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Abstract

The most appropriate monitoring methods for reactive nitrogen oxides are identified subject to the
requirements for diagnostic testing of air quality simulation models. Measurements must be made over 1 h or
less and with an uncertainty of <20% (10% for NO,) over a typical ambient concentration range extending from
alower limit of 1 ppbv. NO, NO,, HNO,, PAN, and other reactive nitrogen oxides that exist at the 1-ppbv level
and above, along with the compound sets designated as NOy, (all reactive nitrogen oxide compounds), NOy
(NO +NO,), and their difference, NO,, are included in this measurement requirement. New and/or improved

- measurement techniques for NO, monitoring, including laser-induced fluorescence, photolytic conversion/NO,
O, chemiluminescence, differential optical absorption spectroscopy, and NO,/luminol chemiluminescence, are
examined with reference to literature citations and to field monitoring as part of the 1999 Southern Oxidants
Study (SOS) summer field study in Nashville, TN. Existing approaches to monitoring the other most prevalent
reactive oxides of nitrogen are reviewed. At the lower end of the ambient monitoring range, research-grade
instruments are often needed and operator skill, experience, and close attention are critical to proper instrument
operation, calibration, and maintenance. If the most appropriate methods are used and other species and
atmospheric parameters relevant to ozone production and accumulation are also accurately measured, air quality
simulation models can be diagnostically tested and the basis for regulatory decisions such as the NO, State
Implementation Plan (SIP) Call can be evaluated.
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Foreword

The National Exposure Research Laboratory, Research Triangle Park, North Carolina, performs research
and development to characterize, predict, and diagnose human and ecosystem exposure, giving priority to that
research which most significantly reduces the uncertainty in risk assessment and most improves the tools to
assess and manage risk or to characterize compliance with regulations. The Laboratory seeks opportunities for
research collaboration to integrate the work of ORD’s scientific partners and provides leadership to address
emerging environmental issues and advance the science and technology essential for understanding human and
ecosystem exposures. One aspect of the Laboratory’s mission is to support the iterative process of comparing
model predictions with experimental observations so that ultimately the reconciliation of differences is accom-
plished. In the case of ozone production in the ambient atmosphere through photochemical processes, this
support includes the identification and/or development of monitoring instrumentation of sufficient quality to
evaluate the impact of control strategies.

EPA has established a strategic plan for its scientific program of research and development that includes
production of reports that respond to the perceived needs in support of public interest through compliance with
the Government Performance and Results Act (GPRA). The current report is GPRA Annual Performance
Measure (APM) #442; it contains a summary of published methods for monitoring nitrogen oxides and
identification of the best available methods. Resources for the production of this report are provided as part of
EPA’s NARSTO program, which includes the study of ozone precursors and the relationship between emissions
of these precursors and the production of ozone in the troposphere. Information provided herein is needed to
understand the priorities for instrumentation improvements and to appreciate the current viable alternatives
available to the atmospheric scientist. The objective of identifying the best methods is ultimately to obtain the
best ambient air data in support of air quality simulation models so as to predict the occurrence of ozone in
terms of the presence of ozone precursor compounds, one category of which is the nitrogen oxides.

This report incorporates information on the need for monitoring methods for nitrogen oxides, on their
required level of performance, on alternatives available in both the commercial and research arenas, on the
operating principles of several monitoring methods, and on the literature that documents information on
methods. A major monitoring need is for diagnostic testing of air quality models (AQMs) so that refinements
can be made to existing models (see Chapter 4). These refinements would then enhance the relevance of model
predictions with respect to recommendations on the control of nitrogen oxide emissions and of ozone
concentrations. Discussion of the various alternatives indicates where improvements in monitoring methods are
most likely to be made so that scarce resources can be allocated accordingly. For all the reactive oxides of
nitrogen considered here, commercial and/or research-grade instruments meet the needs for monitoring with
respect to diagnostic testing of AQMs, although improvements are almost universally indicated to avoid the
often tedious monitoring protocols that are currently required.

Gary J. Foley, Ph.D.

Director

National Exposure Research Laboratory
Research Triangle Park, NC 27711
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Chapter 1
Introduction

by

W.A. McClenny, U.S. EPA

The objective of this report is to recommend the best
monitoring methods for NO, NO,, NOx, NOy, and speciated NO,
to support the current national strategy on regional transport of
ozone. Definitions for the compound groupings NO, NOy, and
NO; are given in section 1.3. Such instrumentation will be used
to evaluate the effectiveness of NOy emissions reduction as
initially envisioned in the September 1998 final Regional Trans-
port of Ozone Rule (NOy State Implementation Plan [SIP] Call).
As part of this document (Federal Register, 1998), the Federal
government originally proposed that 22 eastern states and the
District of Columbia reduce source emissions of NOy (NO +
NO,) so as to lower the ground-level O, concentrations at down-
wind sites. An average targeted reduction in NO, emissions of
28% was determined assuming that reasonable, cost-effective
control measures were applied. Subsequently, on 25 May 1999,
the U.S. Court of Appeals for the D.C. Circuit issued an order
partially staying the implementation of the NO, SIP call.
Arguments before the Court were presented on 9 November
1999, and on 3 March 2000 the Court of Appeals generally
upheld the NOx SIP Call provisions. On 22 June 2000, the
deadline for states to submit SIPs was set as 30 October 2000,
and on 30 August 2000 the compliance deadline for the SIP call
provisions was extended to 31 May 2004.

In related actions, on 17 December 1999 EPA granted
petitions filed by four northeastern states seeking to reduce ozone
pollution through reductions in nitrogen oxide emissions from
other states. These petitions were filed under Section 126 of the
Clean Air Act. Understanding the effectiveness of the actions
carried out as a result of the NO, SIP Call and the Section 126
petitions will ultimately require experimental measurements of
ozone and ozone precursors including the nitrogen oxides.
Ideally, these measurements along with those of other trace
species and atmospheric variables will vindicate the current
national strategy of controlling O; production by selectively
reducing NOy and/or reactive organic compound (ROC) emis-

sions. Measurements before-and after implementation of emis- -
sion controls will be required to establish a basis for quantifying
changes.

Rationale for the Need to

Measure Nitrogen Oxides

A detailed discussion of the rationale for obtaining
measurements of individual nitrogen oxide species including NO,
NO,, HONO, HNOQ,, organic nitrates, particle nitrate, and NO,
is presented in Chapter 4. This discussion, titled “On the Need
for Better Ambient Observations of Important Chemical Species
for Air Quality Model Evaluation,” emphasizes diagnostic testing
of air quality models (AQM:s). In diagnostic testing, field mea-
surements of key trace species and of process rates (reaction
rates, photolysis rates, etc.) are compared to the model results at
preliminary output levels in the modeling procedure for
predicting ambient ozone. Given sufficiently accurate and precise
measurements, the results of these comparisons identify the
strong and weak points in the model simulations of the ambient
atmosphere. Measurements of key trace species concentrations

1.1

" taken with a short temporal resolution compared with typical

significant changes in daytime ozone concentration are most
desirable. Chapter 4 establishes the required frequency of mea-
surement as significantly less than one hour. The discussion gives
specific recommendations for prioritizing variables for a broad
range of parameters, including those nitrogen oxides of specific
interest, along with some estimates of the measurement certainty
required for meaningful comparison tests with the predictions of
AQMs. Measurements of NO, with an uncertainty of 10% at the
1-ppbv and higher concentration levels and of no greater than
20% for individual NO, components are given as two require-
ments. Measurements of individual NO;, species such as HNO,
and PAN-like compounds are used in “air mass history resultant



photochemistry tests” where their ratios to other compounds are
formed (see below). Additional requirements on these monitors
may be imposed.

1.2 Note about Recommehdations
of this Report

The recommendations of this report are for monitoring
methods that have been shown to meet the rather stringent mon-
itoring requirements for diagnostic testing and atmospheric
research. A method’s potential may only have been realized with
customized instrumentation assembled from component parts in
the research laboratory. While this is most often the case, the
existence of the National Ambient Air Quality Standards
(NAAQS) for NO, and other criteria pollutants has created a
large market for commercial instruments designed for routine
monitoring. In some cases redesign of these instruments has
improved performance levels to meet research requirements.
Therefore commercial instruments will be mentioned as part of
the discussion of methods in cases where they have been used to
experimentally demonstrate a potential for research monitoring
applications. One example is the monitoring of total NOy and
NO by NO, O, chemiluminescence, which is the reference
method for NAAQS criteria monitoring of NO,. In this case,
commercially available instruments have been appropriately
modified and used to demonstrate the potential of the chemi-
luminescence method. The different monitoring methods are
mentioned in Chapter 2 as part of the conclusions and are
discussed in more detail in Chapter 5 where information on
alternative methods is given. Often several methods have been
successful in achieving the monitoring requirements of diagnostic
testing of AQMs and the scientist must choose among these
based on the perception of advantages and disadvantages.

1.3 Definition of Compounds of Interest
As noted by Kliner et al. (1997), NOy consists of all
oxides of nitrogen in which the oxidation state of the N atom is
+2 or greater, i.e., the sum of all reactive nitrogen oxides
including NOy (NO + NO,) and the remaining set of compounds
that collectively are denoted by NO,, i.e., NOy — NOx = NO,.
. For the purposes of this document, the most prevalent subset of
NO, compounds will be treated. These compounds are known to
account for almost all of the reaction products of NOy in ambient
air. This operational set of NO, compounds consists of nitric and
nitrous acids (HNO, and HONO); the organic nitrates including
peroxyacetyl nitrate anhydride (PAN), peroxymethacrylyl nitrate
(MPAN), and peroxypropionyl nitrate (PPN); and particulate
nitrates. The nitrogen oxides covered in order of presentation are
NOy, NO, NO,, HNO,;, HONO, PAN, PPN, MPAN, RONO,,
and particle nitrate.

1.4 Previous Survey of Instrumentation

Sickles (1992) provides excellent documentation in the
open literature of sampling and analysis techniques for ambient
oxides of nitrogen and related species including references up to
a certain point in 1990. His work is also available in Volume I,
Chapter 6, of EPA publication EPA/600/8-91/049aF (August
1993) titled “Air Quality Criteria for Oxides of Nitrogen.” For
the present report, two types of references are listed in the
reference section (Chapter 7): those resuiting from a literature
search for the period between 1990 and 2000 and certain pre-
1991 references that are required to establish discussion points
in the text. The reader is referred to Sickles (1992) for a com-
prehensive listing of the pre-1991 references.

Parrish and Fehsenfeld (2000) provide a review of
methods for gas-phase measurements that includes the nitrogen
oxides. Their article is part of a special issue of Atmospheric
Environment titled the NARSTO Ozone Assessment—A Critical
Review.

1.5 Point and Path Monitors

Most major contributors to the nitrogen oxides can be
monitored by either point or open-path monitors. Point monitors
sample ambient air through an inlet to the interior of the monitor
where the sample is probed and examined in a controlled envi-
ronment. Sample conditioning to selectively eliminate interfer-
ences and/or to concentrate the sample is possible. Instrument
calibration is typically performed by providing a known con-
centration of the target gas at the inlet. Responses to ambient air
samples are then referenced to a calibration curve to infer the
ambient air concentration of target species.

Open-path monitors typically monitor by probing the
ambient air with a beam of radiation over significant distances
(0.1-5 km). Radiation missing from the transmitted spectra is
attributed to a combination of absorption and scattering by
specific gases and airborne particles distributed along the path
length. No sampling is performed and hence no sampling arti-
facts occur. The sampling environment is uncontrolled so that
sample conditioning to remove interferences or to cause sample
concentration is impossible. The parameter measured by open-
path monitors is the product of gas concentration and distance
usually stated in parts per billion by volume times meters
(ppbvem). Dividing this product by a known path length, the
average concentration is obtained. As a result of the spatial
averaging, the extent of variations in concentration along the path
is reduced from that monitored by a point monitor, but the path-
averaged value is more representative over the extended dis-
tances typical of AQMs. Calibration is performed by comparing
field spectra to reference spectra taken in the laboratory (ideally
with the same instrument) and/or by placing calibration cells
filled with known target gas burdens (ppbvem) in the optical



beam along a portion of the measurement path. Certain types of
open-path measurements can be range resolved by analyzing the
backscattered light from pulsed radiation sources. For example,
short pulses of laser radiation are backscattered from atmo-
spheric particles and received at the laser location as a function
of time. By using multiple wavelengths to establish a difference
in absorption along the path, range resolved measurement of
target gases can be obtained. These systems are referred to as
differential absorption lidar (DIAL) systems and are most
frequently used to map dispersing source plumes. Pulsed laser
systems can also be used for column burden measurements
(ppbvem). In this case the difference in absorption at multiple
wavelengths is obtained using an aircraft-mounted source/
receiver and the earth’s surface as a diffuse backscatter of
radiation.

1.6 Other Important Issues for
Tropospheric Monitoring of

Nitrogen Oxides

Calibration of the different trace species can be a limiting
factor in achieving the level of accuracy required to meet the data
quality objectives needed for diagnostic testing of AQMs. Pro-
cedures are firmly established for on-site calibration of NO and
NO, monitoring instruments due to the NAAQS program, but
have to be extended to measure the low to sub-ppbv levels sought
in atmospheric research measurements. Reliable standards for
other nitrogen oxides are not so routinely available and require
aconcentrated effort to establish. Although recommendations for
calibration techniques are beyond the scope of work attempted
in this document, the method references listed in Chapter 7 docu-
ment the procedures for calibration used for specific methods.

Measurements in the vertical dimension are required for
a complete description of the air quality mixture affecting
ground-level ozone. Measurements from aircraft, from tethered
balloons, from radiosondes, and by remote monitoring systems
such as sodar, radar, and lidar are made to provide this infor-
mation. The use of instrumentation for measuring the vertical
distribution of nitrogen oxides is not specifically discussed in this
document, but a number of the ground-based methods have been
adapted to aircraft and/or modified to meet the special require-
ments of rapid response and orientation insensitivity that are
required. Results of comparison studies of instrumentation used
in aircraft, including NO instrumentation (Hoell et al., 1987),
NO, instrumentation (Gregory et al., 1990a), and PAN instru-
mentation (Gregory et al., 1990b), have been documented by
scientists at NASA Langley.

1.7 Organization of the Report

The report is organized to provide a basis and rationale
for recommending monitoring methods for tropospheric nitrogen
oxides. Following the Introduction, Conclusions, and Recom-
mendations, Chapter 4 presents the rationale for using measure-
ments for diagnostic testing of AQMs. The instruments available
for NOy and individual reactive nitrogen oxides are discussed in
Chapter 5, including the rationale for choosing among alterna-
tives. Chapter 6 reviews some of the data obtained with com-
mercially available NO, monitoring systems used in the Nash-
ville Southern Oxidants Study (SOS) 99 summer field study.
Supplemental information to highlight recent and/or pertinent
experimental and theoretical work is provided in the Appendices.
Appendix A explains the importance of the NO, O, gas-phase
reaction in the inlet to sampling systems for NO, NO,, and O,.
Appendix B provides documentation on the design features and
performance characteristics of the open-path monitoring systems
based on differential optical absorption spectroscopy (DOAS).
Appendix C discusses the characteristics of photolytic converters
as an alternative to thermal converters for conversion of NO, to ~
NO prior to chemiluminescence detection of NO. Appendix D
provides documentation of recently completed research on the
use of laser-induced fluorescence (LIF) for direct NO, moni-
toring. Appendix E is a discussion of the applications of luminol-
based monitoring of NO, and related procedures for monitoring
NO, NOy, and NO,.



