissions from major point sources and urban areas in the
southwest United States for 1987.
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There are a few small industrial enterprises in the vicinity such as sawmills, mining
and milling operations and a number of large coal fired electric generating facilities, one
of which is the Navajo Generating Station (NGS) located near Page, Arizona. The
Navajo Generation Station is a large (2300 MWe) coal-fired power plant without sulfur
dioxide control equipment; thus, it is a significant single contributor of sulfur species—
sulfur dioxide (SO2) and sulfate particles ( ) —to the atmosphere of the region. With
the control and shutdown of several smelters in the western U.S., NGS has become the
largest single SO2 emission source in the West.2

The terrain surrounding the lower Colorado River rises to about 800 meters above
the water's surface. Wintertime meteorology in the area is characterized by several peri-
ods of stagnation, of about one week each. Air pollutants can be trapped by a persistent
thermal inversion below the height of the surrounding terrain during the stagnation peri-
ods, resulting in a distinct visible surface haze layer. These stagnant periods are inter-
rupted by synoptic-scale fronts with associated strong winds sweeping rapidly through
the area.3 The winter haze over the Colorado Plateau area has been routinely documented
with photographs since 1978 by the EPA, NPS and BLM (Bureau of Land Management).
The haze is usually seen as a bright white layer with a distinct upper edge and it occa-
sionally includes one or more perceptible layers.3, 4

A number of earlier investigations have been prompted by the need to determine the
origins of the haze. NPS sponsored several modeling efforts to evaluate the possibility
that the Navajo Generating Station is partially responsible for the haze.5, 6 A wind field
model was adapted for the area's terrain and winter meteorology to investigate transport
and diffusion. In a separate study, ambient nitrogen chemistry was theoretically simu-
lated to estimate the role of particulate nitrates.7 Though both efforts added to the knowl-
edge of the source of the haze, the uncertainties in modeling this situation led to
approaching the question with observational studies.

A SCENES special study was previously conducted in 1986 at Glen Canyon to pro-
vide information to aid in planning subsequent observations.8 The primary objectives of
this exploratory study were to determine the horizontal and vertical extent of the haze
and to identify major constituents of the haze. Aircraft-based measurements confirmed
the haze to be more extensive horizontally than just the Glen Canyon area (e.g., extend-
ing at least to Bryce and Grand Canyon to the west). This greater horizontal extent
enlarges the number of possible emission sources to be considered. This complicates the
source attribution because the contribution of any one source may vary considerably with
time and location within the haze. In mapping the vertical extent of the haze with an
instrumented aircraft, the air above the inversion layer was found to be essentially parti-
cle-free, while below the layer, scattering coefficients varied from two to five times
clean air values. Sampling at the south end of the lake only, the particles were found to
be composed largely of sulfates and organics. Nitrates were found to be primarily
gaseous, with about a tenth of the total being particulate nitrate.

1.3 Study Plan

Shortly after the completion of the winter 1986 study, the SCENES participants
began planning a more comprehensive effort for the winter of 1987 to address persistent
questions about the nature and sources of winter haze conditions. The overall study objec-
tive was to assess the feasibility of attributing emissions from a single point source to
visibility impairment in prespecified geographic regions. Specifically, various receptor
and deterministic models were to be evaluated and inter-compared as to their ability to
link Navajo Generating Station emissions to visibility impairment at Grand Canyon and
Canyonlands National Park and Glen Canyon National Recreation Area. Meeting this
objective is a three tier process. First the relative contribution at the receptor site
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of primary and secondary aerosols associated with the NGS must to be achieved. Sec-
ondly, the contribution of these aerosol species to atmospheric optical variables needs to
be established, and finally the contribution of optical variables associated with power
plant emissions to an incremental decrease in visibility below that which would have
existed otherwise needs to be examined.

The major focus of the WHITEX study is centered around the evaluation of recep-
tor oriented approaches for linking NGS emissions to aerosol concentrations in Grand
Canyon and Canyonlands National Parks and Glen Canyon National Recreation Area. In
a receptor type model the atmosphere is treated as a black box through which source
emissions are transferred to the receptor site. Source receptor relationships are empiri-
cally developed using statistical inference techniques. Historically, the chemical mass
balance (CMB) formalism has been most often used to link source emissions to aerosol
concentrations at a receptor site. The CMB approach essentially uses ratios of trace mate-
rial associated with different sources in combination with trace material measured at the
receptor site to apportion primary (nonconverting) aerosol species. However, CMB has
serious short comings in that it is not designed to apportion secondary aerosols, such as
ammonium sulfate, to its SO2 source. Other common types of receptor models include
principal component analysis (PCA) and multiple linear regression (MLR). Explanations
of these models are given by Watson,9 Chow,10 and Hopke.11 Furthermore, Dzubay et
al.,12 Lewis and Stevens,13 and Stevens and Lewis14 have integrated a number of these
approaches into a hybrid receptor model that can be used to apportion secondary
aerosols. All these models can be shown to be special cases of a deterministic statement,
referred to in this report as the general mass balance model (GMB), of how gases and
aerosols are transported and transformed as they pass through the atmosphere. The GMB
model is discussed in detail in Appendix 6A.

In this report a regressional model, derivable from the GMB equations and referred
to as the tracer mass balance regression (TMBR) model, will be used to apportion sec-
ondary aerosol species. A full derivation of TMBR can be found in Appendix 6B. TMBR
is formulated to apportion secondary aerosols if certain assumptions are met. First, a
unique trace material must be associated with a source or group of sources and secondly
the atmospheric transfer processes must be approximated be a linear model. If a unique
tracer is not available CMB can be used to apportion non-unique tracer species to source
types and the analysis can still be carried out. TMBR essentially relies on relative
changes in secondary aerosol and tracer concentrations over time to yield the desired
apportionment.

Finally, a differential mass balance model (DMB) having elements of both determin-
istic and receptor modeling approaches will be used to apportion secondary aerosols. The
term differential is derived from the use of unique trace material spatial concentration
gradients to calculate atmospheric dispersion. Atmospheric deposition, chemical conver-
sion and transport time are calculated from first principles. A full derivation of the DMB
model can be found in Appendix 6C.

Table 1.1 outlines the different approaches as well as summarizes the major advan-
tages and disadvantages of each technique. For the sake of completeness, advantages and
disadvantages of deterministic modeling are also included in Table 1.1.

Several less quantitative approaches are also used to gain insight into basic physio-
chemical processes at work over the time period for which apportionment estimations are
carried out. These include evaluation of the relative emission strengths, plume trajectory
and streakline analysis, spatial and temporal trends, analysis of synoptic meteorological
conditions, and deterministic wind field modeling on the mesoscale level (<<200 kin).

The focus of attributing NGS emissions to optical variables will be directed toward
the relationship between various attributed aerosol species and optical extinction. Since a
change in atmospheric transmittance (extinction) under a variety of conditions has been
shown to be a good approximation to the change in the atmospheric modulation transfer
function.15 The optical ex
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tinction associated with particles can be calculated using Mie theory if the particle
characteristics are well documented. The size distribution, shape, density and refractive
index of the particles are needed for such a calculation. This information is generally
either unavailable or available with insufficient detail, so that Mie theory must rely upon
a number of assumptions. Mass size distribution data can be obtained using size segregat-
ing samplers, however, the capability of such samplers to correctly represent the particu-
late nitrate or the labile fraction of organic carbon is questionable. For instance, the mass
of the most common labile component, water, is not accounted for.

A second approach for attributing aerosol species to extinction is a statistical
methodology that relies on multilinear regression (MLR) analysis where it is assumed
that the relationships between atmospheric extinction, bext, and aerosol species mass con-
centrations, m1, are represented by . The measured m1's are assumed to be
independent variables, bext is the dependent variable and regression coefficients, σ1's, are
interpreted as extinction or scattering efficiencies depending on whether bext or bs is used
in the analysis.

For the relationship between bext and the mi's to be linear requires many restrictive
assumptions. Assumptions associated with inherent unknown and physical processes are
discussed in some detail by White.19 To minimize uncertainty in estimated extinction
efficiency, MLR is compared to efficiencies derived from other studies.

Two ways of apportionment of extinction will be examined in this report, first by
fine mass:

where mf is fine mass associated with scattering, Ce is elemental carbon which is
primarily a particle absorption term, [NO2] is nitrogen dioxide concentration, and bRAY is
scattering due to atmospheric gases. The second procedure is apportionment by aerosol/
chemical species:

where S, N, Co, Ce are particulate ammonium sulfate, ammonium nitrate, organic
and elemental carbon respectively, soil is the fine mass oxides associated with Ca, Si, Fe,
K and Ti, and R refers to mass between 2.5 µ and 10 µ .