Chapter 2
Conclusions

by

W.A. McClenny, U.S. EPA

Chapter 4 explains that many factors determine the pro-
duction and accumulation of ozone downwind of fuel-fired
electric utilities and other major point sources of NO,, emissions.
AQMs have been developed to incorporate representations for all
these factors and to assign the proper role to each. Based on
AQM predictions, the U.S. EPA has determined that reduction in
NOy, emissions from major sources in the Northeast U.S. will
lead to significant reduction of downwind ambient O, concen-
trations and thereby significantly mitigate the detrimental effects
of high ozone concentrations on human health and the ecology.
Responsibilities with respect to transport of ozone and ozone
precursors across state boundaries in the Northeast and across the
international boundary with Canada are also of concern. To
evaluate implementation of controls on these sources, AQM
predictions will be compared to experimental measurements both
before and after control implementation. The effect of the emis-
sions reduction must be separated from other factors to show the
" real consequences. Since separation of factors must occur, the
adequacy of all model constructs must be evaluated using a
holistic or “‘one atmosphere” approach. Among the critical com-
ponents is the accurate measurement of reactive nitrogen oxides.

The accomplishment of this objective and others of
comparable importance is equivalent to being able to show
relationships among ozone, its precursors, and other variables
that are consistently interpretable and lead to changes that have
known attribution. This process is referred to later in this docu-
ment as diagnostic testing of the models. Only through diagnostic
testing can the accuracy and validity of the model be determined
and a consistent understanding of the interplay of different causal
factors contributing to ozone production and accumulation be
achieved.

Based on the requirements for adequate diagnostic testing
of AQMs as delineated in Chapter 4, methods for monitoring
ambient reactive nitrogen oxides at stationary, ground-level
monitoring sites must have temporal resolution of significantly

less than 1 h and a measurement uncertainty at 1 ppbv and higher .
of 20% for NO, NOy, and the major components of NO, (PAN,
PPN, MPAN, HNO,, HONO, and nitrate particulate [as equiva-
lent NO]) and 10% for NO, (see Chapter 4). Monitoring methods
that can meet these requirements or that appear to have the
potential are discussed in Chapter 5. Those methods that are
recommended for diagnostic testing and atmospheric research
based on documented experimental testing are summarized in
sections 2.1 through 2.6.

2.1 Recommendations for Monitoring

Total Reactive Oxides of Nitrogen (NO,)

Thermal conversion/NO, O, chemiluminescence.
Use of a thermal converter to convert reactive nitrogen oxides to
NO followed by detection of NO by its chemiluminescence
reaction with an excess of O, is recommended.

Reference (among others): Williams et al. (1998)

Note: Conversion of all reactive nitrogen oxides to NO,
followed by chemical conversion to NO,, and then detection by
LIF or luminol fluorescence is an option, but involves two con-
versions for all species except NO,.

2.2 Recommendations for Monitoring
Nitric Oxide (NO)

NO, O, chemiluminescence. Detection of NO by its
chemiluminescence reaction with an excess of O, is recommended.
Note: All point monitors are subject to sampling losses of
NO in the inlet lines due to reaction with co-collected ambient O,
and the walls of the inlet lines. Thus, rapid transit of the lines is
desirable. Two seconds or less of residence time in the inlet,



including both the lines and any sample conditioner (e.g., photo-
lysis cell), ensures that NO is reduced no more than 10% before
reaching the detector (see Appendix A).

References (among others): Fontijn et al. (1970),
Bollinger (1982), Ridley et al. (1988a)

2.3 Recommendations for Monitoring

Nitrogen Dioxide (NO,)

There are at least four successful methods to monitor NO,
over its ambient concentration range, as noted below. The use of
a photolytic converter with NO, O, chemiluminescence is prob-
ably the most viable at this time, while the use of LIF in its
current incarnation is an excellent research tool. The use of
DOAS open-path measurements and luminol chemiluminescence
is also viable since interferences are generally known and can be
accounted for.

Luminol chemiluminescence. Detection of NO, by
liquid-based luminol chemiluminescence has been used as a
simple, sensitive method subject to interferences (PAN, O,, and
HONO) that can be reduced if not eliminated by adjusting the
composition of the luminol solution and using chemical scrub-
bers (see Appendix E). The method is subject to nonlinearity of
response at the lower end of the ambient NO, concentration
range. At low NO, concentrations these issues must be addressed
if accurate monitoring is to be achieved. GC/luminol detector
combinations are used to obtain PAN, MPAN, PPN, and NO,
over short cycle times (see section 2.6.).

References (among others): Kelly et al. (1990), Maeda et
al. (1980), Wendel et al. (1983)

Differential optical absorption spectroscopy.
Detection of NO, by DOAS (see Appendix B) is direct and does
not require sampling; thus, no sampling losses occur. Uncertainties
in this measurement are subject to the choice of spectral fitting
routine and the ambient environment (mixture of permanent and
trace species, some of which may be unknown interferences). It is
clear that agreement between DOAS techniques and the point
monitoring techniques listed above is possible across the typical
monitoring range of NO, in ambient air, provided a path of suf-
ficient length is used. The existence of unknown spectral inter-
ferences may require post-run analysis of spectra.

Reference (among others): Platt (1994)

Photolytic conversion/chemiluminescence. Detec-
tion of NO, by photolytic conversion to NO followed by its
chemiluminescence reaction with an excess of O, achieves
monitoring objectives and is known to compare well with LIF
and DOAS measurements in field tests (see Appendix D). HONO
is a significant interference since it is photolyzed to an extent
depending on the exact nature of the spectral bandwidth of

radiation being used (37% is photolyzed in one state-of-the-art
system [Ryerson et al., 2000]). See Appendix C for a discussion.

References (among others): Ryerson et al. (2000), Gao et
al. (1994)

Laser-induced fluorescence. Detection of NO, by LIF
is now a demonstrated, field-proven monitoring method using a
practical, frequency-doubled Nd**:YAG laser to pump a dye laser
and is a direct method for NO, monitoring over the entire range of
ambient concentration (see Appendix D). As solid-state laser tech-
nology advances, tunable diode lasers are expected to replace the
dye laser excitation systems, yielding a more compact, lightweight,
and technically simplified instrument.

Reference: Thornton et al. (2000)

2.4 Recommendations for Monitoring Nitric
and Nitrous Acids (HNO, and HONO)

Note: Nitric acid is highly soluble in water and interaction
with surfaces has been a problem for sampling into point monitors. -

Diffusion scrubber/ion chromatography. This tech-
nique involves the capture of HNO, and HONO (as well as SO,
and other acid gases) in water solution followed by separation by
ion chromatography and detection of anions. The use of some type
of wet-wall gas-phase scrubber to remove HNO, and HONO from
the sample stream while passing nitrate particles is required.

Reference (among others): Simon and Dasgupta (1995a)

Chemical ionization mass spectrometry. Thistech-
nique measures nitric acid with more than adequate sensitivity
(15 pptv in 1 s) and is the preferable approach aboard aircraft
due to its rapid response.

References (among others): Huey et al. (1998), Mauldin
et al. (1998), Fehsenfeld et al. (1998)

Chemiluminescence differencing technique. This
technique involves two sample streams, each passing through its
own sampling channel. One channel includes a nylon filter that
retains nitric acid, and both channels have identical thermal
converters. The difference in signal is due to HNO,. Decomposi-
tion of ammonium nitrate particles during sampling is a potential
problem.

Reference (among others): Tanner et al. (1998)

2.5 Recommendations for Monitoring

Particle Nitrate

Collection on filters placed downstream of acid gas
denuders followed either by water extraction and ion chromato-
graphic analysis or by thermal desorption and conversion to NO
for chemiluminescence detection is recommended.



References (among others): Simon and Dasgupta (1993),
Stolzenburg and Hering (2000)

2.6 Recommendations for Monitoring

PAN, PPN, and MPAN

The GC/ECD and GC/luminol chemiluminescence methods
have the time resolution and sensitivity to make these measure-
ments. One version of the GC/luminol method has been designed
to provide NO, measurements as well.

References (among others): Roberts et al. (1989), Gaffney
etal (1998)

2.7 Additional Comments

The discussion in Chapter 5 on methods for monitoring
the reactive nitrogen oxides provides the rationale for these
choices in terms of the interpretation of information obtained
from the scientific peer-reviewed references cited in the text and
the experimental work performed by those who have contributed
to the current effort. The recommended methods have the poten-
tial to meet the monitoring objectives to support diagnostic
testing of AQMs. However, this has not been done on a routine
basis with automated calibration and monitoring such as done for
NAAQS monitoring. To use these monitoring methods success-
fully, quality assurance measures, including calibration, main-
tenance, and instrument performance checks (e.g., converter
efficiency checks, background determinations), are critical and
must be performed with extreme care and diligence, especially at
the lower end of the ambient concentration range.

The goals of diagnostic testing can best be accomplished
by making a complete set of measurements, including speciated
volatile organic compounds (VOCs), OH, and HO,, and process
variables such as the photolytic production rates of OH from
HCHO, etc. Typically, these measurements are performed by
professional scientists in field-intensive studies. These studies
bring together instrumentation based on different principles
and/or instruments that use different protocols for the mea-
surement of each individual species. Agreement among these
methods means additional confidence can often be assigned to
critical measurements. This is particularly important at the lower
end of the concentration monitoring range where interferences
and environmental variables can be relatively more important.



Chapter 3
Recommendations

by

W.A. McClenny, U.S. EPA

The following recommendations address opportunities for

improvements in the quality of measurements for reactive nitro-
gen oxides and are based on the detailed information provided in
Chapters 4, 5, and 6.

Continue support of comprehensive field intensives for
building consensus on the best methods for monitoring reac-
tive nitrogen oxides, and for diagnostic testing of models
(specifically the modeling of changes in ozone photo-
chemistry as the NOy SIP Call reductions are implemented
and the modeling of regions with significant persistent ozone
exceedances).. .

Support research and stimulate commercial interest to im-
prove methods for sampling and analyzing reactive nitrogen
oxides, which includes the following actions:

~ Identification and testing of a more stable thermal con-
verter configuration by redesign or by identification of
a different type of converter.

—  Further development and commercialization of an aux-
iliary photolytic converter for conversion of NO, to NO
so that the specificity of NO, measurements can be
improved over that available with the thermal conver-
ters used in the current U.S. installed instrument base of
NO, O, chemiluminescence monitors.

~  Further development of a cost-effective LIF monitor by
redesign as cost-effective component parts become
available. '

—  Further development of a DOAS open-path system with

full access to spectra and spectral fitting routines that
will facilitate postprocessing of data.

—  Further development of a near real-time nitric/nitrous
.acid monitor based on wet denuders and ion chroma-
tography or on an alternate approach.

—  Further evaluation and application of a near real-time
monitor for NO,/PAN measurements based on gas
chromatography (GC) coupled to a NO,-specific
detector. ‘

Investigate interest by NIST in the production of the
following:

— Anultraviolet (UV)/visible spectral database similar to

the NIST reference library of infrared (IR) spectra.

— A NO, reference photometer and monitor similar to
those used for O,. Recent research published in the
open literature implies this is now possible.

— Calibration gas standards (e.g., n-propyl nitrate) for
checking thermal converter efficiency in NO, mea-
surements.



Chapter 4
On the Need for Better Ambient Observations of Important
Chemical Species for Air Quality Model Evaluation

Robin L. Dennis and J.R. Arnold, Atmospheric Modeling Division, NERL, and
Gail S. Tonnesen, CE-CERT, University of California at Riverside

Chapter 4 describes a suite of measurements required to
evaluate the predictive accuracy of AQMs, an explanation of why
these measurements are needed, and at what concentration levels
and accuracy they are needed. This information is of significant
value in the information exchange between modelers and moni-
toring groups and is given here for the nitrogen oxides sum-
marized in this report and also for the entire array of mea-
surements associated with AQMs. The reader interested only in
a listing of measurement requirements will find them in section
4.9, “General Requirements of Observations for Diagnostic
Model Evaluation,” and Tables 4.2 and 4.3.

4.1 Introduction

Air quality is determined by a complex system of coupled
chemical and physical processes. These processes include emis-
sions of pollutants and pollutant precursors, chemical reactions,
transport, and deposition. For ozone production, this system is
nonlinear (Seinfeld and Pandis, 1998). Multiple spatial and tem-
poral scales, multiple gaseous and particulate pollutants, and
environmental issues such as acid or nutrient deposition to eco-
systems and visibility degradation are involved. The integrated
nature defined by these environmental factors and the feedback
cycles in them means that tropospheric air quality can best be
treated as “one atmosphere” (Dennis, 1998) in which multiple
precursors, intermediates, and products interact and react over
several scales of time and space.

Buteven from the integrated one-atmosphere perspective,
O, is a pollutant of especially high concern because of its key
position in the processes and cycles affecting other pollutants and
its widespread effects on ecological and human health (National
Research Council [NRC], 1991). For reasons explained in

Chapter 5, the oxidized nitrogen species collectively referred to
as NOy are crucial to the process of O, and particulate matter
(PM) formation and fate. Because characterizing the dynamics of
the formation, transport, and fate of tropospheric O, conveniently
simplifies the more complex interactions among multiple pollu-
tants, tropospheric O, is being used to illustrate the utility of
high-quality ambient measurements of NO, species and other
important aspects of the urban and regional troposphere for
evaluating numerical photochemical AQMs.

4.2 Air Quality Process Models in

Pollutant Management

AQMs represent the chemical and physical dynamics of
the polluted troposphere using a set of coupled nonlinear partial
differential equations (PDEs) to describe mathematically the
mass conservation equation for each chemical species (Russell
and Dennis, 2000):

ac, ac,
—a—-—V(ﬁci)+V(KeVCi)+Pi—Li+Ei—Ri+ s a1)
fori=1,...,N

where N is the number of chemical species represented in the
AQM, C, is the concentration of species i, U is the wind vector,
K, is the turbulent diffusion coefficient, E; is the source due to
emissions for species i, R, is the removal term for species i via
various processes {e.g., dry and wet deposition), P, is the
chemical production term for species i, L; is the loss rate of
species i via gas-phase chemical reactions, and (0C/0t) ;o4 is the
production and/or loss of species i by cloud or aqueous-phase



chemical processes. The set of PDEs is coupled because P; and
L, are functions of the species concentration vector (C). Equation
4-1 cannot be solved analytically, but various numerical methods
can be used to obtain approximate solutions. AQMs generally
use operator splitting to solve each of the terms in Equation 4-1
separately, greatly shortening solution times (McRae et al., 1982)
and improving numerical accuracy, to predict the temporal
evolution of the species concentration fields. Due to computa-
tional constraints, AQMs typically do not save or output the
contributions of each of the processes in Equation 4-1 to the
change in species concentrations; however, AQMs can be
“instrumented” to store this process rate information and make
it available for additional postprocessing and analysis. (Instru-
mentation of the model is described in section 4.5.)

Among the most recent and scientifically advanced AQMs
is U.S. EPA’s Models-3/Community Multiscale Model for Air
Quality (CMAQ) (Byun and Ching, 1999), which has been
designed and built specifically to treat problems from a one-
atmosphere perspective. CMAQ and other AQMs were developed
for the purposes of better understanding tropospheric dynamics and
assisting with pollutant management strategies. Both purposes rely
on model predictions of future O, concentrations ([O,]) that might
result from reductions in emissions of nitrogen oxides (NOyx =NO
+ NO,) and/or VOCs (or HCs, the hydrocarbon subset of VOCs),
the two precursors necessary for O; buildup in the troposphere.

For each purpose—scientific understanding and pollutant
management—the fundamental task of the model is predicting
pollutant concentrations for the nonlinear photochemical system
of the troposphere. However, to advance our understanding of
the photochemical system and to allow us to specify better, more
insightful empirical measures of that system as simulated by the
model, these predictions must be accompanied by causal expla-
nations of how the model produced them. Explanation is in fact
a unique distinction of the numerical process models since there
exists no means for explaining observations using only the
observations themselves. That is to say, there is no currently
available set of measurements that can be used to fully account
for how any one observation at one place came about. However,
analysis of results from a properly instrumented model can be
used to build explanations of the model’s predictions and should
be done so as to increase confidence in using AQMs as guidance
for air quality policy making. Without a proper understanding of
the causal mechanisms for the model’s predictions available in
this analysis of model processes, there is greater risk for error
when using AQM:s in developing and selecting emissions control
strategies. Since it is estimated that the annual cost of compliance
with regulations for managing urban and regional O, alone in the
U.S. exceeds US$1 billion (U.S. EPA, 1997), the cost of bad
guidance can be very high.

4.3 Need for Diagnostic Testing
In AQM Evaluation

Because of the large economic and social costs of
decisions affecting air pollutant control, we wish to avoid poten-
tial errors where possible by using scientifically advanced AQMs
like CMAQ to provide a realistic simulation of future conditions
and an accurate appraisal of the type and amount of emissions
control necessary to meet mandated air quality goals. This need
to use the models entails adequate testing in an evaluation that

® indicates the validity of the model’s scientific formu-
lations,

® assesses the realism of the model’s simulations, and

®  characterizes the credibility of the model’s realismrela-
tive to its intended applications.

There remains, however, a difficult problem for providing a
meaningful evaluation of the model to guide decision making: -
how to tell whether the model is producing seemingly appro-
priate results from incorrect model formulations or bad input
data, i.e., how model performance can appear right for the wrong
reasons. )

Evaluation efforts to date have been largely inadequate
for addressing the problems of AQM evaluation for regulatory
use or scientific understanding (Russell and Dennis, 2000). This
inadequacy derives from a general lack of high-quality ambient
measurements in a sufficiently dense spatial and temporal
domain and the concomitant tendency to base the model evalu-
ation on tests using simple statistical measures on outcome
variable residuals (Concentration,gi,es — COncentration g eq)
only for O, and, less often, for what is typically reported as NOy.
Because O, concentrations are a nonunique function of precursor
emissions, and because the system contains several nonlinear
feedback effects that effectively buffer the [Os] (i.e., reduce the
variability of its response to changes in any one part of the
system [see section 4.4]), the realism of model simulations
cannot be usefully evaluated using only comparisons of modeled
and observed ambient [O;] data. Such an analysis cannot test
whether good fits of the model to observations might be due to
compensating errors in the representation of modeled processes;
this greatly reduces our confidence in the usefulness of models
for providing guidance in air quality management decisions.

Inadequate evaluations have significant consequences
for use of the model in that they allow the possibility of finding
amodel acceptable for an application when in fact it is not. The
lack of diagnostic tests for a model and its component modules
in most current AQM evaluations has allowed models to be



judged acceptable for several applications when large and
significant errors remained. For example, using the U.S.
EPA-recommended performance evaluation statistics for [O;]
(U.S. EPA, 1991) of

® 51015 % bias,
® +30 to +35% gross error, and
® +15 to +20% unpaired peak prediction accuracy,

urban applications of the Urban Airshed Model version IV (UAM-
IV) (U.S. EPA, 1991) have performed acceptably well even when
errors in the meteorological model produced wind speeds of zero
in all grid layers above the surface (Tesche and McNally, 1995). In
other cases (described in Tesche et al.,, 1992), data in VOC
inventories used to set up a model for application evaluations were
later shown to be underestimated by a factor of 2 or more, yet, at
the time, model applications were found to be acceptable using
these recommended performance statistics.

Moreover, because model evaluation for air quality appli-
cations is carried out to assist in control strategy development
and selection, a failed model evaluation for applications such as
these leaves the potential for undocumented bias in estimating
the effect of control strategies. Given an undocumented bias in
a model, policy makers could select an incorrect level of future
reductions, or even the wrong type of control—NOy or VOC.
This possibility has been demonstrated in two recent studies
using two different models to simulate the New York domain for
July 1988. A series of sensitivity-uncertainty tests performed
with UAM-IV (Sistla et al.,, 1996) and with the U.S. EPA
Regional Acid Deposition Model (RADM) (Liet al., 1998) have
shown that emissions and meteorological uncertainties in the
model setup affect final predicted [Os] to the extent that pre-
ferences for control strategies can shift. The high risk of getting
the wrong control strategy has costly economic and social dis-
benefits. The analyses of [O,] time-series plots and residual
statistics that have been the mainstays of model performance
evaluation cannot by themselves reveal such potential biases in
‘the use of a model. Thus, undiscovered biases present a sub-
stantial negative implication for any evaluation procedure that
uses only residual statistics and other outcome measures.

It is important to note that the examples described above
are failures of evaluation more than of the model: better evaluation
procedures, including enhanced diagnostic testing, might have
detected any errors or problems in the models and the com-
pensating errors in their setup. Hence it is crucial that AQM
predictions be evaluated diagnostically, i.e., in a way that both
assesses the model’s predictive performance and reveals why the
model behaves as it does using explanations at the level of the
model’s own processes and mechanisms. With diagnostic testing
the operation of these physically based process models is rendered
more transparent, which may increase confidence in their use
(Saltelli and Scott, 1997; Helton and Burmaster, 1996). Diagnostic
testing is in situ testing of a model’s processes and can be
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performed either internally with one model or across several
models, or, most significantly, in comparisons using specially col-
lected aecrometric data that emphasize atmospheric processes (see
for example Parrish et al., 1993; Trainer et al., 1993).

The need for diagnostic testing of AQMs has long been
recognized. Fox’s report from an early model evaluation workshop
(Fox, 1984) noted explicitly that improvement in model perfor-
mance is tied to understanding the scientific basis for model
behavior in well-defined physical situations, a point repeated in
Seinfeld (1988). More recently, Tesche et al. (1992) and Reynolds
et al. (1994) have described the need for “stressful” diagnostic
testing in a better, more comprehensive model evaluation method-
ology. And, Amold et al. (1998) have proposed a revised meth-
odology for both diagnostic and application evaluations that
emphasizes the importance of diagnostic tests and the key role of
a conceptual model of atmospheric processes to guide their
development and interpretation. However, limitations both in the
form of the models (see section 4.5) and in the availability of high-
quality data (see section 4.8) have slowed incorporation of diag-
nostic tests in actual evaluations. Hence, evaluations to date have -
focused more on failure analysis of module components than on
true process diagnostics of the full model.

To carry out in situ diagnostic testing of a model’s
processes requires first a clear and concise conceptual model of
those processes, one that codifies our understanding of the sys-
tem interactions in basic statements at a very high and general-
ized level. The statements of the conceptual model declare what
we know from theory or experience to be true or must act
instrumentally as if it were true; they provide a generalized
description of what we understand the important chemical and
physical processes and interactions to be. A simplified schematic
for one such high-level conceptual model for the system cycling
of O, is shown in Figure 4-1. Additional details of the conceptual
model this diagram represents are given just below.

4.4 System- and Process-Level Descriptions

of the Tropospheric Photochemistry of O,

While the conceptual model illustrated in Figure 4-1
provides a general appraisal of the system cycling, it lacks details
necessary to understand the process interactions that constitute
it. For that we require the richer description of processes and
mechanisms at the level of the photochemical processes them-
selves. That description follows here.

Experimental work in environmental smog chambers and
with early numerical models more than 20 years ago showed that
the chemistry of O, formation and accumulation is highly non-
linear (Dodge, 1977). That is to say, although changing either
NOy or VOC emissions can alter the production of O, (P(O5)),
changes in P(O;) are not monotonic with changes in the emis-
sions of precursors, especially for changes in NOy. In some
circumstances NOy reductions lead to increases in P(Os;) and
ultimately to higher [O;]. To use an AQM for successfully
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Figure 4-1. High-level conceptual diagram of tropospheric photochemistry showing the major elements of
radical initiation, propagation, and termination and the resultant NO and NOy cycles.

predicting a photochemical system’s O, response to emissions
changes, we must know both the position of that system on its O,
response surface and the shape of that response surface so that
we can successfully predict the system’s sensitivity to changed
inputs. Figure 4-2 shows the response surface of peak [O;] to
various levels of NOy and VOC emissions from a simulation for
Atlanta, GA, made using a trajectory model. (A description of the
model and its setup is found in Tonnesen and Dennis, 2000a.)
The isopleth lines of the response surface are derived by fitting

contours to the peak predicted [O,] in multiple model simulations .

using different NOy and VOC emissions. Note that many dif-
ferent combinations of NOy and VOC emissions can produce the
same [O,]). This is equivalently showing that solutions to the
mass conservation equation (Equation 4-1) governing P(O,) are
nonunique and can be reached through many different combi-
nations of the equation’s positive and negative terms. This fact
can be seen more easily in the two-dimensional projection shown
in Figure 4-3.

The heavy line drawn across the ridges of the surface
contour lines is the ridgeline of maximum [O,] in the simulation
and divides the response surface into two domains (A and B). In
these two domains, P(O;) is limited in different ways: Below the
ridgeline (domain B), P(O,) is limited by NOy availability, and
reductions in NOy decrease P(O;) while VOC reductions have
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little influence; above the ridgeline (domain A) radical avail-
ability limits P(O;), and reductions in NOy can increase P(O5)
while VOC reductions reduce P(O,). The shape of an O,
response surface like the one in Figure 4-2 is in fact determined
by the nonlinearities in P(O;), which change over time as the
NOy and VOC levels change throughout the day and from one
location to another. The O; system response will also be modi-
fied by perturbations in the model other than in NOy and VOC
emissions levels, such as by changes in physical parameters of
the meteorology driver or in specific details of the chemical
mechanism. Uncertainties such as these in a modeling series may
in fact alter the spacing and shape of the response surface
contour lines, affecting both the change in [O,] throughout the
day and the predicted change in O, for changing VOCs and/or
NOy. Consequently, the sensitivity of O, to emissions control of
these two precursors remains a key variable to the vexing prob-
lem of secondary oxidant formation; forecasting that sensitivity
is the central problem for regulators seeking successful control
strategies for O; and is the motivating factor in probing the
model at the level of its internal systems and mechanistic
processes.

The structure of the O, response surface in Figure 4-2
depicts explicitly how P(O5) in the troposphere varies with VOC
and NOy concentrations. But, in addition to the concentrations of
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these two precursors, P(O;) is governed by the linked initiation,
propagation, and termination of a few important radical species
that preferentially attack either VOCs or NOy as concentrations
of all species in the pollutant mix change through time and space.
The diagram in Figure 4-4 shows a simplified conceptualization
of the relations between the most important radical species and
emitted precursors using the most basic HC, CH,, to illustrate.
Here we describe some additional details of that conceptual
model in brief system- and process-level overviews of the chem-
istry of O, formation in the troposphere.

P(0,) is initiated by creation of the hydroxyl radical (OH)
through photolysis of O or formaldehyde (HCHO) or HONO as
in R1-R5:

0, +hv = O('D) + 0, RI
0('D) +H,0 = 2 OH R2
HCHO + hv = CO + 2 HO, R3
HO, + NO => OH + NO, R4
HONO + hv = OH + NO RS

R1-RS5 are currently believed to be the major sources of radical
initiation; however, there may be other photolysis and decompo-

sition reactions important as radical sources, including photolysis
reactions of peroxides and the decomposition reaction of PAN or
other unstable intermediate organic species, but there is currently
large uncertainty about these.

Once created, the OH radical can react with carbon
monoxide (CO) or VOCs to produce peroxy radicals (HO, and
RO,) as in R6. At high [NO], peroxy radicals react with NO to
split an oxygen-oxygen bond, thereby creating an odd oxygen
(Oy) in the form of NO,, as in R7:

OH + VOC + 0, = RO, + H,0 R6
RO, + NO = RO + NO, R7

The alkoxy radical (RO) produced in R7 can undergo further
reactions that re-create the original OH radical:

RO + O, =>» carbonyl + HO, R8
HO, + NO => OH + NO, R4

creating a chain of radical propagation reactions in which a -
single new OH radical can catalytically mediate the decomposi-
tion of several VOC molecules.

emissions Organic
Peroxides
(HC’s)
HNOs CH4 HO:2
ROz emissions
OH l’
NO2 OH CH302
RO2) NO o
i 3
hv
hv
O3
- HO: CHsO (o5
OH
emissions HO2
HCHO HNO:
H202

Figure 4-4. Cyclic reaction of methane oxidation (as a surrogate for hydrocarbon oxidation)
involving OH and conversion of nitric oxide to nitrogen dioxide, termination to peroxides and
nitric acid, and concomitant formation of ozone.
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We define Oy as the sum of all species that can act as
reservoirs for atomic oxygen, primarily O,, NO,, and PAN with
minor contributions from some short-lived radical species and
HNO, and RONO,. In the troposphere, the primary mechanism
for production of Oy (and hence O,) is the oxidation of NO to
NO, in R4 and R7. A pseudo-photostationary-state (PPS) equili-
brium exists between NOy and O, such that at high [NOJ, in
conjunction with radical limitation, the Oy preferentially inter-
converts to NO, through Oj titration by R9, while at low [NO]
the Oy may be converted to O, by R10 and R11:

0;+ NO=>NO, + 0, R9
NO, + hv = NO + (O°P) R10
(O°P)+ 0,2 0,4 R11
The PPS equilibrium relationship is traditionally written as
(O3] = j 1o[NO,)/k,[NO] 4-2)

where j and k represent photolysis and reaction rate constants,
respectively. Equation 4-2 can also be rearranged in terms of
[NO] and written as:

[NO] = j1o[NO,}/k[ O] (4-3)
Note here that R10 re-creates the original NO, and this re-
creation can catalytically mediate multiple conversions of peroxy
radicals to Oy.