Once source emissions have been attributed to extinction it is possible to estimate
whether those emissions will effectively reduce the ability to see a landscape feature.
Two optical variables which effectively characterize the visual effect of atmospheric
haze on vistas are the change in contrast of adjacent scenic features or those features
against the horizon sky as a function of aerosol concentration and/or composition and the
contrast of the haze itself as seen against the sky or terrain background. Calculation of
the change in contrast of adjacent scenic features as a function of aerosol concentration
in the most general case requires a knowledge of the atmospheric modulation transfer
function, Mtf,a which, in turn, requires information on inherent scene brightness, path
radiance and atmospheric transmittance between scene and observer. However, as stated
above, atmospheric modulation transfer can be approximated by atmospheric transmit-
tance under a wide variety of conditions.21 Under these circumstances,

where dCr./Cr. is the percentage change in apparent contrast of a vista at a distance
R and dbext is the incremental change in extinction coefficient derived from the extinc-
tion attribution portion of the program. Thus, Equation 1.3 can be used to assess the
amount of vista contrast reduction associated with NGS emissions. The calculation is
straightforward and can be carried out by the interested reader. However, these calcula-
tions will not made as part of this report.
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1.4 Interrelationships Between Aerosol, Optical and Visibil-
ity Apportionment

The interrelationship between measurements and apportionment methodologies as
designed for the WHITEX program are schematically represented in Figure 1.2. For pur-
poses of understanding the relative accuracy of the various receptor modeling
approaches, the study was designed to calculate aerosol and optical apportionment in at
least two separate ways. In this way, a relative accuracy of each technique can be esti-
mated. For instance, measurement of bext and aerosol composition are combined in an
MLR model to apportion extinction to aerosol species. An independent analysis using a
literature review of theoretically derived extinction efficiencies allows for an indepen-
dent estimation of extinction apportionment. The two estimations can then be intercom-
pared, and differences, if any, reconciled. Similarly, tracer (CD4) released over time can
be used in a TMBR analysis to apportion sulfur and nitrate aerosols to NGS emissions,
while DMB analysis will yield an independent estimation of NGS emission contribution
to secondary aerosols at the receptor site. The NGS sulfate and nitrate contribution to
total particulate matter at the receptor sites is then combined with the extinction appor-
tionment analysis to yield the extinction that can be attributed to NGS. The two tech-
niques can then be intercompared and differences, if any, reconciled. Finally, the
extinction apportionment data can be combined with information from radiative transfer
calculations and radiance measurement program to apportion visibility impairment.

1.5 Measurement Program

The measurement program consisted of four different types of ground station con-
figurations and one airborne platform. The configurations are classified as major recep-
tor, satellite, gradient, and background sites. Table 1.3 summarizes the variable mea-
sured, the methodology used to collect the data and the frequency at which the
measurement was made while Table 1.2 summarizes the function of each monitoring
site. Figure 1.3 shows the location of each monitoring site.

Major receptor (Type A) sites had all those measurements required for aerosol,
extinction, and visibility impairment attribution while satellite sites consisted only of
trace element, wind speed, and wind direction measurements. Satellite sites were used to
characterize air masses flowing into and out of the study region and were used to explore
temporal and spatial trends. At gradient and background sites bscat, fine mass, ions, car-
bon, trace elements, and tracer concentrations and meteorological variables were mea-
sured. Gradient sites were also used to examine spatial and temporal trends while the
background site helped characterize air masses on a regional scale.

A full description of how each parameter was measured is discussed in chapter
three. Therefor only a brief description of the measurements will be presented here.
Atmospheric extinction was measured with a newly developed long path transmissome-
ter.20 Atmospheric scattering was measured with MRI 1550 integrating nephelometers
which were zeroed with clean air every few hours and span calibrated twice during the
course of the study.22 Haze, contrast, and Mtf,a can be calculated from reconstructed radi-
ance fields derived from slides taken during the course of the study.23 The color slides
were taken using automatic photographic monitoring instrumentation comprised of 35
mm cameras using 135 mm lenses and loaded with Kodachrome 25 color slide film.

Particulate measurements were made by the IMPROVE sampler24 at nine sites and
by the stacked filter unit25 (SFU) at three additional sites. At three of the twelve sites, the
size-classifying isokinetic sequential aerosol sampler26 (SCISAS) collected fine and total
(smaller than 15 µm samples on four filters. The SCISAS sampler was used primarily to
establish the relative accuracy and precision of the various sampling systems.
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Figure 1.2:
Flow diagram showing the relationship between measurement and apportion-
ment of visibility impairment.

INTRODUCTION 55

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Haze in the Grand Canyon: An Evaluation of the Winter Haze Intensive Tracer Experiment
http://www.nap.edu/catalog/1574.html

http://www.nap.edu/catalog/1574.html


A ''DRUM'' sampler was operated to yield size resolved atmospheric element con-
centrations.29 The version used for this study consisted of six rotating drums of the Mer-
cer impactor type and to low pressure rotating drums. The nominal size ranges (aerody-
namic diameter in µm) for five stages are 0.6-1.2, 1.2-2.4, 2.4-4.85, 4.85-9.6, 9.6-16.0 µm.

The optical absorption of particles on the fine teflon filter were measured by a laser
integrating plate method (IPM). Light of a 633 nm wavelength from the He(Ne) laser
was diffused and collimated to provide a uniform beam of around 0.7 cm2 at the sample.
The light transmitted through the sample was collected with an ORIEL photodiode detec-
tion system.30

The tracer injected into NGS stacks was deuterated, or "heavy", methane, CD4.31

Though chemically similar to normal methane, heavy methane has a higher molecular
weight which allows it to be distinguished by mass spectrometry at very low concentra-
tions (1 part in 107). CD4 was released continuously in proportion to NGS emissions in
the time period of study. At receptor sites, 60 liters of air were pumped into large mylar/
polyethylene bags and then concentrated under pressure into steel pressurized containers.
The containers were shipped to Los Alamos National Laboratory for mass spectrometer
analysis.

Meteorological variables were gathered using standard sensors, while upper air
winds, temperature and dew point temperature were gathered using airsondes. The air-
craft was equipped with an SO2 monitor, an integrating nephelometer, a particulate
monitor used for NGS plume characterization and bottles used for collecting large vol-
umes of air required for the CD4 analysis.

Table 1.2: List of the function associated with each of the monitoring sites.
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Figure 1.3:
Map of SCENES WHITEX study area.

INTRODUCTION 57

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Haze in the Grand Canyon: An Evaluation of the Winter Haze Intensive Tracer Experiment
http://www.nap.edu/catalog/1574.html

http://www.nap.edu/catalog/1574.html


Table 1.3: List of the optical variables, aerosol species, meteorological variables, and
measurement methodologies used at each of the monitoring sites.

Location* Method Substrate Frequency
Optical
bSCAT A,C Nephelometer NA Continuous
bext A Transmissometer NA Continuous
Mtf,a A,D,E, Cider

Mr., Echo
Cliffs, Arches

Photographic NA Hourly

Haze Contrast D, Cedar Mt.,
Echo Cliffs

Photographic NA Hourly

Particulate
Fine Particles
Mass A,B,C,D **IMPROVE/**

SCISAS
Teflon 12 hr.

Ions A,D IMPROVE/
SCISAS

Teflon 6 & 12 hr.

Nitrate
(denuder)

A,D IMPROVE/
SCISAS

Nylaaorb 12 hr

Elemental &
Organic Carbon

A,D IMPROVE/
SCISAS

Quartz 12 hr.

Trace Elements A,B,C,D,E IMPROVE/
SCISAS/**SFU

Teflon 6 & 12 &
24 hr

Size Segregat-
ing
Trace Elements A **DRUM Teflon 6 hr
Giant Particles
(>100 µ)

Canyonlands — — —

Large Particles
(25-10.0 µ)

Grand
Canyon,
Bryce, Glen
Canyon,
Lake Mead

SCISAS Teflon 12 hr.

Gases
SO2
Gas chromato-
graph

Canyonlands Gas Chromato-
graph

NA 2 & 4 hr

K2CO3 Impreg-
nated Filter

A K2CO3 Impreg-
nated Filter

Same 12 hr.

CD4 Tracer A Grab Sampie &
Gas Chromato-
graph

NA 6 hr

Meteorological
WS,WD A,B,C,D — — 10 min.
Temperature,
RH

A,B,C,D — — 10 min.

Upper Air Canyonlands,
Glen Canyon

Airsonde — Twice/Day

* A = Major receptor
B = Satellite
C = Gradient
D = Background
E = Airborne Platform
** IMPROVE, SCISAS, SFU and DRUM refer to types of samplers which are discussed in
some. detail in the text
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1.6 Report Outline

Chapter 2 examines the climatology of the study area during the time period the
WHITEX study was carried out. Chapter 3 presents the measurement program. A descrip-
tion of each sampling procedure and method of establishing accuracy and precision is
presented. When a variable was obtained by more than one method an intercomparison
of those variables is examined. Finally CD4 injection and measurement is described.
Chapter 4 is an overview of the data used when making attribution calculations. First the
temporal history of each variable is presented along with pertinent descriptive statistics.
Finally relationships among variables is explored with simple scatter plots of one vari-
able plotted as a function of another. Chapter 5 examines the optical characteristics of
pertinent aerosol species. Average extinction budgets are calculated for the full
WHITEX time period as well as on a daily basis. Chapter 6 is the heart of the WHITEX
report. The ability of various receptor modeling techniques to attribute secondary
aerosols to their respective sources is explored. Chemical mass balance, tracer mass bal-
ance and differential mass balance are quantitative models investigated while several non
quantitative approaches are used to either confirm or negate quantitative calculations.
The non quantitative procedures were also used to gain insight into physicochemical pro-
cesses at work during the study period. Appendices present a complete description of
each of the receptor modeling techniques. Chapter 7 presents a deterministic calculation
of wind fields and transport pathways of conservative tracers during one particular low
visibility episode. The possibility of transport into and out of the study area is also
explored. Chapter 8 explores the climatology of extreme (high) sulfate episodes and
compares the WHITEX climatology to historic records of other sulfate episodes. Finally,
Chapter 9 presents an overview of conclusions that can be drawn from the WHITEX
study.
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Chapter 9

Conclusions

9.1 Introduction

The Winter Haze Intensive Tracer Experiment (WHITEX) was designed to evaluate
the feasibility of attributing single point source emissions to visibility impairment in
selected geographic regions. Specifically, WHITEX was conducted during January and
February 1987 in the vicinity of the Navajo Generating Station (NGS), a large (2250
MWe) coal-fired power plant located relatively close to several national parks including
the Grand Canyon, WHITEX, primarily an exploratory scientific study, was prompted by
the regulatory program and congressional mandate to protect and improve visibility in
those national parks and wilderness areas that have been afforded special visibility pro-
tection (mandatory PSD Class I areas). Grand Canyon, Bryce Canyon, Capitol Reef, and
Canyonlands National Parks, all within the WHITEX study area, are afforded such visi-
bility protection. Because NGS, a power plant without sulfur dioxide (SO2) emission
control equipment, is now estimated to be the largest single SO2 emission source in the
West, its impact on these national parks is of great concern to government, industry, and
the public.