P(0,) may proceed by R1-R11 in an autocatalytic cycle
until either OH or NOy is destroyed in termination reactions.
Important termination reactions include

OH + NO, = HNO, RI12
RO + NO, = RONO, R13
HO, + HO, 2 H,0, R14
HO, + RO, ® ROOH R15

but preference for one or another pathway shifts with changing
concentrations. At conditions with low VOC/NQO, ratios, OH radi-
-cals preferentially attack NO, to produce relatively inert HNO; as
in R12, and this is the predominant termination reaction for both
OH and NO, at low VOC/NOy ratios (Sillman et al., 1990). For
systems with high ratios of O;/NO,, the PPS equilibrium causes
[NO] to decrease, thereby favoring the termination reactions R14
and R15 over the propagation reaction R4.

In this process-level view, the photochemistry of O,
formation begins with the initiation of new radicals primarily
from O,, HCHO, and HONO. In rural areas, or NOx-limited
areas, the great majority of new OH comes from photolysis of O,.
The subsequent propagation of radicals through the system as
RO, and HO, are formed following OH attack on VOCs, and the
re-creation of the OH radical sets up an OH cycle. The OH
propagation efficiency (Prqy) is defined as the average fraction

14

of OH re-created for the cycle of OH reactions. In relation, the
OH chain length is defined as the average number of times a new
radical cycles through the system until being removed in a termi-
nation reaction. The OH chain length can be calculated as

OH chain length = 1 + Prgy + Proy’ + Prog’ + ...
= 1/(1 - Proy) (4-4)

As Figure 4-1 shows and this process description makes
clear, a companion cycle with a similarly defined chain length is
set up with the conversion of NO to NO, in which NO is re-
created or cycled until terminated. Note that the number of mole-
cules potentially processed by this cycling over a period of time
can be large when compared to the instantaneous individual
species concentrations, i.e., the rates of production and loss
control species concentrations.

With this basic understanding, the O, ridgeline on the
response surface in Figure 4-2 can now be explained in terms of
the VOC-NOy-OH cycles. The rate of O, production is approxi-
mately proportional to the rate of OH attack on VOCs, and this -
rate is maximized for conditions that maximize the total rate of
OH production (P(OH})), which is the product of OH initiation
and chain length as in Equations 4-5 and 4-6:

P(0,) = k(OH + VOC) (4-5)

P(OH) = OH,5eq X 1/(1 = Proy) (4-6)
Because of the inverse dependence of P(OH) on (1 - Prqy), P(O;)
will be maximized for conditions that maximize Prqy, thereby
forming the [O,] ridgeline. This ridgeline separates the response
surface into two domains and marks a transition area for the
system [O,] response to changes in NO, and VOC:s. Figure 4-2
shows that as NOy and VOC levels are changed the photochem-
ical system will change its state and move over this response
surface, often crossing the ridgeline into the other domain. This
change of state as the system moves over the response surface
has important implications for understanding and using an AQM
since the photochemical domains above and below the ridgeline
are substantially different in important ways.

Systems with a low ratio of VOC/NOy emissions (domain
A inFigure 4-2) are found in the domain above the ridgeline where
P(0O,) is limited by the availability of radicals. Under conditions of
high [NOy] in this radical-limited domain, NO, reacts with OH and
terminates to HNO,, as in R12, removing both OH and NO,, which
limits P(O,) by reducing the production of OH. Furthermore,
excess NO in this high NOy region titrates O, back to NO,, as in
R9, thereby reducing O; photolysis as a source of new OH for
additional cycling. For photochemical systems in these radical-
limited conditions, the efficiency of P(O,) per NOy terminated is
low, and P(O5) is more responsive to reductions in VOCs than in
NOy. In fact, as Figure 4-2 makes clear, reducing NOy emissions
without concomitant VOC reductions for photochemical systems
in this domain will cause increases in [O;].



Conditions below the ridgeline with high VOC/NO,, emis-
sions ratios, however, present a very different case. There, [NO] is
relatively low, allowing the peroxy radicals to self-terminate as in
R14 and R15. This reduces the number of times OH can be
propagated and so lowers the efficiency of P(Oy) per radical.
Termination of NO, by OH as in R12 is also reduced because the
higher VOC/NO, ratio causes NO, to compete less effectively for
the available OH radicals. Hence in these cases, although the
efficiency of P(O,) per NOy terminated is high, less NOy is
available for reaction, resulting in lower P(O,) and a lower final
[O;]. In contrast to the radical-limited domain above the ridgeline,
in this NOy-limited domain P(QO,) is more responsive to reductions
in emissions of NOy than of VOCs. However, although VOC
emission reductions are less effective in reducing {O;] for
photochemical systems in this domain of the response surface, in
no case will reductions in either precursor increase [Os].

4.5 Instrumenting AQMs for

Diagnostic Testing

Although the process details described just above inform
the structure of the numerical model and are the explicit system
pathway components that should be tested diagnostically, they
are generally not available in standard AQM output owing to
computational processing and storage limits. Therefore, it is
necessary to instrument the model code in such a way that these
process details are made available for diagnostic testing and
analysis. Opening up the system processes by instrumenting the
model and then using ambient data to evaluate the accuracy of
the model-simulated component processes is useful because it
helps identify whether the predictions may have been produced
through compensating errors or other unacceptable anomalies in
the model. In this way, the model’s explanatory power is greatly
increased, its predictions are more conclusively confirmed, and
confidence in the evaluation is better justified.

The calculated concentrations typically retained at the end
of each process step in an AQM simulation run represent only the
net effect of the coupled processes; no attempt is made to deter-
mine the separate contributions of individual component pro-
cesses to the final predicted result. But, the model can be
instrumented by modifying source code to output the contribution
from each process and making that available with the species
concentrations already saved by the model, thereby making
explicit the model’s internal component rates. On a finer mecha-
nistic scale, individual processes such as the nonlinear coupled
photochemistry may also be instrumented separately in order to
learn more precisely the effects of this chemistry on model
predictions. We have applied the techniques of Jeffries and co-
workers (Jeffries and Tonnesen, 1994; Tonnesen and Jeffries,
1994) to several AQMs developed at U.S. EPA including RADM
and CMAQ. Additional details and results of model testing with
the instrumented RADM can be found in Dennis et al. (2000).
Information specific to instrumenting CMAQ can be found in
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Gipson (1999); evaluation of the instrumented CMAQ with these
process analysis techniques is currently under way.

4.6 A Taxonomy of Diagnostic Tests for

Tropospheric Photochemistry

Developing diagnostic or process-oriented measures for
understanding model behavior brings together elements and
relations of our conceptual mental model with the explicit repre-
sentation of them in the instrumented numerical model. The pur-
pose here is to devise and assess system-level and process-
oriented probes of both the numerical model and the physical
environment it represents using in situ tests with measures that
can be made in either or, preferably, both systems. We have
developed these measures with process-oriented studies using
theoretical assumptions, model-derived explanations, and results
from instrumented models that can range from 1-D box models
to the full 3-D photochemical modeling system; we note that such
studies must always include the complete 3-D model so that
results are not distorted by the incomplete representations of the
more limited models.

A three-level taxonomy of diagnostic measures can usefully
be constructed using the terms and relations presented in the
schematic diagram of O, formation and accumulation depicted in
Figure 4-1 and described more fully in Table 4-1.

The first level of the taxonomy holds the individual
components of the photochemical process relations, including
initiation of new radicals from O; and HCHO and HONO and
termination of radical cycling as either peroxy radicals self-
combine and/or OH and NO, are converted to oxidized nitrogen
products that no longer react on time scales relevant for the urban
and near-regional settings (NO,). NO, is often represented as the
quantity (NOy — NOy). The most important species of NO, to
define individually are particulate NO,;, HNO,, PAN(s), and
RONO,(s).

The second level of the taxonomy holds the photochemi-
cal process groupings, including the propagation of radicals
through the system as HO, radicals are formed and convert NO
to NO,, and the related concepts of Prgy and chain length. Recall
from section 4.4 that Pry, is the average fraction of OH re-
created for each OH radical entering the photochemical cycle and
is always less than 1 because termination reactions will remove
some fraction of radicals as well. Recall also from reactions
R1-R11 that the cycle of OH radicals through attack on HCs and
production of HO, is closely bound to the conversion of NO to
NO, such thatexcess availability of one species, NO, ensures OH
propagation, and excess availability of the other, NO,, leads to
OH termination. Linking these two cycles together, Prgy is
approximated by the product of the two halves of these con-
nected cycles that together propagate the OH. This relation can
be represented as

Proy = foumc X fuozno 4-7



Owing to the PPS obtained between OH and VOCs and
NOy, the two propagation terms have an opposite dependence on
[NOy]: [NOy] increases the fraction of HO, being re-created as OH
increases, but the fraction of OH terminating with NO, also
increases; thus, the fraction of OH attacking HCs to create HO,
must decrease. The net result of the interrelation of these cycles is
that Prq, is maximized for some intermediate level of NOy that
maximizes the product of these two terms. In so doing, it maxi-
mizes the production rate of O, and creates the [O;] ridgeline.

The third level of taxonomy holds elements for under-
standing the integrated response of the system such as that
represented on the O, response surface shown in Figure 4-2 and
discussed in section 4.4.

The taxonomy is summarized in Table 4-1. Additional
description for understanding and using these measures as tests
of the model is given in section 4.7.

Table 4-1. Taxonomy of Photochemical Diagnostic Elements
Radical initiation

Individual Radical termination
Component » L
Aspects Competition between termination pathways
Air mass aging
OH production
Radical propagation
Process Radical propagation efficiency, Pr(OH)
Aspects OH chain length :
NOy chain length
P(O,) efficiency per NOy termination
System state relative to ridgeline
Response Location of ridgeline in response space
Surface o
Aspects Slope of radical-limited response surface

Slope of NO,-limited response surface

4.7 Diagnostic Model Evaluation Tests

We have proposed (Arnold et al., 1998) and are using
(Tonnesen and Dennis, 2000a and 2000b) two types of diag-
nostic tests for evaluating and understanding the behavior of the
chemical mechanisms in AQMs:

® Process diagnostics that relate to the first two levels of
the diagnostic measures taxonomy

Response surface diagnostics for interpreting the inte-
grated response of the model at the third level of the
taxonomy

To date we have applied these tests mostly in the model
since process-oriented measurements in the atmosphere are diffi-
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cult to make and so are very sparse in space and time. However,
we strongly desire ambient measurements to compare the model
against; hence, we provide here a discussion of the important
measurements we would require to evaluate the model using the
diagnostic tests we have developed and preliminarily explored.
This discussion follows the order and groupings of the model
process taxonomy introduced just above but uses the additional
distinction of local photochemistry and cumulative photochem-
istry over the history of an air mass.

Process diagnostics in the more restricted sense we intend
from this point are specific tests of key pathways and interactions
in the AQM’s chemical mechanism. They assess the model’s
ability to represent actual atmospheric interactions by examining
pathways and processes in the model, often using special
measurements designed to indicate the activity of such processes
in the atmosphere (see, for example, Parrish et al., 1993; Trainer
et al., 1993).

The first taxonomic level defines a small number of key
photochemical relations that can usefully be summarized as
initiation and termination of radicals. Tests can be identified that, -
in various combinations, would allow examination of the process
steps that make up the initiation and termination of radicals in the
system. Examples of such tests and how they illuminate model
processes include the following:

® Radical initiation pathways using comparisons for [O,],
[HCHO], [HONO], [peroxides], j(NO,), j(O,), and
other spectral irradiance measures. Total radical initia-
tion in the system is the sum of individual contributions

from each of the initiating species.

Radical termination pathways using comparisons of
[HNO,], [PAN], [RONOQ,}, and [ROOH]. Total system
radical termination is the concentration sum of the
species terminated that involve either NOy (i.e., NO; =
NOy ~ NOy, or an approximation of NO, using NO,,
HNO,, PAN(s), and RONQ,) or peroxides (i.e., species
comprising ROOH and H,0,).

The balance between radical initiation and termination.

Competition among radical termination pathways by
comparing production of HNO, and RONGQ, to that of
H,0, and ROOH.

Speciation of NO, to compare competition among NO,,
termination pathways.

Speciation and relative fractions of NOy vs. NOy, and
PAN and total NO; vs. NOy to delineate pathways of
NOy processing in the history of an aging air mass.



Key concepts in the second taxonomic level of process
groupings are Prgy, OH chain length, and NOy chain length.
Combinations of ambient observations can be defined that allow
testing of these process groups; however, describing these tests
requires some additional explanation using details we have
learned using the instrumented model.

Recall from Equation 4-7 that Proy = fopauc X fuozeno-
Using the conceptual model, in situ diagnostic measures can be
derived for these two fractions. This is done by listing all chemi-
cal reactions involving the relevant species and dropping any
minor terms, resulting in two explicit expressions to approximate
the two fractions:

I(NO,t-R0,)
- kH02+NO *[NO] (4'8)
kH02+N0*[NO]+kR02—HOZ*[R02+H02]+kH02—03*[03]
Tk *HC,
I(HC,NO,) = ou-uci[ :] (4-9)

2’kOH—HC; *(Hci]+ kOH—NO2 *[NOZ]

where I(NO, t-RO,) approximates fyo,no and I(HC, NO,)
approximates foy,nc. In Equations 4-8 and 4-9, then, we have a
list of species and rates with which we can approximate Prqy,
and, because of the relation given in Equation 4-5, the OH chain
length as well. While not all species and rates in these two
expressions can currently be measured, with just a few more
high-quality observations of the radicals and NO,, for example,
together with some basic assumptions to cover terms not cur-
rently measured, it should be possible in a small number of
places to begin using this important diagnostic evaluation tool.

The analogous situation for NOy is not as straightforward.
Although the NOy chain length can be approximated by examin-
ing the day-by-day association between O; and the NOy termina-
tion products NO,;, HNO,, PAN(s), and RONO, for midday
temporal stratifications, this approximation is always attenuated
by unaccounted deposition loss processes. Hence, we still desire
a better test for this important process group.