The WHITEX study area has long been suspected of experiencing regional stagna-
tion in the winter. Light winds and shallow mixing depths, in conjunction with barriers
caused by elevated terrain, suggest the possibility of buildup of NGS emissions over
multi-day periods which end when fronts pass through and clean out accumulated pollu-
tion. Although ambient aerosol concentrations and light extinction properties of the
atmosphere have been measured in the area for several years, and layered haze has been
documented photographically, there have not been any measurement studies directed at
attributing regional aerosol concentrations and light extinction to NGS and other sources
in the area.

Deterministic modeling studies have been carried out in the area in an attempt to
understand NGS contributions to regional air quality and visibility problems. A primitive-
equation wind field model was implemented for the NGS area. NGS emissions were
injected into the model's wind field and ambient concentrations were estimated. How-
ever, this study was not specifically directed to source attribution. Another deterministic
modeling study was done with a Lagrangian regional dispersion model. Estimates of
NGS's contribution to ambient concentrations and to light extinction in the vicinity of
NGS (i.e., the WHITEX study area) and the entire Southwest U.S. were made. However,
these estimates were deemed uncertain because of (1) uncertain and changing regional
emissions (copper smelter emissions have been significantly reduced since the study was
carried out in 1985), (2) uncertainties in predicting wintertime stagnation and terrain
influenced wind fields, and (3) uncertainties in the SO2 oxidation rate. Until WHITEX no
data were available to estimate homogeneous (gas-phase) and heterogeneous (liquid-
phase) SO2 oxidation rates in winter. From
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the insight afforded by WHITEX, this latter modeling study apparently underestimated
the liquid-phase SO2 oxidation rate and, hence, NGS's primary contribution to regional
sulfate aerosol and visibility degradation.

The distinguishing feature of WHITEX was the injection of a unique tracer (deuter-
ated methane or CD4) into the NGS stacks at a rate which could be scaled to the known
emissions of SO2, nitrogen oxides (NOx), and particulates. Using a variety of statistical
and deterministic techniques, measured ambient concentrations of species that interact
with light (e.g., sulfate, ) and NGS-specific tracer were analyzed to calculate NGS's
contribution to the measured aerosol at various receptors. For example, the total ambient
sulfate concentration is the sum of the contributions from NGS and from background
sources (both natural and non-NGS man-made):

where  is determined from ambient concentrations of CD4 scaled to NGS sulfur
emissions and accounting for oxidation and deposition.

Without the tracer unique to NGS, WHITEX measurements of winds, spatial and
temporal trends of ambient concentrations, and light extinction alone could be used to
assess qualitatively the contribution of NGS. With this tracer data, a quantitative estimate
of NGS's contribution was possible.

9.2 Climatology of the Area

The synoptic meteorology of the WHITEX region was classified into four synoptic
categories based on data from the years 1980 to 1984: (1) warm sector ahead of a cold
front, (2) cold sector ahead of a warm front, (3) behind a cold front, and (4) under a polar
high. Of the four synoptic categories, category 4 is associated with the most stagnant air
masses, because of the light winds and limited mixing heights caused by small pressure
gradients and subsiding air. This category was found to occur more often than the other
three categories: 65 percent of the time during the winter months (defined here as
November through March).

The persistence of the stagnant category 4 was analyzed for the WHITEX region. A
conservative estimate of persistence was made using the assumption that a category-4
stagnation event ended when any portion of the WHITEX region had non-category-4
meteorology. A nonconservative estimate was made using the assumption that if cate-
gory-4 conditions existed anywhere in the WHITEX region, the stagnation event was
assumed to persist until all parts of the region had non-category-4 meteorology. Using
the nonconservative and conservative assumptions, respectively, 42-44 percent and
62-66 percent of the all stagnation events are of 3-5 day duration, 43-45 percent and
29-32 percent are of 6-14 days duration, and 12 percent and 4 percent are of greater than
14 days duration (on the average about once per winter).

The mean length of a stagnation event is approximately 6 days for the conservative
method and 8 days for the nonconservative method. Approximately 45 percent of the
wintertime days experience stagnation events of three days or longer based on the con-
servative estimate; 60 percent for the nonconservative estimate.

These statistics suggest that the 9-day stagnation that occurred during the WHITEX
study between February 6 and February 14, 1987 and that led to the highest sulfate con-
centrations in the region, was not anomalous. Persistent stagnation events of this duration
or longer are expected 16 percent of the time during the winter months.
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9.3 Light Extinction Budget

The contribution of various aerosol species to the total light extinction was ascer-
tained on the basis of simultaneous measurements of (1) ambient concentrations of
specific species and (2) light extinction coefficients (bext) and light scattering coefficients
(bscat). Light extinction budgets were developed using light extinction efficiencies deter-
mined from multiple linear regression analysis and from the literature. Light extinction
budgets were developed for three WHITEX sites: Glen Canyon National Recreation
Area (Page), Grand Canyon National Park (Hopi Point), and Canyonlands National Park.

Average total light extinction (including natural blue-sky Rayleigh scattering) dur-
ing the WHITEX experiment ranged from 0.0161 km-1 at Hopi Point, to 0.0246 km-1 at
Canyonlands, to 0.0291 km-1 at Page. These values are 1.69, 2.54, and 2.83 times the
natural blue-sky Rayleigh scattering (the light extinction caused solely by the scattering
of light by air molecules).

Light scattering by fine particles, i.e., sulfates, organics, fine soil, and nitrate was
the major contributor, (approximately 75 percent) to the non-Rayleigh light extinction.
Most of the remaining non-Rayleigh extinction was light absorption caused by light
absorbing carbon. Extinction caused by coarse particles and by NO2 were relatively
small, each less than 5 percent of total extinction.

The fine-particle light scattering was further subdivided into contributions from fine
sulfate, organic carbon, nitrates, and sod components. Sulfate was found to be the largest
contributor to fine-particle light scattering. Sulfate was estimated to be 48 to 54 percent
of the fine-particle scattering at Page. The first number is based on literature-derived
extinction efficiencies and the second is based on the regression analysis; 58 to 60 per-
cent at Canyonlands; and 62 to 72 percent at Hopi Point. Organics were the next largest
contributor, estimated to be 33 to 41 percent of fine-particle scattering at Page (In this
case, the first number is the regression-derived value, and the second is the literature-
derived value.); 20 to 27 percent at Canyonlands; and 15 to 16 percent at Hopi Point.
Nitrate was the third largest contributing component with 6 to 14 percent of the fine-
particle scattering at Page (The first value is the literature-derived value and the second
is the regression-derived value.); 9 to 20 percent at Canyonlands; and 5 to 13 percent at
Hopi Point. Fine soil contributed the least, with 0 to 5 percent of the fine-particle scatter-
ing at Page (The first value is the regression-derived value, and the second is the litera-
ture-derived value.); 0 to 6 percent at Canyonlands; and 0 to 17 percent at Hopi Point.

On the average, during the WHITEX program sulfate aerosol (and associated water)
was found to contribute about two-thirds of the non-Rayleigh light extinction at Hopi
Point, and one-half at Page. However, during sulfate episodes, the fraction contributed
by sulfate increased significantly. For example, during the episode on February 12, sul-
fate caused 84 percent of the non-Rayleigh extinction in the Glen Canyon National
Recreation Area (Page) and 97 percent of non-Rayleigh extinction in Grand Canyon
National Park (Hopi Point).

Because the average relative humidity during WHITEX was relatively high, approx-
imately 60 percent, water associated with sulfate and nitrate doubled the light scattering
efficiency of these aerosols, from 2.5 m2/g to 5 m2/g. Only elemental carbon is more effi-
cient in extinguishing light than sulfate. Its extinction efficiency was estimated to be 9 m2/
g. Scattering efficiencies for organics, fine soil, and coarse mass were estimated to be 4,
1.25, and 0.45 m2/g, respectively.

9.4 Attribution of Regional Sulfur and Visibility Impairment

The aerosol attribution component of WHITEX was designed to evaluate the feasi-
bility of attributing the emissions of a single source (in this case, NGS) to ambient
aerosol concentrations
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at a number of receptor sites. The primary receptor sites were Grand Canyon and Canyon-
lands National Parks and Glen Canyon National Recreation Area (Page).

Several quantitative and qualitative analysis techniques were used to gain insight
into the contribution of NGS to ambient aerosol and the performance of the individual
receptor modeling techniques. These techniques include:

•   Emissions. The relative source strength of NGS compared to other sources in
the region and the location of NGS and other regional emissions relative to key
receptor sites.

•   Trajectory and streakline analysis. The probability was examined that the pre-
dicted presence of NGS or other source emissions is coincident with elevated
ambient sulfur concentrations or is due to random processes.