We note that some process diagnostic tests from these two
taxonomic levels will involve comparisons that reflect both local
photochemistry and photochemistry over the history of an air
mass. However, local photochemistry and the history of an air
mass should be carefully distinguished, and it will be necessary
to develop diagnostic measures to evaluate model treatment of
each. For example, O, production rates and OH chain length
might be estimated for instantaneous local photochemistry using
measured [RO,], [NO], [NO,], and {[VOC], while cumulative
P(O;) and average NOy chain length over an air mass history can
be approximated using [O;] and the ratio [O;]/[NO,]. Addi-
tionally, the two expressions in Equations 4-8 and 4-9 are among
the process diagnostics and species ratios useful for character-
izing the radical budgets for local photochemistry, for example,
while radical budgets for air mass history might be characterized
with these diagnostic tests:
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[O3)/(2*[ROOH]+2*[H,0,]+[NO,])

the slope of which over several days’ measurements
approximates average OH chain length for an aged air
mass

2*[ROOH]+2*[H,0,]+[NO,]
which describes the major radical termination pathways
in an aged air mass

2*[ROOH]+2*[H,0,] vs. [NO,]
which compares competing radical termination path-
ways in an aged air mass

Furthermore, ratios of species can be calculated in the
model for comparisons at the surface and aloft to provide addi-
tional diagnostic information on a model’s process treatment of
intermediate and product species in an aged air mass. For exam-
ple, chemical dynamics measures calculated using partitioned
NOy and NOy species for aloft and surface concentrations could
provide useful information about air mass aging pathways since
the species aloft would be more susceptible to transport and
dispersion effects and less susceptible to dry deposition effects,
and the chemistry can proceed further to completion there. Also,
RO,-RO, reactions should be tested in the surface layer of urban
areas, where the reaction has little significance, and again aloft
at low [NOy], where the reaction is significant for [O;] and
[H0,).

Other process diagnostic tests for characterizing air mass
aging would use CO data with other ratios of species having
varying lifetimes to derive additional model-estimated chemical
budgets and processing rates. These comparisons would serve as
an aid to interpreting results from specific outcome variable
testing of the chemical mechanism, helping to separate the
influence of chemistry from other physical model processes.

The diagnostic tests from the third taxonomic level, the
response surface diagnostics, test a model’s ability to track sys-
temic modulation and generally involve use of indicator species
and ratios of species thought to correlate consistently with VOC-
and NOy-sensitive P(O,) in the model. Measures developed for
the propagation efficiencies from Equations 4-8 and 4-9 can be
adapted to examine the O, response surface. Hence, with I(NO,
t-RO,) and I(HC, NO,) we now have two explicit gauges of a
photochemical system’s position on the O, response surface and,
consequently, its relative distance from the [O,] ridgeline. These
measures of the sensitivity of O, to NOy and VOC changes are
characteristics of specific photochemical systems in that each
system may have particular combinations of NO, and VOCs that
determine its position on the O, response surface. However, we
have observed in the model that individual systems exhibit a
strong diurnal behavior, too, moving from strongly radical lim-
ited in the morning to the transition state near the O, ridgeline
and on into the NOy-limited domain of the response surface late
in the day. Tracking this air mass history with cumulative diag-



nostics is important for understanding the model’s behavior
relative to its chief intended use of prediction for control strategy
development and assessment. This is because, as described in
section 4.4, the position of a system in one or the other domains
of the response surface determines whether VOC or NOy con-
trols are to be preferred.

Several indicators of a system’s O; sensitivity to changing
precursor levels have been proposed and are currently under
development and active testing in several models (Tonnesen and
Dennis, 2000a and 2000b; Sillman, 1995; Chang et al., 1997;
Kleinman, 1994), and many appear promising as diagnostic tests
for model evaluations. The motivation in developing these indi-
cators is the need to have a robust value that tells whether the
model correctly simulates the real-world sensitivity of O, to
changing precursor emissions. Some examples include [O;}/
[HNQ,], [O,)/[NOy], and [O5]/[NO,], which show strong cor-
relations to O, sensitivity, correctly predicting conditions either
strongly NOy or strongly radical limited (Tonnesen and Dennis,
2000b). Because these indicator tests bear directly on the chief
policy use of the models, it is important to evaluate their signi-
ficance in the model against values calculated from ambient
observations for a wide area across the modeled domain. We
hasten to add, though, that indicator values calculated from
ambient observations will not replace numerical process models
because observation values cannot reveal the overall effective-
ness of a control strategy nor even whether a particular control
strategy might lead to attainment of an air quality standard as the
model can. But, the indicators are uniquely helpful for diag-
nosing the capability of the models for this important policy goal.

4.8 Priority and Utility of Observations

Needed for Diagnostic Testing

Our work with diagnostic tests in the model suggests that
there can be no single definitive test constructed from any
elements on any level of the taxonomy. Rather, to be useful for
understanding the behavior of the system, diagnostic tests will
need to probe as many different aspects of the physical and
modeled systems as can be done with available analytical tech-
nology. Wherever possible, more than one way of testing a par-
ticular element or process of either system will be preferred. All
possible measures, and hence all species contained in them, will
be needed to develop a distortion-free picture of the true
behavior of the model. Although we have presented species
priorities derived from our taxonomy of diagnostic elements, in
the end we would require that all of the species in the diagnostic
tests described in section 4.7 be measured simultaneously at a
single surface site or aloft in an aircraft and with a response time
significantly less than 1 h, perhaps even approaching the 1- to
5-min range in order to evaluate AQMs diagnostically.

Generating a reduced, ordered list of ambient species
from the large list of species ultimately needed for testing models
is made difficult by the tight interconnections of processes and
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feedbacks in the troposphere. This means that it very often
appears that modelers are asking for all species to be measured
everywhere at all times. The taxonomy presented in section 4.6
is our attempt to dispel this appearance and offer a priority
ordering of species ranked according to their utility for process
comparisons and response surface diagnostic testing, both local
and cumulative. In this section, we list the species we would
require for making the diagnostic tests described in section 4.7
and show more specifically how ambient observations of them fit
together in diagnostic tests of the model.

Recall from section 4.2 that the key policy use of the
model is its prediction of O; sensitivity to NO, or VOC control
for attainment or maintenance of an air quality standard. Like-
wise, recall from sections 4.1 and 4.4 the impossibility of making
only a single change in the tightly linked one-atmosphere concept
that characterizes the troposphere and that any single concen-
tration such as [O,] is a nonunique solution to the mass conserva-
tion equation (Equation 4-1), i.e., that any {O,] can have been
produced through very many different combinations of NO, and
VOCs. Taken together, these suggest that we must understand -
both the processes of O, production and accumulation that lie
behind the final predicted O, concentration and the potential for
changing production and accumulation with changing NOy and
VOCs if the model’s predictions are to be used with confidence.

Hence, it is somewhat disturbing to note that previous
model evaluations (summarized in Russell and Dennis, 2000)
have documented several problems that appear to be common to
many AQMs such as generally underpredicted NOy values and
overly fast NOy aging to NO, that may be pointing to systematic
errors in model processing pathways or rates, which in turn may
be producing a bias in the model-predicted preference for VOC
or NOy controls. Without better diagnostic tests of the model we
are currently uncertain whether the errors would best be ascribed

® to wrong emissions setups from bad or incorrectly
interpolated data,

® to inaccurate meteorology, both clouds as reactors and
as engines of transport and considerations of incorrect
actinic flux, or

® tothe chemistry, possibly maladjusted through inappro-

priate tuning exercises of the chemical mechanism
and/or larger model to fit specific observed [O,].

The diagnostic testing program we present here is one
attempt to narrow this uncertainty by examining process issues
in the chemistry associated with model-predicted preferences for
VOC or NOy control. And the key to these process issues is
understanding the linked OH and NOy reaction cycles as
diagrammed and described above, both for local instantaneous
photochemistry and cumulative chemistry as the air mass ages.
For this reason, the diagnostic tests described here are focused on



understanding O, production and the production of Oy, which
determines P(O,) as a means for explaining O, accumulation and
the model’s final predicted [O;].

Recall from section 4.4 that O, is but one component of
Oy and that P(Oy) can be defined as the rate of reaction of HO,
and RO, with NO, minus small losses:

P(Oy) = k(HO, + RO,)NO - losses (4-10)

or

P(0,)=P(OH) X fy,_uc
(4-11)
_ OH e X fon-nc

(1-Pryy)

P(Oy) can further be defined as P(O;) plus the rate at which NO
is oxidized to other forms of NOy, or equivalently, P(O,) as the
rate of Oy production remaining after NO has been oxidized.

Thus, our first-priority desired observations are the species
concentrations and reaction rates required to populate the terms
in these expressions and thereby provide a means for diagnostic
testing of P(O,) in the model and the atmosphere. Those priority
observations are

® accurate actinic flux measurements for O,;, NO,, and
HCHO;

®  accurate concentrations for O;, H,O, HCHO, and HONO;

® accurate concentrations for NO, NO,, PAN(s), HNO;,
RONO, and total NO;, and NO, (where total NO, =
nitric acid + particulate nitrate);

® accurate concentrations for CO and speciated VOCs;

® accurate concentrations for H,O, and total peroxides;
and

® accurate concentrations for HO, and RO, (may be

together with OH).

With this set of measurements we could approximate local
P(Oy) using [HO,], [RO,], and [NO] as in Equation 4-10. We
could also approximate local OH chain length using the combi-
nation of concentration measures and rates defined in Equation
4-7, although these may be more difficult to make.

Cumulative diagnostics of the history of an air mass at a
site suitably downwind from the urban core are somewhat more
easily approximated with concentration observations than are
local ones. For example, we can estimate cumulative radical ini-
tiation and termination with 2*[peroxides]+[NO,] and with the
ratio [peroxides]/[NO,]. The cumulative OH chain length at a
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downwind site can be approximated with the slope of the ratio
[0,1/(2*[peroxides]+[NO,]) calculated for several days at the
site, while the concentration sum of HNO,, RONO,, total NO,,
and the PAN(s) would approximate a measure of NOy termi-
nation over the air mass history and the sum of [O,], [NO,], and
[NO,] would serve as a measure of cumulative P(Qy). In addi-
tion, using the first-priority observations we could calculate
ambient values for some of the indicators of O, sensitivity to
emissions reductions as described above, including the ratios
[O3)/[NOy] and [HCHOJ/[NO,].

We recognize that this first set of desired observations is
quite large, but reiterate that multiple measures are required
because there are significant concerns regarding the usefulness
of any particular diagnostic test. For example, there can be large
uncertainties in the cumulative diagnostics due to the complexity
of the chemistry and other heterogeneous effects. The diagnostic
2*[peroxides]+[NO,] does not provide a reliable measure of
cumulative radical termination because NO, can be produced by
heterogeneous reactions that do not involve radical termination
(Dentener and Crutzen, 1993) and because both peroxides and -
NO, can be removed from the system by deposition and cloud
processes.

Thus, many diagnostic tests are required to perform a
comprehensive model evaluation, and we would note that most
of the observations listed here are useful in more than one test,
making them very efficient for model evaluation.

In addition, though, a second set of measures, lower in
priority than the first, would provide still more information useful
for testing models and moves down in specificity from the rather
more aggregate measures given in the first-priority set. This
second set includes

actinic flux measurements for HONO and H,0,,
OH,

NO;radical,

speciated RONO,,

methacrolein and methylvinylketone,

speciated RCHO, and

aerosol mass and size distribution,

which will be useful in directed tests of intermediate chemical
products and in fleshing out our understanding of their processing.

4.9 General Requirements of Observations

for Diagnostic Model Evaluation

One distinguishing characteristic of the diagnostic tests is
that they involve combinations of multiple variables, either
outcome variable concentrations or process variables like reac-
tion rates. Although potential indicators and gauges in new and
different combinations are still being developed, the absolute
number of species involved in all possible measures has now
plateaued, but additional speciation within classes is still desired.



As a consequence, the number of species and process variables
needed to test the models diagnostically is approaching comple-
tion, or, at the least, all general categories of measures we might
desire have been identified. But there remain, in fact, no mea-
surements of process rates in the atmosphere, a key variable type
for many potential tests of the model. We leave aside further
discussion of this topic, but note that, given our understanding of
the chemistry presented in sections 4.4 and 4.7, it appears to be
an area that would repay continued work by modelers and
measurement developers. Even without addressing the problem
of process measures, though, the list of measurements required
for structured and complete diagnostic model testing we gave just
above is a daunting one. Thus, here we consider the questions of
which diagnostic observations can be made at present and what
precision and accuracy we require to use them in tests against the
model.

In recent years new, state-of-the-science research instru-
mentation has been developed and put into production in field
campaigns that is capable of making ambient observations of
many of the key species and variables needed to construct the
diagnostic tests described in section4.7. This represents a signifi-
cant advance on the part of the analytical community since these
observations are made over very short time scales and often at
very, very small concentrations. Here we have reordered the list
of species we desire for model evaluation according to the
current or near-future viability of making the ambient obser-
vations of them:

® Species or variables easily measured accurately: O,,
NO, CO, HCHO, and PAN

@ Species or variables measured accurately, but with
difficulty: NO,, NO,;, HNO,, NOy, other PAN(s), H,0,,
HONO, peroxides, some alky!l nitrates, j(O,), and
J(NO,)

® Species for which analytical techniques are being devel-

oped and tested and are moving slowly into more
general use, if not production: OH, HO,, total RO,,
speciated RO,, and NO, radical

® Missing classes:

Alkyl nitrates from biogenic hydrocarbons
Oxygenated hydrocarbons

Process rates

We note that observations of only some of the species in
the first rank are routinely made in current ambient networks, and
it would be our desire to see observations of HCHO and the
PAN(s) more routinely made. We are encouraged, given the
large list of species required for diagnostic testing, that a signi-
ficant number of key species are close to being made more
routinely both at the surface and aloft.
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The specificity of these ambient measures is also crucial
for using them successfully as diagnostic tests of the model.
Distinguishing individual NO,, species provides a good example,
as can be seen from the number of individual NOy species in the
lists given above. There is concern that observations reported as
NO, from the installed ambient networks using chemilum-
inescence NOy boxes are contaminated by unknown amounts of
other NOy species due to the nonspecificity of the chemilumi-
nescence reaction and the setup of the monitor. This presents a
problem for using these NO, values in both process and response
surface diagnostic tests since several of the ratios are designed to
indicate the separate contributions of NOy species and is a
special problem since NO, is a key species in the transformation
of Oy through the VOC-NOy-OH chains. Thus, only with more
precise NO, observations will we be able to test the model’s
process representation of the OH reaction cycle through the
various forms of NOy, to provide better estimates of air mass
aging (i.e., the extent to which NO, has been converted to NOy),
and to better estimate the efficiency of P(Os) for each NO,. For
these tests we also need to directly measure the key constituents -
of NO,. Accurate and precise NO, measures are also required for
meaningful tests of the proposed indicators of O, sensitivity to
emissions changes since NO, appears in the denominators of
severa] of the ratios including O,/(NO + NO,), HCHO/NO,, and
the OH rate-constant-weighted ratio of VOCs to NO,

For comparisons relating to the efficiency of P(O;), the
currently feasible test is to compare the association between O,
and NOy termination products for midday conditions as defined
by the slope on a scatterplot of O, versus NO,. We need to be
able to reliably distinguish differences in slopes of O; versus
NO;,. If slopes differ by 25% or more we will be concerned.
Hence, we want to be able to distinguish reliably differences on
the order of +20%. Atregional sites for a given value of daytime
O;, arange of 3 ppbv in hourly NO, with an overall mean NO,
of 6 ppbv is not uncommon. We can obtain an estimate of how
well we need to know NO; if we assume O, is measured very
well, within 1 ppbv, and characterize observations for regional
sites. We also assume that three-quarters of the observed NO,
range represents irreduceable nonmeasurement error and that the
observations are independent. Then, for a modest number of
observations, to have a chance at distinguishing slope differences
greater than 20%, we need the combined measurement error in
determining NO; to be between £15% and +20%.

The species whose concentrations need to be quantified
in situ to calculate the I(NO,RO,) and I(HC,NQO,) indicators are,
by and large, not easy to measure in the field. In fact, some of the
methods are still under development. Thus, it is useful to quantify
to the fullest extent possible from our modeling studies what we
expect will be required of the measurement methods to enable us
to calculate ambient values of these indicators with sufficient
accuracy to resolve ridgeline conditions. For I(NO,RO,), we
require measurement techniques for total RO,+ HO,, NO, and O,
concentrations. Accurate methods are readily available for NO



and O,, and experimental methods are being developed for HO, Table 4-2. Continued

and RO,. Conditions that are near the P(Oy) ridgeline typically

Air Mass History Resultant Photochemistry Tests

have [NO] levels of about 1 ppbv and total [RO,] of 10 to 40

Pptv, so a lower detectable limit of 10 pptv and accuracy of £10 ~ Cumulative Oy production Cumulative daily [Oy] + [NO,] + [NO,]
pptv for the total [RO,} method would be required to distinguish Cumulative O, production Cumulative daily [O,]
the ridgeline conditions. Indicative OH chain length Multiday slope of cumulative

For I(HC,NO,), we require measurement techniques for
a subset of the total HC mixture and for NO,. In our analysis
using model simulations, we are able to calculate I(HC,NO,) NO, pathway

[O;)/{2*[total peroxides] + [NO,l}

Radical termination— [NO,] or {[NO,] - [NO,]}

or {[HNO,] + partic.[NO, ] + PAN(s) +

using concentrations of CO, CH,, alkanes, alkenes, aromatics, RONO,(s)}
and isoprene. A sufficient number of these hydrocarbon species Radical termination— 2+{ [ROOH] + [H,0,]} = 2*[total
are routinely measured at Photochemical Assessment Monitoring peroxide pathway peroxides]

Stations (PAMS) sites (U.S. EPA, 1994) and can be easily Indicative NO, chain length Multiday slope of daytime O, vs. NO,

measured in field studies; however, CO and CH, are not part of

O, ridgeline indicators [O,] /[NO,); and

the PAMS suite of measurements. Methods for NO, need to (NO, vs. VOC preference) [HCHO] / [NO,); and
provide a true measurement of NO, without interferences, and [O4] / [HNO]

while these methods are not yet routinely available, NO, has been Air mass age indicators [NO,] / [NOyJ; [HNO:] / [NO;
measured both directly and indirectly (see Chapter 5). In our [PAN(s)] / [NO\] ;

model simulations, NO, levels for ridgeline conditions typically
range from 1 ppbv in rural areas influenced by anthropogenic
NOy sources to more than 10 ppbv in urban areas. For a rela-

[CO] combined with [NO,] or with
[VOC(s)] covering a range of
lifetimes

tively low NOy urban cell, an uncertainty of 10% in the [NO,]
measurement would cause the estimate of [(HC,NO,) to range
from 70% to 74%. For a high-NO, urban cell, an uncertainty of
10% in the [NO,] would cause I(HC,NO,) to range from 90% to

Table 4-3. Priority Measurements

92%, so £10% accuracy [NO,] measurements would be adequate

First Priority

to calculate values of [(HC,NO,) that could distinguish NOy- and

Actinic flux: j(NO,), j(O), (HCHO)

Q;, NO, NO,, NOy, H,0, HCHO, HONO,
PAN(s), HNO,, RONQ, and total NO,, H,O, and
total peroxides, HO,, RO,, CO, speciated VOCs

Second Priority

" .- Variables
VOC-sensitive conditions.
Species
4.10 Summary
The process diagnostic tests we propose for the taxo-
nomic levels reflecting both local photochemistry and the history .
. . . .. Variables
of an air mass are summarized in Table 4-2. The priority obser-
vations and species concentration measurements are summarized Species

in Table 4-3.

J(HONO), j(H,O;)

OH, NO;, radical, speciated RONO,, speciated
RCHO, methacrolein, methylvinylketone,
aerosol mass and size distribution

Table 4-2. Summary of Diagnostic Tests
Local Photochemistry Tests

O, production, P(Oy) P(OH) x fonmc
0O, production, P(O;) { P(OH) x fou,uc } - P(NOy)
OH chain length (1 - Proy)
OH production, P(OH) OHyisatea % { 1/(1 - Proy ) }
OH propagation, Prgy foraric X frozeno
Radical initiation OHjatea
Radical termination P(NO,) + P(peroxides)
O, ridgeline indicators foreme
(NO, vs. VOC preference) froz.no
[Cs]/[NOy]

Measure of: fo,uc  I(HC, NO,)
Measure of: fugomo  [(NO, t-RO,)
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Chapter 5
Methods for Nitrogen Oxides Monitoring:
Discussion and Recommendations

by

W.A. McClenny, U.S. EPA

5.1 Introduction

NOy is defined operationally as the number of NO mole-
cules resulting after passing ambient air through a thermal
converter assuming reduction of all reactive nitrogen oxides to
NO, i.e., the sum of nitrogen atoms in ambient reactive nitrogen
oxides. After accounting for surface deposition in the ambient
air, NOy is the conserved quantity in tracking gaseous NOy
emissions from fossil-fired electric utilities and other NOy
sources. In the absence of NO, reaction products, nitrogen
dioxide is obtained as NOy — NO = NO,. Many instruments in
the installed instrument base in the U.S. and elsewhere estimate
NO, by this subtraction and, in so doing, report monitored NO,
as an upper limit on the actual NO, in ambient air. Since the
NAAQS for NO, (primary and secondary standards both of
53 ppbv NO, as an annual average) are not being exceeded in
any locations in the U.S. at this time, this overestimation of
monitored NO, guarantees that actual NO, values would show
compliance as well. However, for NOy SIP Call monitoring,
NO, - NO is recognized as consisting of both NO, and NO,
where the portion of NO, due to NO, will depend on the history
of the specific air mass being monitored. Indeed, the quotient
NO,/NOy is often used to suggest the age of an air mass.

5.2 Methods for Total Reactive

Oxides of Nitrogen (NO,)

A recent article by Williams et al. (1998) documents the
resuits of NO, measurements at a field site in Hendersonville, TN,
near Nashville, during the period 13 June to 22 July 1994.
Scientists from different scientific laboratories (National Oceanic
and Atmospheric Administration [NOAA] Aeronomy Laboratory
[two systems], Environmental Science and Engineering, Georgia
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Institute of Technology, Brookhaven National Lab, and the
Tennessee Valley Authority [two systems]) operated instruments
based on thermal reduction of nitrogen oxides to NO followed by
NO detection using NO, O, chemiluminescence. The thermal con-
verters were of two types. One consisted of a tube of 24-karat Au
used in conjunction with either carbon monoxide (CO) or hydrogen
(H,) as a reductant gas. The other was Mo in mesh form with no
reductant gas required. Concentrations of ambient nitrogen oxides
ranged from 2 to 100 ppbv at this site and were composed
primarily of NOy. Based on these measurements, a number of
conclusions were possible: (1) five of the seven systems agreed
when monitoring ambient air, (2) two systems exhibited problems
that were attributed to either inefficient conversion (particularly of
the NO, components) or problems with calibrations, (3) some
problems with conversion of NH, (not a nitrogen oxide) and
variability in conversion of HNO; were observed when inten-
tionally adding these compounds to the ambient airstream as a
quality control measure, and (4) the average NOy measured by two
Au converters was 5% lower than the average with three Mo
converters. Other observations were that identification of any con-
verter problems (i.e., by spiking ambient air with NOy component
gases or with surrogate nitrogen compounds) should be done
periodically at each installation in order to have a basis for the
post-study corrections to the data. Also, when spiking ambient air
with compounds for converter efficiency checks, the variations in
the ambient signal due to nitrogen oxides introduces uncertainty in
quantitation of the spiked component.

Fahey et al. (1985) and Kliner et al. (1997) have addres-
sed the behavior of thermal converters and offer precautions in
their use. Specifically, after investigating the thermal conversion
of nitrogen oxides for different combinations of reductant gas (H,
and CO) and metal surfaces (Au, Pt, and stainless steel), the latter
concludes that “non-(NOy); interferences must be individually



assessed for each instrument under appropriate operating and
environmental conditions.” Because conversion efficiencies de-
pend on converter surface conditions and other variables, e.g.,
humidity, temperature, ozone concentration, and aging, a “peri-
odic measurement of the conversion efficiencies of the principal
(NOy,); species (e.g., NO, and HNO;) and, when relevant, non-
(NOy), species (particularly HCN, CH,CN, and NH;) . . .” is
recommended. The authors caution about the accuracy of NOy
measurements made at rural or remote sites where interferences
from NH, and other non-(NOy); components are relatively large
compared to NOy. Harrison et al. (1999) inferred that their
thermal converters may have developed a sensitivity to NHy
species (sum of gaseous ammonia and particulate ammonium)
that could account for deficits between the sum of individual
NOy species and the larger NOy value.

To be successful in NOy conversion, the thermal converter
must be mounted at the monitor’s interface with the ambient air,
typically outside the monitoring shelter. Otherwise HNO, and other
NO, components are lost to an unknown extent in passing through
the inlet tubing. A thermal converter can effectively destroy any
ozone in the sample stream (Kliner et al., 1997) so that losses due
to NO, O, reactions in downstream tubing are avoided.

5.2.1 Method Recommendations for NO,
Thermal conversion of nitrogen oxides to NO defines
NOy, and the associated analytic method of NO, O, chemilumi-
nescence is the simplest, most thoroughly evaluated, and most
often used method for measuring the resultant NO. However,
because of the experimentally verified variation of converter
efficiencies for both NOy species and non-(NOy); species, a
strong program of quality control is recommended under the
direction of a scientist experienced in this area. Considering the
scientific consensus developed inrecent field comparison studies
(Williams et al., 1998) and subject to the cautionary guidance
presented in the open literature (Kliner et al., 1997, and Fahey et
al., 1985), this method is recommended for NO, monitoring for
NOy SIP Call applications in urban and suburban locations and
in qualified rural locations. The use of thermal conversion in
rural areas has led to summary statements considering multiple-
day measurements, but can result in values of the sum of
responses from individual NOy species divided by the batch NOy
response, i.e., Z(NOy)/NOy, significantly different from 1.0
(Parrish et al., 1993). Obviously, the lower the NOy concentra-
tion, the more important the quality control procedures. In
summary, the limit of detection (LOD) for NO, measurement is
not generally associated with the analytical finish but instead
with the knowledge of the conversion efficiencies for both NOy
and non-(NOy), species over the course of measurements. There-
fore, real-time measurements at the low single-digit ppbv levels
must be substantiated by a strong quality assurance program. As
an indication of the quality of NOy measurements possible, the
hourly averaged data for the best five out of the seven NO,
measurements reported by Williams et al. (1998) in their Table 5
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differed by values of 2.1 ppbv at an average of 13.4 ppbv, 1.7
ppbv at 16.2 ppbv, 3.0 ppbv at 21.0 ppbv, and 6.7 ppbv at 26.9
ppbv. These uncertainties are at the upper limit (20%) specified
by modelers (see Chapter 4). Adequate precision is, however,
achievable by any of the methods. Based on information from
this report, the problem with NOy measurement is in the
accuracy, i.e., knowing the conversion efficiencies.

5.3 Methods for Nitric Oxide (NO)

5.3.1 NO, O, Gas-Phase Chemiluminescence

Nitric oxide in ambient air has been measured by both
point and open-path monitors. One of these methods is the homo-
geneous gas-phase reaction between NO and excess ozone
(Fontijn et al., 1970), one product of which is excited-state NO,
molecules. Subsequent radiative decay of NO, produces photons
(chemiluminescence) in the visible beginning at 620 nanometers
(nm) and extending into the near infrared. To monitor NO,
ambient air is channeled into a reaction chamber to which excess
O, is added. The reaction is rapid and contained within a small
volume, typically a few tens to hundreds of cubic centimeters,
and occurs mostly within the reaction cell. The arrangement is
designed as a rate sensor for which, within certain constraints, the
chemiluminescence signal is proportional to the sampling rate
and inversely to the reaction chamber pressure. Since the excess
ozone needed for the reaction is generated using filtered ambient
air, no compressed gases are needed for monitoring (calibration
gases are still needed). Instruments designed on this method are
generally small in size and light in weight. The reaction chamber
design and operating parameters for efficient generation and
collection of photons have been optimized as both a research tool
and a commercial instrument (see, for example, Steffenson and
Stedman, 1974; Delany et al., 1982; Dickerson et al., 1984;
Drummond, 1985), and the instrument is widely used for ambient
monitoring. The method is a benchmark of air monitoring tech-
nology and, along with the similar chemiluminescence method
for ozone, marked EPA’s departure from predominantly wet
chemical techniques for monitoring trace gases. Any other tech-
nique for ambient NO monitoring must be competitive.

During ambient monitoring, care must be taken to avoid
NO losses in inlet sampling lines due to the gas-phase reaction
with ambient O; and to the reaction of NO at the tubing wall.
These considerations are treated in some detail in Appendix A,
where it is shown that a 2-s or less residence time should limit
losses from the gas-phase reaction to 10% or less even at the
highest ozone concentrations typically encountered. Wall losses
can be determined by the use of standard additions of NO to
ambient air entering the sampling manifold. Accumulation of this
data at times when different ozone levels exist in the ambient air
provides a database from which the combined effect of gas-phase
reactions and wall reactions are defined. By calculating losses
expected from the gas-phase reaction and comparing them with



the experimental total first-order loss rate of NO, the effect of
wall reactions can then be inferred (Fehsenfeld et al., 1990).

In most sensitive NO chemiluminescence monitors, a pre-
reaction chamber is used. Its purpose is to allow the NO, O,
reaction to occur just before reaching the reaction chamber and
to use any residual signal from the reaction chamber as back-
ground for the subsequent measurement of NO. An estimate of
the LOD (SNR = 2) for research instrumentation is 10 pptv for
a 1-s integration time and +10% of the measured concentration
well above the detection limit (Fehsenfeld et al., 1987).

5.3.2 Differential Optical Absorption
Spectroscopy

DOAS research systems for NO have components like
those discussed in Appendix B, Determination of Atmospheric
Concentration of Nitrogen Oxides by Differential Optical
Absorption Spectroscopy. The procedure and system elements
for determination of NO or any other reactive nitrogen oxide are
similar to that for NO,. However, since NO is typically detected
with wavelengths in the short UV wavelength region, a com-
bination of low source light intensity in this region and the
attenuation of radiation by molecular oxygen in this spectral
region limit the path length. Operation of the system involves
acquiring an oxygen spectrum for the path length used during NO
measurement in order to correctly account for the oxygen
attenuation. Literature provided by a commercial manufacturer
OPSIS AB (Furulund, Sweden), indicates a detection limit of 1-2
ppbv over a 200-m path length with an averaging time of 1 min.
Optical components that transmit/reflect efficiently in the lower
wavelength UV region must be used.