•   Spatial and temporal patterns in visibility-reducing aerosol concentrations. Spa-
tial patterns in aerosol concentrations as a function of time are examined
qualitatively and quantitatively through empirical orthogonal function analysis.

•   Synoptic meteorological. Analysis of the synoptic climatology helps to under-
stand the origin of stagnation periods and yields insight into why pollutants
were transported along various pathways.

•   Deterministic wind field modeling. Model simulations are used to help under-
stand how pollutants can be transported along various pathways and to assist in
building conceptual models of physio-chemical processes associated with
observed aerosol concentrations and visibility impairment.

•   Tracer mass balance regression. As a special case of the general mass balance
(GMB) equation, the variation of sulfur and natural or artificial tracers as a
function of time were used to attribute emissions.

•   Differential mass balance. As a second special case of the GMB formalism, the
ambient concentration of a unique tracer, CD4, was used to estimate dispersion
and deterministic model calculations are used to calculate conversion and depo-
sition from estimated plume age.

•   Chemical mass balance. As a third special case of the GMB, the chemical mass
balance formalism was used to estimate source contributions of primary
aerosol species and to set an upper bound on NGS contributions.

9.4.1 Emissions Analysis

Emission inventories and maps indicate that NGS is the largest single point source
of SO2 emissions in the vicinity of Grand Canyon National Park. The sources within
approximately 300 km of the Grand Canyon in rank order of estimated 1987 SO2 emis-
sions are NGS, 163 tons/day; San Juan, 116; Four Corners, 106; Mohave, 52; and
Cholla, 45; all coal-fired power plants within the Colorado River basin. Also within the
Colorado River drainage are other large coal-fired power plants, including the Hunting-
ton Canyon, Hunter, Hayden, Craig, Jim Bridget, and Naughton power plants. However,
these sources are much more distant than the others.

The power plant emissions previously mentioned are dwarfed by the emissions
from copper smelters during 1987. The largest copper smelters at that time were San
Manuel, 480 tons/day; Nacozari, 380; and Cananea, 240, the first being in southern Ari-
zona and the other two being in northern Mexico. The copper smelters are more distant
and are not located within the Colorado
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River Basin. These sources are south of the Colorado Plateau and the elevated Mogollon
Rim, so that elevated terrain would tend to block southerly flows of stable air masses
from the copper smelter region.

Although the emission inventory alone does not provide quantitative attribution
information, one would expect that NGS could contribute significantly to air quality prob-
lems in the winter at the Grand Canyon because (1) the magnitude of NGS emissions, (2)
the proximity of these emissions to Grand Canyon, (3) the fact that NGS and the Canyon
are in the same air basin, and (4) that downslope drainage flows would funnel NGS emis-
sions directly into the Canyon.

9.4.2 Trajectory and Streakline Analysis

The poor dispersion resulting from light winds and limited mixing heights that is
associated with a polar high pressure condition occurred very frequently during the
WHITEX experiment. This synoptic meteorological condition occurred on part or all of
41 days out of 49 days of WHITEX. Before and during the worst sulfate episode of the
period [Julian Days (Days) 36-44], a polar high pressure condition persisted for nine
days. This condition persisted for four days at a time on two other occasions (Days 9-12
and 24-27). Sulfate concentrations in the WHITEX study area were also relatively high
during these two periods.

Wind speeds and directions measured at 300, 600, and 1000 meters above ground
level (agl) in Page were used to divide the WHITEX study period into 13 time periods of
somewhat similar meteorology. Two of these time periods ended with the passage of
major fronts that effectively eliminated the regional sulfate that had accumulated in prior
days. These major front passages occurred on Days 28 and 44.

Backward air mass trajectories were calculated from the Grand Canyon using
National Weather Service upper-air wind data and the ATAD trajectory model. Thus
these trajectories were not based on local winds and may not reflect actual transport con-
ditions during the WHITEX experiment. The actual conditions may have been domi-
nated by mesoscale forcing (i.e., drainage, up-slope flows, blocking, and channeling
resulting from the complex terrain of the WHITEX region). However, these trajectories
were consistent with the meteorological classification of WHITEX time periods that was
based on Page winds and synoptic weather maps. These trajectories also suggest the pos-
sibility of long-range transport of copper smelter emissions from southern Arizona and
northern Mexico into the WHITEX study region on Days 39-40.

Upper-air winds at 300 and 600 m agl, measured three times per day at Page during
WHITEX, were used as a basis for estimating the position and age of NGS plume parcels
throughout the study region and study period. Although these estimates are uncertain
because of the assumption of spatially uniform winds, they suggest that NGS plume
material was transported frequently toward the major WHITEX receptor sites at Page
and Grand Canyon. Because of its proximity to NGS, Page was estimated to be impacted
almost every day. Hopi Point was also estimated to be impacted by NGS emissions quite
often. Out of 40 days analyzed during WHITEX, the NGS plume was estimated to be
impacting Hopi Point on 29 days, or 71 percent of the time. During some of these peri-
ods relatively freshly emitted NGS material was estimated to impact Hopi Point, while
during other periods, very aged air masses (as old as 5 days) were estimated to be influ-
encing the Grand Canyon. While the average NGS plume age in Page was estimated to
be 17 hours, the average NGS plume age at the Grand Canyon was estimated to be
nearly two days (46 hours). Because of their proximity to NGS, the Bullfrog and Hite
sites were also estimated to be impacted relatively often. The average NGS plume age at
these sites was estimated to be 44 hours. Other WHITEX sites more distant from NGS—
Green River, Monticello, and Mexican Hat—were
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estimated to be impacted much less frequently. The average NGS plume age at these
more distant sites was estimated to be 62 to 76 hours.

It might be expected that the prediction of plume position and age based on wind
measurements made three times per day at only one site (Page) would be highly uncer-
tain. However, there is remarkable agreement between impacts predicted based on the
NGS plume position and observations of elevated CD4, sulfate, SO2, and nitrate concen-
trations. The association between NGS plume ''hits'' predicted on the basis of trajectory
analysis and elevated concentrations was analyzed using a statistical procedure known as
multi-response permutation procedures. It was found that the probability that the associa-
tion between NGS plume "hits" and elevated sulfate could be due to random processes
was less than 5 percent. For SO2 and nitrate the probability of random association was 6
and 10 percent, respectively. Thus, these analyses suggest that the prediction of NGS
plume position was not far off target.

9.4.3 Spatial and Temporal Trends in Ambient Concentrations

As previously mentioned, there is a statistically significant correlation between sul-
fate concentrations and predicted NGS plume "hits." One can also use spatial and tempo-
ral patterns of ambient sulfate concentrations to deduce whether this large, local source is
a contributor or whether more distant sources contribute.

Over the entire period of the WHITEX study, the average sulfate sulfur concentra-
tion was the lowest at Hopi Point (0.17 µg/m3) and highest at Page (0.33 µg/m3) and at
Green River (0.34 µg/m3). If the sulfate in the region were due to distant sources, one
would expect much more uniform concentrations. Instead, average concentrations vary
by over a factor of two. Much larger spatial variations occur during certain episodes. It
may not be a coincidence that the highest sulfate concentrations occurred at sites rela-
tively close to uncontrolled sources of SO2: NGS is near Page and the uncontrolled units
at the Huntington Canyon and Carbon power plants are relatively close to Green River.
In general, the spatial variation and history of sulfate episodes during WHITEX strongly
suggests impacts due to local sources.

A more systematic way of looking at spatial and temporal variation in ambient sul-
fate concentrations than the case studies and averages previously discussed involves the
application of Empirical Orthogonal Function (EOF) analysis. Essentially this technique
separates the time/space matrix of ambient concentrations into two sets of matrices, one
that is solely a function of space and the other which is solely a function of time. The
EOF was applied to sites and time periods for which relatively complete sulfate data
were available. Concentrations for a total of 79 12-hour time periods at the following 11
sites were used in the EOF analysis: Canyonlands, Hopi Point, Bullfrog Marina, Page,
Green River, Monticello, Mexican Hat, Hite, Bryce Canyon, Navajo National Monument
and Wupatki National Monument.

Only two of the unrotated spatial EOF patterns were needed to explain more than 80
percent of the variance in the ambient sulfate data in the WHITEX region. The first, cen-
tered on NGS, explains 70 percent of the variance, and the second, with a minimum
centered on Bullfrog and Hire and a strong south-to-north gradient, explains 10 percent
of the variance. The first pattern (somewhat like a target with NGS as the bulls-eye) is
exactly the pattern of sulfate one would expect if NGS were the major contributor during
stagnant conditions. Indeed, this EOF is most strongly weighted during the worst sulfate
episode (February 11—14, 1987). This pattern explains 70 percent of the variance in the
regional sulfate.

The second EOF has three possible explanations. Its strong south-to-north gradient
suggests that when this EOF is positively weighted it could represent sulfate transported
from the smelter region to the south. When negatively weighted, the EOF has a maxi-
mum at Bullfrog and Hite,
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in the middle of the Lake Powell basin. This relative sulfate maximum could result from
NGS emissions transported and converted in southwesterly flow or by emissions from
the Huntington Canyon, Hunter, and Carbon plants in southerly flow. These three possi-
ble contributors to the second EOF pattern are consistent with meteorological analyses.
For example, the second EOF is most strongly negatively weighted on February 13,
when the emissions from the three northern power plants would most likely be stagnat-
ing within the Lake Powell basin. The second EOF is also strongly negatively weighted
during the period from January 24 to 28, when NGS emissions ate expected to be trans-
ported to the northeast. The strongest positive weightings of the EOF occur on January
15 and 16 and February 9 to 11, when transport from the smelter region to the south was
identified.