5.3.3 Tunable Diode Lasers

Tunable diode laser systems have been used as reference
methods in field study programs because these systems offer an
unambiguous identification of NO through its unique spectral
absorption features. More information on tunable diode laser
systems is given below in section 5.3.5.

5.3.4 Other Point Monitoring Techniques

Other techniques have been used such as LIF, two-tone
frequency-modulated spectroscopy (TTFMS), and passive sam-
pling tubes for sampling combined with an analytical finish
(usually ion chromatography). These techniques are covered for
the pre-1990 period by Sickles (1992). The simple and inexpen-
sive passive sampling devices have become widely used for time-
integrated sampling of trace gases and are of considerable utility
in establishing pollutant distributions across major urban areas
for the purpose of locating the best monitoring locations (Varns
et al., 1999) even though these techniques cannot be used for
diagnostic testing. For the most recent work in these areas see
relevant citations in the references (Chapter 7).
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5.3.5 Method Recommendations for NO

The simple and sensitive NO, O, chemiluminescence
technique is well researched and established as the best com-
mercial technology for ambient air monitoring of NO. Ground-
based instruments with sufficient sensitivity for ambient-level
monitoring at any tropospheric location are commerctially avail-
able, although research-grade instruments are often assembled
from components for special applications such as for tropo-
spheric aircraft flights. DOAS technology is available for NO but
alower detection limit at the sub-ppbv level is difficult to obtain.

5.4 Methods for Nitrogen Dioxide (NO,)

NO, is a criteria pollutant in the U.S. for which the
NAAQS for health and welfare is an annual average of 53 ppbv.
As a result of the NAAQS requirements for monitoring, the
commercial incentive for instrument development has spurred
innovative development of instrumentation, resulting in many
techniques including both point and path monitors. The point
monitors measure NO, directly by fluorescence, by absorptionin
the visible or IR, or by luminol chemiluminescence. NO, is
monitored indirectly by NO, O, chemiluminescence after NO,
conversion to NO with thermal or photolytic converters. DOAS
open-path instruments use a relatively interference-free spectral
region.in the UV/visible to measure NO, directly.

As noted earlier in Section 5.2.1, the gas-phase reaction
of NO and O, in the manifold leading from the ambient air to the
location of a point monitor results in the creation of NO, and the
loss of NO and O,. As noted there, a 2-s or less residence time
ensures that the loss of NO is less than 10% due to its gas-phase
reaction with ozone. Since NO is typically less than NO,, the
gain in NO, concentration will also be less than 10%.

5.4.1 NO, O, Gas-Phase Chemiluminescence

Thermal converters. The installed instrument base for
measuring ambient nitrogen dioxide in the U.S. consists mainly
of chemiluminescence NO monitors equipped with NO,-to-NO
thermal converters. The NO, concentration is estimated by sub-
tracting the instrument response when bypassing the converter
from the response when passing the air sample through the con-
verter. These instruments provide data that systematically over-
estimate NO,. There are two reasons: (1) thermal converters
convert other reactive nitrogen species as well as NO,, as noted
in Section 5.2; and (2) the NO, O, reaction increases the NO,/NO
ratio as the sampled air mass is passed through inlet tubing or
through addition volumes (e.g., photolytic converters) before
reaching the detection chamber. When only one reaction chamber
is time shared between measurements of NO and NO,, the
difference NOy —NO is taken between sequential measurements.
Hence temporal variability in response can result in errors when
the difference NOy — NO is used for NO,.



Even non-NOy compounds such as NH; and amines can
be converted to NO if converter temperatures are excessive
(Williams et al., 1998). The NO, is estimated by subtracting the
signal due to NO (bypassing the thermal converter) from the
signal obtained from an airstream passed through the thermal
converter (NO, + NO + NO,). The largest percentage errors in
NO, occur typically in the afternoon of warm, sunny days when
the photochemical conversions of NOy to oxidation products
such as HNO,;, HONO, PAN, and other organic nitrates are
optimum. A large percentage of these compounds are converted
to NO in the chemiluminescence monitor’s thermal converter.
Although special inlets using nylon filters to remove nitric acid
and nitrate as well as diffusion scrubbers to selectively remove
acid and/or basic nitrogen-containing gases are available to
condition the sample stream prior to entering the thermal con-
verter, the vast majority of instruments do not have this feature.
In fact, the use of an external thermal converter (converters
mounted outside monitoring stations and using extremely short
inlet lines) ensures high-efficiency conversion of reaction pro-
ducts of NO and NO, and minimizes losses of these species to
wall adsorption so that an accurate measure of NOy can be
obtained.

Photolytic Conversion of Ambient NO,. Photolytic
conversion of NO, using wavelengths below 400 nm is being
perfected with respect to choice of light sources and other design
features that allow efficient conversion while limiting undesirable
consequences such as NO, O, reactions and excessive heating in
the photolysis cell. Eric Williams of NOAA addresses these
considerations in Appendix C and reviews the different designs
that are currently in use. The implementation of photolytic
conversion in research instrumentation has already been realized
in several laboratories, and a commercial version has been
marketed by Eco Physics (Diirnten, Switzerland) as part of a
NOy monitor for several years. Current research and routine
monitoring needs for a specific and sensitive monitor of ambient
NO, is spurring additional development. The prospect of a
photolytic converter that can be added to existing chemi-
luminescence NO monitors appears to be the most practical
current approach to obtaining a near-term ambient air database
for NO, concentrations.

5.4.2 Luminol Chemiluminescence

As noted by Maeda et al. (1980) and Wendel et al.
(1983), NO, reacts with luminol in water solution and the
resulting compound emits visible radiation around 465 nm,
resulting in a real-time, direct measurement. In one version of the
method, the reaction takes place in a lightproof chamber, on the
surface of a wick saturated with the water-based luminol solution
and mounted in front of a photomultiplier tube. The solution
continuously moves from one reservoir down the vertically
mounted wick and into a second reservoir. This reaction is the
basis for commercial Luminox instruments available from Scin-
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trex, (Toronto, Canada). The instrument provides a direct mea-
surement of NO, but is subject to interferences from other com-
pounds such as O, and PAN. Additives to the luminol solution
are effective in selectively suppressing response to interferences
and enhancing response to NO,. Schmidt et al. (1995) describe
a selective ozone scrubber for application in ambient NO, mea-
surements using the Luminox instrument. The reaction between
NO, and luminol is nonlinear and must be corrected for measure-
ments of NO, below a lower concentration level, typically near
2 ppbv. Kelly et al. (1990) evaluated the performance of the
Luminox, Model LMA-3, and noted that to obtain accurate
measurements of NO, at low concentrations, the readings must
be corrected for zero offset, nonlinearity, and ozone and PAN
interferences, in that order. Fehsenfeld et al. (1990) describe a
comparison among NO, monitors, one of which was the LMA-3,
at a remote site near Niwot Ridge, CO. Corrections for O, and
PAN interferences in the LMA-3 were noted to be “sufficiently
consistent that they could be corrected for by using the measured
values of O, and PAN down to about 0.3 ppbv NO,.” Gaffney et
al. (1998) and Gaffney et al. (1999) have demonstrated the use ~
of a luminol-type detector for NO, and peroxyacyl nitrates.

5.4.3 Laser-Induced Fluorescence

LIF was used successfully in the 1970s by combining
fixed-frequency lasers and high-discrimination ratio liquid filters
(Gelbwachs et al., 1972). Photons resulting from the de-
excitation of NO, molecules were viewed at right angles to the
laser light path through the liquid filters, and sensitive photon
counting techniques were used. Flashlamps replaced the fixed-
frequency lasers (argon ion laser or helium-cadmium laser) as a
light source in later research by this group (Fincher et al., 1977).
However, neither approach proved to be as commercially viable
as the thermal conversion/NO, O, chemiluminescence. LIF has
now been revived using practical, high-power, tunable laser
sources that permit the matching of light output and the maxima
in the NO, absorption features. Thornton, Wooldridge, and
Cohen discuss the latest advances for this technique in Appendix
D of this report in a text arranged through the efforts of Dr.
Cohen. Examples are given of recent successful comparison
testing against the NO, O, chemiluminescence monitoring tech-
nique with a photolytic converter as part of the SOS 99 study in
Nashville, TN. Projections in this discussion include the ultimate
achievement of a version for routine use with a detection limit of
10 pptv.

5.4.4 Differential Optical Absorption
Spectroscopy for NO,

The successful use of DOAS for monitoring NO, in the
troposphere has been demonstrated using both commercial
instruments and instruments assembled from individual com-
ponents (Edner et al., 1993; Plane and Nien, 1992; Febo et al.,
1996). Stevens et al. (1993) compared the measurement of a



commercial DOAS (OPSIS, Furulund, Sweden) to EPA-
approved fixed-point methods. In the U.S., OPSIS has achieved
equivalency status to the reference technique for monitoring NO,.
The achievement of equivalency means that the instrument meets
certain standards of performance and that data obtained with the
instrument can be reported by state agencies in satisfaction of the
reporting requirements for the NAAQS. McElroy et al. (1993)
describe a method for on-site calibration of the OPSIS for NO,
and other gases.

The commercial instruments using DOAS were developed
using certain proprietary operational techniques. For this reason,
the specific algorithms for the estimation of uncertainty for NO,
and other reactive nitrogen species is not generally known in detail
and the transmission spectra are not necessarily available to the
operator for customized postprocessing. However, the estimated
uncertainty is understood to be based on the residuals obtained by
fitting field spectra to a set of stored reference spectra, including
the target gas spectra and known interferences. High estimated
uncertainty can indicate unexpected spectral interferences, a
change in wavelength calibration (although this can be periodically
corrected), or other problems. Nonlinearity in response to NO,
concentrations is also a potential problem at the spectral resolution
used in typical DOAS instruments. This is an inherent problem
with instruments that use spectral transmission data to calculate
trace gas concentrations (Russwurm and Phillips, 1999). Unfortu-
nately, the extent of this problem cannot be determined without
specifics concerning the algorithm used for signal processing. In
commercial units, real-time data processing is emphasized and a
concentration measurement with estimated uncertainty is the output
of the instrument. The detection limit for NO, as stated in the
commercial literature (OPSIS, Furulund, Sweden) is estimated at
1 ppbv using a 500-m total optical path length. Uncertainty in the
measurement must be less than £10% to meet the requirements for
diagnostic modeling. Appendix B of this report authored by Dr.
Jochen Stutz addresses the scientific approach to monitoring of
nitrogen oxides by DOAS.

5.4.5 Tunable Diode Laser Absorption
Spectroscopy—Middle Infrared

The diode laser has been used as the radiation source in
the detection of NO, and other nitrogen oxides by using the tech-
nique of second derivative absorption spectroscopy. Typically,
the ambient sample is drawn into a glass cell with special optics
to direct the tunable diode laser (TDL) radiation in a folded path
of length up to 100 m (Schiff et al., 1983) or used over an open
ambient path (Chaney et al., 1979). The pressure inside the cell
is reduced (to the order of 25 torr) to minimize pressure-
_ broadening effects of the absorption line. The TDL is a semi-
conductor device whose band-gap energy is temperature depen-
dent and whose output frequency is determined by joule heating
losses. The laser is held at low temperatures by closed-cycle
coolers and tuned by resistive heating of the diode. The output
frequency is tunable over several tens of wave numbers by
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varying the current passing through the diode; it can be made to
scan rapidly and repetitively (1 KHz) over a given wave number
range by providing the appropriate current control. Very high
specificity is obtained because the output frequency has an
extremely narrow bandwidth on the order of 10 wave numbers
and therefore does not degrade the shape of the gas absorption
line being monitored. This allows a single absorption feature of
the target gas to be selected, generally removing the effects of
other interfering species.

A sensitive, fast response detector is used to generate the
analytical signal. The laser wavelength is maintained at an absorp-
tion maxima by the use of a reference signal generated by passing
a small fraction of the beam through a reference cell containing the
gas of interest. As the beam is tuned across the absorption feature,
it is slightly modulated in wavelength by modulating the diode
current. This generates a so-called first-derivative signal that
switches signs as the laser is tuned past the line center. This zero
crossing generates a signal that is used as a reference to keep the
laser tuned to line center. The strength of the second-derivative
signal after the beamn passes through the multipass cell is calibrated
and used to measure the target gas concentration in the sample.
Ried et al. (1980) indicate that this type of system can achieve
sensitivities on the order of 100 pptv.

Since the TDL provides near unambiguous detection of
target gases, it has frequently been used as a reference method in
field test comparisons. Examples of its use for NO, include a
comparison with the LMA-3 direct NO, monitor at a field
monitoring site (Russwurm, 1988) and other pre-1991 research
(Sickles et al., 1990) including an intercomparison of NO,
measurement techniques such as the TDL by Fehsenfeld et al.
(1990).

5.4.6 Systems Using Visible/Near Infrared

Radiation Laser Sources or LEDs

Allen et al. (1995) and Sonnenfroh and Allen (1996)
reported the application of single-longitudinal mode, room-
temperature, semiconductor lasers operating in the visible and
near IR to in situ monitoring of NO,. They report a system design
that uses the relatively new balanced ratiometric detector (BRD),
a novel electronic laser noise-canceling technique. They project
a sensitivity for ambient operation of approximately 1 ppbv for
a 10-m path assuming a detectable absorbance of 10*°. Mihalcea
et al. (1996) report the use of two photometers, one using a
commercially available InGaAsP diode laser with output near
670.2 nm and the second using radiation from a prototype
frequency-doubled GaAlAs diode laser source with output near
394.5 nm. These systems were used to measure the temperature
and pressure dependence of NO, absorption at those wave-
lengths. The experimental results suggest a detection limit of 10
ppbv for a hypothetical system using the lower wavelength and
assuming a detectable absorbance of 10~. Fetzer et al. (1998)
also used a frequency-doubled GaAlAs diode laser for demon-
strating a capability for NO, monitoring.



Fetzer et al. (1998) demonstrated the use of an NO,
photometer using a GaN light-emitting diode (LED) as source of
450-nm radiation and achieving a detection limit of 1 ppbv with
an instrument response time of 1 min. No comparable com-
mercial unit is known to be available at the present time.
However, Jung and Kowalski (1986) modified a commercial
ozone photometer to a NO, photometer by changing the lamp
source, optical filter, mirrors, detector, and the absorption cell
path length. The unit was used to measure NO, at the South
Coast Air Quality Management District’s air monitoring station
at Pomona, CA, and compared with a commercial chemilum-
inescence monitor.

5.4.7 Method Recommendations for NO,

Photolytic conversion of NO, to NO foilowed by NO, O,
chemiluminescence for concentrations across the full range of
ambient NO, concentrations has been demonstrated using com-
mercially available units. However, unless the time spent in the
inlet sampling line, including the photolytic converter, is 2 s or
less, an O, monitor must also be included to provide information
to correct NO, readings for conversion of NO to NO,. Most
chemiluminescence systems in the installed instrument base in
the U.S. have thermal converters and provide an upper limit on
NO, as explained above. Since the NAAQS for NO, is currently
not being exceeded at any location in the U.S., criteria moni-
toring is not impacted. However, NO, monitoring for model
evaluation requires a more selective converter.