9.4.4 Deterministic Wind Field Modeling

A prognostic meteorological model, based on conservation principles of velocity,
heat, mass, and moisture, was exercised over the time period from February 11 to 12.
The primary purpose of the wind field modelling was to assist in explaining and devel-
opment of conceptual models of how material emitted by NGS can be transported
towards the Grand Canyon and to assess whether emissions from other coal fired power
plants can impact the Grand Canyon region. The model showed that thermally-induced
winds associated with the Kaibab Plateau (north rim of Grand Canyon) act to transport
NGS emissions toward the southwest and Grand Canyon. Furthermore, the modeling
effort showed that locally generated emissions (within 200 km) to the southwest and east
of Grand Canyon would not contribute to haze in the canyon but sources to the north of
page could. However, a transport time of two days or longer are required under these
synoptic regimes.

9.4.5 Tracer Mass Balance Regression (TMBR) Analysis

It is a simple statement of fact that the total ambient concentration of a given
species (such as sulfate) is the sum of the concentrations contributed by NGS and by
other sources. Since the deuterated methane tracer (CD4) was unique to NGS, its ambient
concentration should correlate with the concentrations of species contributed by NGS. In
addition, since the trace metal, arsenic, was below detectable limits in the NGS plume
(and presumably from other coal-fired power plants) and arsenic is a known constituent
of copper smelter plumes, it was used as a tracer for copper smelters. TMBR. analysis
was performed to explore the relationship between measured ambient concentrations of
sulfur species and CD4. The portion of the ambient sulfur concentration that correlates
with tracer is likely to be due to NGS emissions, while the portion that correlates with
arsenic is likely to be due to smelters. That portion that is not correlated with either
tracer (the intercept term) is interpreted as background from other sources (e.g., other
power plants). Another natural tracer, selenium, is associated primarily with coal combus-
tion; therefore, this tracer was used to attribute sulfate to the general category of coal
fired power plants.

TMBR. analysis were carried out separately for total sulfur and sulfate sulfur. For
some analysis, the relative humidity was factored in to account for sulfur oxidation
which is faster in the aqueous phase (which is associated with the high-water content
aerosols and fog and cloud droplets that are likely to exist at high relative humidities).

All TMBR regressions were carried out using both ordinary least squares (OLS)
regression and orthogonal distance regression (ODR). ODR. explicitly takes into account
the uncertainties in both the dependent and independent variables. ODR. gives more
weight to samples with small uncertainties. Intercepts were forced to be positive for all
ODR regressions.
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Since the sulfur to CD4 emission rate at NGS were not kept constant, the CD4 data
was scaled to a constant 2.5 mg/MWe-h rate from the known and time-varying tracer
emission rate and power generation at NGS. In addition, the CD4 data was scaled to
account for the estimated travel time from NGS to the receptor of interest (e.g., Hopi
Point). Thus, if, for a given sample, the plume age is estimated at 48 hours, the tracer
emission rate and NGS load for the period 48 hours prior were used for scaling purposes.

TMBR regressions were attempted first using only the scaled SCD4 concentration as
an independent variable. However, these regressions explained very little of the sulfate
variation at Hopi Point. Additional TMBR regressions were performed multiplying the
SCD4 concentration by relative humidity to account for faster aqueous-phase oxidation at
higher humidities and by adding arsenic as another independent source variable. By so
doing, the variance explained increased to 70 percent and above (R2 > 0.70). Thus, it
appears that ambient sulfate concentrations are a strong function of humidity as well as
the concentrations of the tracers for NGS and smelters.

Best estimates of source attribution of sulfates at Hopi Point for those clays that
CD4 data were available are: NGS, 70±4 percent; smelters, 30±3 percent; and all other
sources, 0±1 percent. Results are based of ODR regressions. The quoted uncertainties are
one standard error on either side of the mean. The error incorporates measurement uncer-
tainty as well as uncertainty in the regression coefficients. Using all TMBR results with
R2 > 0.7 and physically reasonable coefficients and intercepts, the average attribution of
ambient sulfate at Hopi Point over all days during WHITEX for which CD4 data are
available is as follows: NGS, 62-73 percent; smelters, 23-30 percent: and all other
sources, 0-14 percent. When regressions were repeated by substituting selenium (a tracer
for all power plants) for CD4 (a tracer for NGS), comparable results were obtained, sug-
gesting that NGS contributes most of the ambient sulfate contributed by all power plants
at Hopi Point. Best estimates of coal fired power plants other than NGS contribution to
sulfate at Hopi Point is approximately 5 percent. The period of highest smelter contribu-
tion was February 9 and 10, which is consistent with the insight gained from both the
meteorological analysis and the EOF analysis.

Additional TMBR regressions were attempted for total sulfur, nitrate, organic car-
bon, and light-absorbing carbon. Variance of total sulfur explained by CD4 was only 30
percent, and variance of nitrate explained was only 20 percent. Organic carbon and light-
absorbing carbon were totally uncorrelated with tracer, as one might expect since these
species are not emitted from NGS.

A similar analysis was carried out for Glen Canyon National Recreation Area
(Page, Arizona). At Page the TMBR analysis did not reveal any other sources of sulfate
than coal fired power plants, specifically NGS. Furthermore no simple transformation of
independent variables involving RH was found that would better account for variance
explained than the variable itself. However, the analysis did disclose four data points (JD
42.8-44.3) that fell outside the general relationship between CD4 and sulfate. On JD
42.8-44.3 the sulfate to CD4 ratio was high suggesting either contributions from sulfate
sources other than NGS, accelerated sulfur dioxide to sulfate oxidation or an aged NGS
air mass. Independent analyses of each of these possibilities suggest that the elevated
sulfate is most likely associated with accelerated oxidation of NGS emitted sulfur diox-
ide. If it is assumed that sulfates on JD 42.8-44.3 are primarily associated with NGS it is
estimated that for those days for which there is CD4 data NGS contributed 75±2 percent
of the observed sulfate. On the other hand, if it is assumed that a portion of the observed
sulfate (determined by subtracting predicted NGS sulfate from observed sulfate) is asso-
ciated with other sulfate sources NGS is estimated to contribute 62 ± 5 percent of the
observed sulfate. Relationships between CD4 and other aerosols was found to be weak or
nonexistent implying NGS did not contribute to their ambient concentrations.
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9.4.6 Differential Mass Balance (DMB) Analysis

Differential mass balance (DMB) analysis calculates the fraction of ambient sulfur
at a given receptor attributed to NGS by multiplying the measured CD4 concentration by
the ratio of sulfur to tracer emissions at the stack, multiplied by a factor that accounts for
the amount of sulfur deposited and converted in the estimated travel time from NGS to
the given receptor.

A literature survey was conducted to determine the rates of SO2 and sulfate deposi-
tion. Quite a wide range of values was identified. The deposition velocities for SO2
measured in prior studies ranged from 0.1 to 2.3 cm/s, with a median of 0.7 cm/s. The
deposition velocities measured for sulfate ranged from 0 to 0.9 cm/s, with a median of
0.2 cm/s.

A literature survey was also conducted to determine likely SO2 oxidation rates. The
survey indicated that gas-phase oxidation in winter is likely to be very slow, less than 0.2
percent per hour. However, aqueous-phase oxidation (in aerosol, fog, and cloud droplets)
can be very rapid. Major oxidants in the aqueous phase appear to be hydrogen peroxide,
ozone, and oxygen (catalyzed by manganese and iron, both plentiful in power plant
plumes). The literature survey definitely confirmed the finding previously mentioned
that oxidation rates appear to be a function of relative humidity. There is a clear theoreti-
cal and empirical basis for such humidity-dependent oxidation. However, the literature
review supported a wide range of plausible oxidation rates as it did for deposition rates.

Because the literature survey could not support a single set of deposition and oxida-
tion rates, a sensitivity analysis was performed over the wide range of literature values of
deposition and oxidation rates. A total of nearly 4000 different combinations of SO2
deposition, sulfate deposition, and oxidation rates were tested. The variance of ambient
sulfate at Hopi Point explained by each combination was tabulated. The combinations of
parameters providing R2 > 0.7 were deemed to be reasonable; there were a total of more
than 400 such combinations. The highest R2 was achieved with SO2 and sulfate deposi-
tion velocities of 0.91 and 0.14 cm/s and an SO2 oxidation rate of 1.7 percent per hour
per fractional humidity (i.e., 1.7 %/hr at 100% RH).

The average NGS contribution to ambient sulfate at Hopi Point during WHITEX
was calculated to 68 percent based on the parameters with the highest R2. For all combi-
nations of parameters yielding R2 > 0.7, NGS average contribution ranged from 43 to 96
percent. Additional sensitivity analyses were carried out with the optimized deposition
and oxidation parameters to test the sensitivity to assumptions regarding the plume age.
The use of the average of the lower and upper bound of the estimated plume age for
Hopi Point yielded the most physically realistic estimates of the average contribution of
NGS to SO2 and sulfate: 83 and 73 percent, respectively.

Additional DMB analyses were conducted for Page. The analyses suggested, within
the considerable uncertainty in estimating plume age at Page, that essentially all of the
sulfur in Page is attributable to NGS. The most physically realistic estimates of NGS
contributions to SO 2 and sulfate in Page were obtained when the average of the lower
and upper bound of NGS plume age was used in the DMB calculations.

9.4.7 Attribution of Visibility

The light extinction attributable to scattering by NGS sulfate, scattering by other
sulfate, extinction by carbonaceous material (scattering by organics plus absorption by
light absorbing carbon), scattering by natural particulates (fine soil + coarse mass), and
scattering by nitrate was calculated for both Hopi Point and Page. Reconstructed extinc-
tion is defined as the sum of these components. The extinction efficiencies for each
chemical species were based on consensus literature values, and the portion of the sulfate
due to NGS was determined by the results of TMBR. Some of the extinc
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tion attributed to carbons and nitrates, may be due to NGS emissions also, however
apportionment of these species was not possible with TMBR. Uncertainties in the frac-
tions are one standard deviation from the mean based on the measurement uncertainties
in the particulate concentrations and relative humidity, the standard errors of the TMBR
regression coefficients, and the uncertainties in the extinction efficiencies.

The mean non-rayleigh reconstructed extinction at Hopi Point is 0.0121 ± 0.0009 1/
km. The mean fraction of this due to NGS sulfate is 42 ± 13 percent. The mean fraction
due to sulfate from other sources is 21 ± 2 percent. The time period with the highest
reconstructed extinction (0.073 ± 0.002 1/km) at Hopi Point was JD 42.8 when the frac-
tion due to NGS sulfate was 59 ± 18 percent and the fraction clue to other sulfate was 35
± 27 percent.

At Page, NGS sulfate was calculated in TMBR by two different methods. The first
method, assumed that all sulfate not associated with the intercept was NGS sulfate. The
second method assumed that all sulfate not associated with the regression coefficient for
SCD4 was due to other sources. The reconstructed extinction using both methods is
0.0253 1/km. The uncertainty for method 1 is 0.0009 1/km and for method 2 is 0.0011 1/
km. Using method 1, the mean fractions of the reconstructed extinction at Page are 384 ±
14 percent NGS sulfate and 8 ± 2 other sulfate. The means for method 2 are 24 ± 8 per-
cent NGS sulfate and 22 ± 2 percent other sulfate.

The time period with the highest extinction at Page was JD 44.3, when the recon-
structed extinction by both methods 1 and 2 was 0.082 1/km with the uncertainty for
method 1 being 0.007 1/km and for method 2 being 0.009 1/km. Using method 1 the
attribution of non-Rayleigh light extinction was 62 ± 9 percent NGS sulfate and 4 ± 4
percent other sulfate. Using method 2 the attribution was 34 ± 5 percent NGS sulfate and
33 ± 11 percent other sulfate.

It should be noted that much of the uncertainty in the sulfate and nitrate portions of
the light extinction budgets is due to uncertainty in the relative humidity measurements.
Therefore, the uncertainties in the fractions of extinction due to these components are not
fully independent. For example if the RH value were underestimated, then the extinction
due to NGS sulfate, other sulfate, and nitrate would all be underestimated.

9.4.8 Synthesis

Differential Mass Balance and Tracer Mass Balance Regression are the two recep-
tor oriented modeling approaches that were successfully exercised to yield quantitative
attribution of sulfate aerosol concentrations. Chemical Mass Balance was successfully
used to attribute primary aerosols to respective sources. Empirical orthogonal function
analysis, although quantitative in nature, does not explicitly quantify the contribution of
a source to aerosol concentrations to a source in its present formulation. It is primarily
used to corroborate and interpret DMB and TMBR results. Likewise, trajectory and
streakline analysis are used to evaluate whether or not the DMB and TMBR results are
reasonable and to yield insight into the physical and chemical mechanisms that are asso-
ciated with spatial and temporal patterns of sulfate concentrations.

Figure 9.1 shows a scatter plot of NGS sulfate concentrations at Hopi Point that are
predicted by the TMBR and DMB model. Estimated uncertainties are also shown on the
graph. The orthogonal departure regression (ODR) calculation yields a slope of 0.99 and
an intercept of-0.001 with an R2=0.90. The agreement between these two independent
modeling approaches is better than might be expected. The TMBR. approach implicitly
assumes that transport times, deposition rates are constant and that SO2 to SO4 oxidation
is proportional to RH while the DMB calculation explicitly accounts for all these factors.
In both modeling approaches dispersion is accounted for by use of ambient CD4 concen-
trations. Apparently the variation in sulfate concentration resulting
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from the RH dependent CO2 to SO4 oxidation dominates any uncertainty associated with
imprecise knowledge of deposition rates or transport times.

Figure 9.1:
Scatter plot of sulfate sulfur (µg/m3) due to NGS at Hopi Point as calculated by
TMBR and DMB. The lines shown are the 1:1 line and the ODR regression line.
TMBR and DMB attribution results are very similar. For those days that CD4 data

were available the TMBR best estimate of NGS average contribution to sulfate at Hopi
Point is 73 ± 4 percent while the DMB calculation yielded 68 ± 3.5 percent. The quoted
uncertainties are one standard error on either side of the mean. For the TMBR analysis
the standard error incorporates uncertainty in the regression coefficient as well as mea-
surement error while the DMB uncertainty is only the result of measurement uncertainty.
The best estimate of uncertainty in the DMB calculation associated with imprecise
knowledge of variables such as deposition, conversion and travel time is 68 ± 28 percent.
At Page the results from the two techniques are again quite similar. Best estimate of
NGS contribution to sulfate are 75 ± 2 percent while the DMB calculation suggests NGS
contribution to sulfate is between 60 and 100 percent depending on whether the average
minimum air mass age is assumed to be 6 or 12 hours. It is emphasized that quoted uncer-
tainties are averages of uncertainties associated with each sampling period. Uncertainties
for any giving sampling period can be quite high. Furthermore, only uncertainties associ-
ated with measurement error and imprecise knowledge of physical variables is
addressed. Uncertainty as to the appropriateness of the model used was not addressed.

Both DMB and TMBR suggest that attribution of a secondary aerosol, in this case
sulfate, to a specific source (NGS) can be done with a fair amount of certainty. The more
qualitative analysis techniques are supportive of this presumption. The exercising of the
CMB equations was not
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successful in directly attributing sulfate, however, results were consistent with TMBR
and DMB. CMB analysis suggests that the only two sources associated with SO2 emis-
sions were coal fired power plants and copper smelters. Furthermore the time periods
where CMB analysis predicted copper smelter and power plant contributions to primary
aerosols were the same time periods that TMBR attributed secondary sulfate to these two
sources.

A cursory examination of emission strength as a function of distance from Grand
Canyon show that NGS is the largest coal fired power plant within hundreds of kilome-
ters of Grand Canyon with copper smelters being a significant SO2 source that is approx-
imately 300 km to south of Grand Canyon. Based just on emission strengths alone one
might expect a large NGS contribution to sulfate at Grand Canyon. The EOF analysis
which incorporates spatial and temporal trends show that a sulfate concentration field
with highest sulfate concentrations found at NGS and decreasing as one moves radially
out from NGS explains 70 percent of the variance in the concentration field. This spatial
concentration gradient is predominant under stagnant meteorological conditions. Concen-
tration fields of this nature under stable meteorology are suggestive of NGS emissions as
being a significant contributor to ambient sulfate concentrations. Furthermore the strong
correlation between predicted "hits" of the NGS plume and all time periods with elevated
sulfate suggest a significant contribution to sulfate concentrations by NGS. Finally,
deterministic wind field modelling tended to confirm conceptual models suggested by
TMBR and DMB models and especially ideas developed from the EOF analysis. Release
of particles at NGS plume height into modeled wind fields on February 11 and 12
resulted in transport of those particles into Grand Canyon region.

Finally, based on the results of TMBR, the fraction of the mean non-Rayleigh light
extinction at Hopi Point due to sulfate from NGS was 42 ± 13 percent. For the time
period with the highest light extinction the fraction due to NGS was 59 ± 18 percent.
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•   fine particles: Fine particles (smaller than 2.5µm) were collected on Teflon,
nylon, and quartz filters by IMPROVE,2 SFU,4 and SCISAS samplers. These
filters were analyzed by a variety of methods: gravimetric analysis, particle
induced x-ray emission (PIXE), x-ray fluorescence (XRF), proton elastic scat-
tering, ion chromatography, and thermal carbon methods. Concentrations were
determined for mass, major and trace elements, hydrogen, sulfate, nitrate,
nitrate plus nitric acid vapors, and organic and elemental carbon. Comparisons
were made between IMPROVE and SCISAS samples at Page. The model anal-
yses were based primarily on the measurements of the IMPROVE sampler.

•   coarse particles: Coarse particles (2.5 µm to 15 µm) were collected on Nucle-
pore filters by SFU samplers at four sites and analyzed by gravimetric analysis.
Total particles (smaller than 15 µm) were collected on Teflon filters by
SCISAS samplers at four other sites and analyzed by gravimetric analysis; the
coarse mass was estimated by subtraction.

•   particles in multiple size ranges: Particles in nine size ranges were collected by
the DRUM (Davis Rotating Unit for Monitoring) sampler and analyzed by
PIXE.6

•   SO2: SO2 was measured by the IMPROVE sampler using the impregnated-filter
method; in this method, SO2 was converted to sulfate on K2CO3-impregnated
filters and analyzed for sulfate by ion chromatography. Results were compared
with measurements on impregnated-filter and annular denuder samplers oper-
ated at Page by Brigham Young University (BYU).7

•   CD4: CD4 was released from the Navajo Generating Station. Air samples were
collected in 60 liter bottles at the sampling sites and analyzed for CD4 by gas
chromatography/mass spectrometry.8

3.2 CD4 Tracer Injection

During the WHITEX period, 4.9 kg of CD4 was released through the stacks of the
Navajo Generating Station. A manifold and valve system permitted the release through
any of the three stacks. Preliminary experiments determined that the CD4 was well-
mixed and conserved in the stack. The release rate was based on the power output of the
station. From January 7 to 30, the ratio of tracer released to the power output was held
between 2.0 to 2.5 mg CD4/MW. Beginning on January 30, the rate was increased to
approximately 3.5 mg CD4/MW. However, between February 6 and 10, the ratio rose
because of an unanticipated outage (to nearly 5 mg CD4/MW), and on February 13, the
ratio decreased to 2.5 mg CD4/MW, because of an unanticipated early restart. The details
of the injection are discussed in Appendix 3B. The analysis of the samples is discussed
in section 3.5 and in Appendices 3A and 3B.

3.3 Sample Collection

A complete suite of measurements were made at the three receptor sites: Canyon-
lands National Park, Hopi Point (Grand Canyon National Park), and Page (Glen Canyon
National Recreation Area). Each site had (1) a multimodule version of the IMPROVE
sampler that collected fine particles on 6 filters and SO2 on another filter, with durations
ranging from 6 to 24 hours; (2) a DRUM sampler that collected particles in nine size
ranges, (3) a system to collect 6-hour air samples for CD4 analysis; and (4) a transmis-
someter to measure bext, an integrating nephelometer to measure bscat, and a meterologi-
cal package. SCISAS samplers operated at Hopi Point and Page as part of the SCENES
network, with the sampler at Page following the time schedule of the
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Figure 4.15:
CD4 concentrations (ppt) at eight WHITEX receptor sites.
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Figure 5.4:
Time traces of optical data anti relative humidity at Hopi Point.
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Figure 5.22:
Measured and reconstructed 12-hour averaged extinction coefficients ( Km-1)
and the fraction due to each component at Hopi Point. Extinction includes
Rayleigh scattering.
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Table 6.1: Regional emissions in units of tons/day from coal fired power plants, cop-
per smelter, and large urban areas. These values are based on annual data for 1987.
SITE LOCATION SO2 NOx PART
Apache Cohise, AZ 5.5 7.4 3.8
Coronado St. Johns, AZ 17.5 19.2 .27
NGS Page, AZ 163 73 6.4
Springerville Springerville, AZ 13.2 10.1 .5
Cholla Joseph City, AZ 44.7 35.9 4.4
Cameo Grand Junction, CO 8.2 9.6 *
Craig Craig, CO 24.4 38.4 *
Hayden Hayden; CO 40.5 23.0 *
Escalante Preuritt, NM 2.7 7.9 .4
Four Corners Fruitland, NM 105.5 227.7 2.8
San Juan Waterflow, NM 115.6 93.2 *
North Valmy Valmy, NV 11.5 15.9 3.3
Mohave Mohave, NV 51.5 42.2 *
Carbon Castledale, UT 15.6 12.0 *
Hunter Castledale, UT 15.9 53.4 *
Huntington Huntington, UT 32.6 58.1 *
Bridger Point of Rocks, WY 145.9 90.1 12.3
Naughton Kemmerer, WY 41.4 40.3 *
Asarco-Hayden Hayden, AZ 92 * *
Inspiration Miami, AZ 54 * *
Magma San Manuel, AZ 480 * *
Nacozari Naozari, Sonora 380 * *
Cananea Cananea, Sonora 240 * *

LA/Southern CA * * *
Phoenix, AZ * * *
Las Vegas, NV * * *
El Paso, TX * * *
Salt Lake City, UT * * *
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vapor concentrations or ozone concentrations were less than assumed, actual rates
would be less than these calculations.

Figure 6.10:
Calculated gas-phase SO2 oxidation rates as a function of time of day and sea-
son (Source: Latimer et al., 1985).
Perhaps the most important conclusion from Figure 6.10 is that gas-phase reactions

simply are not fast enough to explain the SO2 oxidation rates on the order of 1 percent
per hour suggested by WHITEX data. If one computes the 24-hour average SO2 oxida-
tion rate from Figure 6.10 for winter, one obtains a value of approximately 0.03 percent
per hour, a factor of 30 too low. Even the maximum gas-phase oxidation rate of 0.2 per-
cent per hour is too low by a factor of 5.

Thus, these high oxidation rates can only be explained by aqueous-phase oxidation:
reactions that occur within aerosols, or fog and cloud droplets. Theoretical calculations
suggest that the higher rates observed during WHITEX are indeed plausible. Figure 6.11
shows the sulfur oxidation rates as a function of droplet pH as a result of reactions with
ozone (O3), hydrogen peroxide (H2O2). iron (Fe), manganese (Mn), carbon (C), nitrous
acid (HNO2), and nitrate nitrogen dioxide (NO2). All reactions, except the one with
hydrogen peroxide, are strong functions of pH. As the droplet becomes more acidic
(from production of sulfuric acid), oxidation is dramatically slowed. However, the reac-
tion with H2O2 remains rapid.

The reaction rates shown in Figure 6.11 are based on an assumed H2 O2 concentra-
tion of 1 ppb. Although H2O2 concentrations were not measured during WHITEX, a
series of measurements were made by Van Valin51 during February 1987 along the 91.5
degree meridian from Iowa to the Gulf of Mexico. They found H2O2 concentrations var-
ied inversely with latitude, with values in the range from <<0.1 to 1.0 ppb. At the lati-
tude of the Grand Canyon (36 degrees), they found H2O2 concentrations in the range
from 0.1 to 0.6, centered on 0.3 ppb. They also found that H2O2
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Figure 6.71:
Time plot of predicted upper limit of NGS contribution to total sulfur at Hopi
Point (540 × SCD4) and measured total sulfur.
• When additional source profile development has been completed, the CMB analy-

ses should be repeated at these two sites and at the remaining WHITEX core and gradi-
ent sampling sites.

Chemical Mass Balance With Unique Tracer

When there is a unique tracer associated with a source and when ratios of tracer to
other emissions are known, Equation 6.9 can be used to estimate the upper limit of con-
tributions to ambient aerosol species. For instance, ambient concentrations of total sulfur
associated with NGS emissions can be calculated using

where the subscripts a and p refer to ambient and in-plume concentrations and
 is the total sulfur. For purposes of this study ambient CD4 concen-

trations were scaled to an equivalent ST/CD4 in-plume ratio of 540 µg/m3 ppt. Thus

can be used to estimate the upper bounds of NGS contributions at any site for which
there are ambient CD4 data. Figure 6.71 is a time plot of predicted and measured total
sulfur as a function of time at Hopi Point. In almost all cases the upper limit of the NGS
contribution is considerably greater than that which was measured. The average upper
limit of total sulfur calculated using Equation 6.10 is 1.58 ± 0.08 µg/m3 while the aver-
age measured total sulfur at Hopi Point is 0.61 ± 0.01 µg/m3. The upper limit is approxi-
mately 3 times higher than the ambient levels.

A similar plot for Page is shown in Figure 6.72 where the average upper limit of the
NGS contribution is 3.16 ± 0.15 µg/m3 while the average measured total sulfur is 1.75 ±
0.04 µg/m3 The mean upper limit at Page is nearly 2 times higher than the mean mea-
sured total sulfur.
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Appendix 6B:

Tracer Mass Balance Model Regression
(TMBR) Model and Tracer Mass Balance

(TMB) Model

OVERVIEW

The Tracer Mass Balance Regression Model is a multiple regression based model
which may be used to apportion an aerosol species of interest measured at a receptor site
to the various contributing sources. It has been shown to be a special case of the General
Mass Balance (GMB) Model. The actual regression analysis may be performed using the
method of least squares. However, since the independent variables in this model are
ambient concentrations of various aerosol components which are measured with error,
the method of Orthogonal Distance Regression (ODR) is expected to give better esti-
mates of tile source contributions. A detailed discussion of the method of ODR may be
found in the book by Fuller(1987).

MODEL EQUATIONS

The basic equation for TMBR model equation is

where:

Cik = concentration of species i at the receptor for time period k. In the cur-
rent application i refers to Sulfate Sulfur or SO2 sulfur.

Ciuk = concentration of trace element iu which serves as a tracer for a group of
one or more sources, for time period k.

γiu = regression coefficient for trace element iu which acts as a tracer for a
group of one or more sources.

γo = intercept representing the mean background concentration of the species
of interest, at the receptor.
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h = number of groups of sources, each group being represented by a particu-
lar aerosol species which acts as a tracer for that group of sources.

φuk = a factor which is a function of field measurements, sampling period and
possibly source type, chosen in such a way that the γ coefficients in the
model (1) are invariant with respect to the sampling period.

The model is known as the tracer mass balance (TMB) model when only a single
trace element is used as a tracer for a particular source and all the remaining sources are
accounted for by the intercept term in the model. When several trace elements are used
in addition to the tracer for the distinguished source of interest, then the model is referred
to as tracer mass balance regression (TMBR) model. The simplest versions of the TMBR
model and the TMB model use φuk = 1 for all time periods and source groups. In the cur-
rent application we have used φuk = 1 as well as φuk = RHk where RHk is the relative
humidity at the receptor during sampling period k.

The use of RHk as a linear factor in the above model was motivated by the follow-
ing considerations. In apportioning a secondary aerosol, the constant ßrujk derived from
the GMB model had the form

with

and

If the species iu does not convert and its deposition rate is the same as that of the
secondary aerosol species i being apportioned, then

so that the ratio  reduces to  after using the approximation

Recall that the full infinite series expansion for exp(x) is given by

and we have used a first order approximation in (6). It is possible to use higher
order approximations of exp(x) in these derivations but this is not pursued here.
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Assuming that Kc(i*, j, k) is proportional to RHk with proportionality constant B, we
obtain that the ratio  is equal to BtjkRHk which gives

Defining

where φuk = RHk and assuming that γiuk are constant for all sampling periods rather
than the quantities ßiuk suggests the use of RHk as a linear factor in the TMBR model
equation (1).

For purposes of attributing total sulfur or sulfate sulfur to NGS, SCD4 is a unique
NGS tracer. Furthermore, As was found to be below the detectible limit in samples gath-
ered from within the NGS plume (refer to Table ??). Therefore, As is considered to be a
unique tracer for emissions other than NGS and most probably associated with copper
smelter emissions.

Therefore, in actual application of the TMBR model to WHITEX data, we have
grouped the sources into 3 categories:

•   NGS with CD4 serving as the tracer
•   Sources with Arsenic (As) serving as a tracer, and,
•   all remaining sources, if any.

In the application of the TMB model, there are only two categories, viz, NGS with
CD4 as a tracer and all remaining sources.

The TMBR Model equations used in the application are:

where:

Ck = concentration of sulfate sulfur or total sulfur for time period k

Ciuk = concentration of trace element iu for time period k

γiu = regression coefficient associated with trace element iu
γo = intercept representing the mean background concentration of the species

being apportioned, due to all sources not accounted for explicitly.

γuk = RHk, the relative humidity at the receptor during sampling period k, or
1, depending on the particular application.

All of the cases considered may be written in the form

where:
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Auk = concentration of trace element iu for time period k or concentration of
trace element iu multiplied by RHk.

The model is known as the tracer mass balance (TMB) model when the only trace
element used is CD4 or scaled CD4 (SCD4). When other trace elements are used in addi-
tion to CD4 then the model is referred to as tracer mass balance regression (TMBR)
model. Multiplication by RH, when included, is a surrogate for the RH dependent oxida-
tion rate of SO2 to SO4.

MODEL CALCULATIONS AND UNCERTAINTIES

The concentrations Cuk of sulfate sulfur or total sulfur associated with each trace
element iu for each time period are calculated by multiplying the measured values of Auk
for each trace element by the respective regression coefficients as follows.

Cok would just be the intercept representing the contribution from all sources not
explicitly accounted for by any of the reference species used in the TMBR model.

The uncertainties for each of these concentrations are calculated by:

The quantities  are part of the WHITEX data base. The quantities  are
obtained as outputs from the regression packages that were used. Errors in Auk and the
estimated regression coefficients have been assumed to be uncorrelated.

The total calculated sulfur Ck for each time period is the sum of the Cuk's summed
over all the reference aerosol species iu and the intercept.

The uncertainty associated with the total calculated sulfur concentration for each
time period is:

assuming the covariance terms arising in the derivation are negligible. The sources
assumed to be associated with each trace element are:

•   CD4 or SCD4-Navajo Generating Station (NGS)
•   Selenium (Se)-All power plants including NGS
•   Arsenic (As)-Copper smelters
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•   Intercept-Mean background concentration.

The estimated fraction of sulfur from each source for any given time period is equal
to the sulfur associated with the trace element divided by the total calculated sulfur con-
centration:

The uncertainty for each of these fractions is:

The mean fraction  of the sulfur attributed to each source is estimated by the
mean sulfur concentration  for that source divided by the mean total calculated sulfur

.

where

and

The uncertainties for  and  are calculated by:

and

The uncertainties associated with the mean fractions are calculated by

The uncertainty formulas are all derived using propagation of error methods and
assuming the covariances between various terms occurring in the derivation are negligi-
ble.
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Model Assumptions.

The regression coefficients, including the intercept term, in the model have been
assumed to be time independent. The aerosol species used in the model are assumed to
be tracers for nonoverlapping groups of sources. In particular, none of the species other
than the tracer associated with the source of interest can be emitted by that source unless
there is an independent method such as CMB modeling to partition the ambient species
concentrations into components attributable to the various groups of sources.

Potential Deviations From Assumptions.

It is highly unlikely that the regression coefficients are constant for all sampling
periods. This will inflate the uncertainty in the final apportionments but the extent to
which this inflation occurs will depend on how variable the regression coefficients are.
We investigate below the possible effects of nonconstant regression coefficients in the
TMB model. A similar investigation may be carried out for the more general TMBR
model but the derivations are rather cumbersome and details are omitted here. For rea-
sons of convenience, the notation in the subsequent subsection is entirely independent of
the rest of the appendix but this need not cause any confusion.

Effect of Nonconstant Regression Coefficients In The TMB
Model.

Suppose

yt = pollutant concentration at the receptor at time t.

xt = concentration of tracer at the receptor at time t.

wt = pollutant concentration at the receptor attributable to the source under
study.

zt = pollutant concentration at the receptor attributable to other sources.

Then

We define

so that

It may be desirable to account for the fact that the actual measurements of {yt}, {xt}
involve measurement errors. Suppose the observed quantities are {Yt}, {Xt} where

{St}, {Et} being the independent set of measurement errors with means equal to 0
and known standard deviations equal to σS, σE, respectively. An estimate of the average
contribution of the
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pollutant by the source under study is given by

where  is the slope of a structural regression line fit obtained by regressing {Yt} on
{Xt}, while the estimated average fractional contribution, , of the source to the receptor,
for the duration of the study, is

We now investigate how the estimated average pollutant concentrations due to NGS
can differ from the actual value for the time period in question.

In the following discussion, a quantity such as β{y, x} will refer to the slope of the
least squares line fitted to {(yt, xt) | t = 1, ..., n}, with {yt} as observations on a dependent
variable and {xt} as observations on an independent variable. A quantity such as  will
represent  and  will represent .

The true average contribution of the pollutant from NGS to the receptor site is
. The estimated average contribution is , where  is the slope of the regres-

sion line fitted to the data {(Yt, Xt) | t = 1, ..., n}. At first we will consider the situation
when  is the least squares estimate in which case we write .

It is easily verified that

where,  and ∆ is the difference between the estimated average NGS con-
tribution and the true average NGS contribution. It seems reasonable to assume that the
quantities

are all nearly zero because we expect measurement errors El averaged over n time
periods to be nearly zero and because we expect measurement errors to be uncorrelated
with the true values x, z and w.

To this degree of approximation,

If  is the estimate obtained using structural regression (or Orthogonal Distance
Regression (ODR)), denoted by , we would obtain

since , where ∆ is the difference between estimated and actual
average NGS contribution during the time period under study.
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The quantity  is zero if wt/xt is constant and will differ from zero if the
least squares line fitted to the points {(wt, xt) | t = 1 ...., n} has a nonzero intercept. On
the other hand, the quantity β{z, x} is zero or nonzero depending on whether the least
squares line fitted to the points {(zt, xt) | t = 1, ..., n} has a zero slope or not, i.e., whether
or not zt and xt are ''correlated''. Ideally, if there was a constant background pollutant con-
centration  and if the tracer release was directly proportional to emissions, and
emissions were conservative, so that , we would have  and the reported
estimated average NGS contribution should be a reliable estimate of the actual value for
the time period in question.

MODEL INPUTS.

The model requires the following quantities as inputs:

•   The ambient concentrations of the aerosol species being apportioned, which is
SO4 in our application.

•   The ambient concentrations of the reference or tracer species, CD4 and As.
•   Relative humidity at the receptor for each of the sampling periods, when φuk =

RHk is used in the model rather than φuk = 1.
•   The uncertainties in the above quantities, when ODR is used to estimate the γ

coefficients, rather than OLS.

MODEL OUTPUTS.

The model outputs include:

•   Estimates of the actual amount of the contribution and the fractional contribu-
tion of the aerosol species of interest by the source or source type of interest to
the receptor, along with the associated uncertainty estimates.

•   Estimates of the average amount and the average fractional amount of the
aerosol species of interest contributed by each source or source type of interest
along with the associated uncertainty estimates.
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Appendix 3:

CD4 As An Air-Mass Tracer

Under proper conditions, CD4 can be used as a reliable tracer of an air mass. It is
the deuterated analogue to the common atmospheric trace gas methane (CH4), and it is
present in the unpolluted atmosphere at very low concentrations. The natural abundance
of the 2H isotope of hydrogen (deuterium) is only 0.015% of the total hydrogen (1H +2H
+3H), and the probability of four deuterium atoms combining in natural-formation
processes with the same carbon atom to form CD4 is very low. If a random association of
the isotopes occurred in methane formation, only about 5 molecules in 1016 molecules of
CH4 would be expected to be CD4. Background levels (2.7 x 10-4 ppt) reported in the
NPS-WHITEX report are considerably higher than that expected from natural sources,
but they are sufficiently low to make the use of CD4 attractive as a tracer in field studies.

The deposition velocity of CD4 is expected to be near zero. The tropospheric
lifetime of CD4 is determined by its rate of reaction with OH radicals. This rate
coefficient is less than that of CH4 at atmospheric temperatures, and hence, it is not
destroyed measurably by chemistry in the troposphere during a tracer experiment, which
lasts only a few days.

The CD4 can be isolated from other non-CH4 atmospheric trace gases using CH4-
enriched gas samples coupled with gas chromatographic techniques. The CD4: CH4 ratio
can be readily determined from the resulting fraction containing the separated CH4 gases
using mass spectrometric procedures. From this measured ratio and the known amount of
CH4 added to the mixture, the concentration of CD4 in the original air sample can be
estimated.
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