A successful, commercially available method for NO,
monitoring in urban and suburban areas is the UV DOAS system.
NO, is measured directly and without sampling. No sampling
artifacts are possible and there are no known interferences.
Although the exact method of treating uncertainty depends on the
manufacturer, the use of residuals in a least squares fitting
procedure across a portion of the absorption spectrum provides
a measure of uncertainty. Additional understanding of the uncer-
tainty of the DOAS measurement is needed.

The best available technology for the full range of NO,
concentration is the LIF technique, a technique that has high
commercial potential, but is not yet being manufactured by a
commercial vendor. LIF is specific for NO, and measures NO,
directly. Sample transport from the ambient air to the detector is
subject to the NO, O, reaction in the sample lines so that the
same constraints on residence time as for any point monitor are
relevant. Photometric measurements of NO, in the visible look
promising if the new balanced radiometric detector and room
temperature tunable diode laser sources are used. The question
of whether the photometric approach is viable for practical
monitoring of ambient NO, must be answered with additional
research.
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5.5 Methods for Monitoring Nitric and

Nitrous Acids (HNO, and HONO)

HNO, and HONO are frequently used for diagnostic
testing of AQMs as noted in Chapter 4. HNO, is produced during
the day as a reaction product of OH and NO, and peaks during
the daytime. Because of the high deposition rates of HNO,, this
deposition constitutes the primary termination step for NOy
emitted into the atmosphere. HONO has a short lifetime in the
atmosphere during the day because it is readily photolyzed (OH
is formed as one product) and shows a minimum during the
daytime with a maximum at night. There may be some daytime
sources of HONO maintaining a very small concentration at
steady state. It has been argued that hydrolytic production of
HONO from NO, is catalyzed by soot surfaces (Zellweger et al.,
1999; Ammann et al., 1998).

In the past, time-integrated systems for sampling and
accumulation of nitric and nitrous acids have been widely used.
These systems use either filter packs or a combination of coated
diffusion tubes and filter packs for sampling. However, the
samples must be transported to a laboratory for analysis. Many
of these systems typically collect samples over a time period
exceeding the time resolution required for performing the diag-
nostic tests mentioned in the Introduction. These techniques will
not be considered for diagnostic testing of AQMs but nonetheless
can be important in establishing comparability among different
methods for measurements averaged over a longer time period.
For information on the denuder/filter pack techniques, the reader
is referred to the results of five pre-1991 comparisons of nitric
acid techniques, including the Atmospheric Environment edition
(Vol. 22, No. 8) devoted to the results of the “Nitric Acid
Shootout” that took place in 1985 in Pomona, CA. Other refer-
ences are Anlauf et al. (1985), Spicer et al. (1982), Walega et al.
(1991), and Sickles et al. (1990).

5.5.1 Thermodenuders

Thermal denuders with selective coatings such as tungstic
acid (Braman et al., 1982; McClenny et al., 1982) have been
used for near real-time monitoring with outputs at one-half hour
or less. Using a tungstic-acid-coated tube as a denuder, nitric
acid chemically combines with the acid and accumulates at the
surface of the tube. Subsequent heating of the tube releases NOy,
which is passed to a sensitive NO, O, chemiluminescence detec-
tor. Roberts et al. (1987) report the lack of significant inter-
ferences by NO,, HCN, PAN, and n-propyl nitrate under most
conditions, although the extent of interference becomes greater
as the atmospheric humidity is reduced. In field tests conducted
at a rural site, comparisons with a nylon filter collection tech-
nique gave significant differences at the sub-ppbv concentration



levels, although the interfering gases were not identified.
Klockow et al. (1989) describe an automatic thermodenuder
system for measurement of HNO; and ammonium nitrate in air
for a one-half hour sampling period. The system has two denud-
ers in series. Both are coated with MgSO, and the first is
operated at room temperature, while the second is operated at
150 °C. Gaseous nitric acid is collected in the first denuder and
ammonium nitrate is decomposed and captured as nitric acid in
the second. Subsequent heating to 700 °C liberates HNO; and
HONO as NOy, which is detected with a standard NOy chemi-
luminescence monitor.

5.5.2 Dual-Channel Chemiluminescence

Monitors

Commercial chemiluminescence monitors for NO have
been modified to design real-time nitric acid detectors using two
inlets, one with only a particle filter and the second with a
particle filter and a nylon filter. Sample air entering the monitor
from both channels passes through a thermal converter before
reaching the chemiluminescence reaction chamber. The differ-
ence signal is attributed to HNO;, including that formed from the
decomposition of ammonivm nitrate. In some instances, HNO,
may be removed by substances already present on the particle
filter. Tanner et al. (1998) measured the sum of nitrate and nitric
acid by using a system comprising two inlet channels, each
containing a gold-CO catalyzed converter to reduce all odd
nitrogen species (NOy) to NO. One channel also contained a
nylon filter to capture the sum of nitrate PM and nitric acid. The
NO resulting in each channel is detected by NO, O, chemi-
luminescence. This type of system has been used in an inter-
comparison of HNO, methods (Spicer et al., 1982) and aboard
aircraft for studies of plume chemistry during the 1995 SOS
summer field study in Nashville.

5.5.3 Wet Dendders

Nitric and nitrous acids are often sampled by capture in
water followed by ion chromatographic analysis. Capture of
nitric acid by a diffusion scrubber based on a wet anion exchange
membrane and determination by UV detection was reported more
than a decade ago (Dasgupta and Philips, 1987). However, the
method was insensitive and not sufficiently selective. A subse-
quent study (Vecera and Dasgupta, 1990) demonstrated ambient
measurements of nitrous acid with 7- to 15-min time resolution
and a detection limit of 20 pptv. A porous membrane diffusion
scrubber was used for collection and ion chromatography with
UV detection for analysis. However, the diffusion scrubbers of
this type did not collect quantitatively and calibration efforts
were required. Vecera and Dasgupta (1991) introduced the use
of a wet denuder, rudimentary low-pressure ion chromatography,
and postcolumn colorimetric reaction detection for the determi-
nation of HONO and HNO, with an 11-min time resolution and
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80- and 230-pptv detection limits, respectively. More efficient
parallel plate wetted denuders were introduced (Simon and
Dasgupta, 1993), which make this approach more sensitive and
competitive with a more expensive ion chromatographic finish.
However, the diazo coupling chemistry uses a copperized cad-
mium reactor for reducing nitrite to nitrate and that, although a
standard technique used in water analysis laboratories, may not
be considered as environmentally friendly. Taira and Kanda
(1993) describe a wet effluent diffusion denuder that incorpo-
rates a 0.16-cm-i.d. straight glass tube as the denuder. Buhret al.
(1995) disclosed an automated system for nitric acid, particulate
nitrate, and particulate sulfate. The method uses a semicon-
tinuous wet effluent denuder and a wet effluent frit for sampling,
followed by ion chromatography with conductivity detection.
Sample frequency is 15 min and a detection limit of 10 pptv is
achieved for each compound. Nitric acid measurements over an
ambient range of <0.1 to 4 ppbv were compared with a filter
pack method and excellent agreement was obtained. Near real-
time monitors with short cycle times on the order of 15-30 min
have been reported by Simon and Dasgupta (1995a) for HNO; -
and HONO using a wet-wall parallel-plate denuder and a
customized ion chromatograph. The most recent version of this
type of monitor is a commercial prototype that was used in the
summer 1999 Atlanta SOS study by Dr. P.K. Dasgupta of the
Texas Tech University. This latest version differs from the unit
described in the open literature in the method for collection of
airborne PM. In the newer version, an in-line particle filter is
placed downstream of the wet-wall denuder; periodic automatic
extraction of this filter occurs followed by ion chromatographic
analysis. Figure 5-1 shows the variation of HNO, and HONO
with a 10-min resolution as measured using this system during a
3-day stretch in the Atlanta SOS study during the summer of
1999. As expected, the diurnal maxima of HNO, occurs in the
daytime whereas HONO disappears during the day and becomes
important at night.

Keuken et al. (1988) developed a wet-wall denuder
formed between concentric cylindrical tubes mounted about a
horizontal axis. The walls are wetted by maintaining a supply of
water in the lower section of the cylindrical annulus and con-
tinuously rotating the cylinders. As ambient air is passed through
the water-free portion of the annulus, soluble ions accumulate in
the water reservoir and are periodically analyzed by ion chroma-
tography. Oms et al. (1996) discuss the use of a later version of
this approach in which analysis of HNO;, HONO, HCl, and SO,
are automated by computer control at a frequency of 2/h. Detec-
tion limits of 2 and 12 ng/m’® are stated for HONO and HNO,,
respectively. A commercial version of this unit has been con-
structed by Anderson Inc., Atlanta, GA. Kanda and Taira (1992)
reported the measurement of HNO, and HONO as NO after
capturing the two gases in a NaOH solution and chemically
converting the two to NO.
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Figure 5-1. HNO, and HONO with 10-min resolution as measured using a wet-wall denuder
system for a three-day stretch in the Atlanta SOS study during the summer of 1999 (Dasgupta,

Texas Tech University, Lubbock, TX).

5.5.4 The Mist Chamber Technique

Cofer et al. (1985) describe a mist chamber technique.
Essentially, water soluble components of ambient air are cap-
tured by mixing water droplets with the ambient air. The droplets
are created inside a collecting vessel by using the venturi action
of sample air passing over a water-filled capillary, thereby gene-
rating water particles with high surface area to volume ratio. The
diffusion of water soluble gases to the particles results in the
capture of the gases. The droplets are subsequently collected by
impaction against a filter and analyzed by ion chromatography.
This system is typically operated with cycle times greater than
one-half hour. Talbot et al. (1990) expanded on the use of the
mist chamber method and examined differences between results
using the mist chamber technique and those using the nylon filter
technique as observed in the field experiments.

5.5.5 Chemical lonization Mass
Spectrometry

The most recent addition to real-time measurement of
nitric acid is the chemical ionization mass spectrometry (CIMS)
technique as reported by Mauldin et al. (1998) and by Huey et al.
(1998). These instruments differ in design and in the reagent ion
used. Fehsenfeld et al. (1998) has documented the comparison of
these two systems and a filter pack technique. Apparent decom-
position of ammonium nitrate particles to nitric acid and ammo-
nia on the front filter of the filter pack released nitric acid to be
captured as nitric acid and hence biased the filter pack results
high. Scatterplots of simultaneous measurements by the two
systems indicate a roughly symmetric scatter with about 1:1

29

agreement and most comparisons fall within +30% of being iden-
tical across the ambient measurement range of 2—-1000 pptv (see
Figure 4 in Fehsenfeld et al., 1998). CIMS detection limits of
less than 15 pptv for a 1-s integration period are cited. The fast
response of the system is particularly well suited to requirements
of airborne monitoring.

5.5.6 Tunable Diode Laser Absorption

Spectroscopy and DOAS Techniques

Optical techniques have often been used for measuring
nitric and nitrous acid. Real-time systems employing tunable
diode laser absorption spectroscopy (TDLAS) (Schiff et al.,
1983) and another using an open-path, multipass Fourier trans-
form infrared (FTIR) system (Tuazon et al., 1981) have been
successfully operated for monitoring nitric acid and are parti-
cularly useful as reference methods in areas where nitric acid
concentrations achieve ppbv concentrations. The TDLAS has a
detection limit given as 4 ppbv for nitric acid, while the best
FTIR systems provide measurements to 10 ppbv. Commercial
DOAS systems are used for monitoring nitrous acid with a
quoted detection limit of 0.5 ppbv under standard conditions for
a monitoring path of 500 m and a measurement time of 1 min
(OPSIS, Furulund, Sweden). Febo et al. (1996) have measured
HONO with a commercial DOAS system at values exceeding 10
ppbv in Milan.

5.5.7 DNPH Derivatization and HPLC Analysis
Zhou et al. (1999) have demonstrated a derivatization
technique for HONO based on DNPH derivatization and HPLC



analysis with UV detection at 309 nm. HONO is scrubbed from
ambient air by passing the sample through a coil sampler along
with an aqueous scrubbing solution. Various potential inter-
ferences have been examined and results indicated a 1:10,000
interference equivalent for NO2 and 1:1000 for PAN. Limited
comparisons with a bubbler/IC method indicate at most a 20%
difference for 4-h averages across a concentration range of
80-1200 pptv. The system has been automated with a 5 min
cycle time.

5.5.8 Method Recommendations for
HNO, and HONO

The denuder/ion chromatographic method for monitoring
both nitrous acid and nitric acid has been commercialized by
Anderson Inc. (Atlanta, GA) by using a rotating annular denuder
for collection, and a system design by P.K. Dasgupta of Texas
Tech University which uses a wet parallel plate denuder has been
tested in several recent field studies (see Figure 5.1). One addi-
tional attraction of the denuder/ion chromatographic approach is
the information about other compounds that is obtained as part
of the ion chromatographic analysis.

DOAS methods using manual inspection of individual
spectra may be the most accurate for HONO due to the low
detection limits of =100 pptv, the absence of significant inter-
ferences, and the fact that no sampling is required. However, the
use of manual inspection limits automation of the method.

Chemical ionization mass spectroscopy is apparently the
best available method for nitric acid based on the recent work at
NOAA and the National Center for Atmospheric Research
(NCAR). Itis not clear that this technique will meet the detection
limit requirement for diagnostic testing of models, although the
recent side-by-side comparisons showed agreement between two
systems of +30% at sub-ppbv concentrations. Sampling iosses
through the MS inlet system are apparently minimized due to the
rapid airflow rate into the system. Additional comparisons with
other viable techniques seem warranted.

5.6 Methods for Monitoring
Particle Nitrate '

Particle nitrate has been measured downstream of water-
soluble gas components in the type of instrument described by
Simon and Dasgupta (1995a and 1995b). In the original paper,
Dasgupta and coworkers designed the system to grow particles
to a large size by adding steam to the sample stream and then to
collect the particles for IC analysis by impaction in a cooled
maze. Recent design changes include the collection of particles
on a filter followed by automated extraction and analysis.
Khylstov et al. (1995) describe a similar method using a steam-
jet aerosol collector with ion chromatographic detection of inor-
ganic ions. Spicer et al. (1985) describe a thermal decomposition/
chemiluminescence method for determining nitrate in which the
sample or an aqueous extract of the sample is heated to 425 °C
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and detection of the resuitant gaseous nitrogen oxides is by NO,
O; chemiluminescence. Yamamoto and Kosaka (1994) also dis-
cuss thermal desorption of nitrates to a chemiluminescence
detector using a different arrangement for thermal desorption.
Stolzenburg and Hering (2000} disclose a method for automated
measurement of fine-particle nitrate in the atmosphere with a
cycle time of 10 min. Interfering gases such as nitric acid are
removed from the airstream by an upstream denuder. Particles
are increased in size by humidification and then collected by
impaction. This is followed by flash vaporization and chemitumi-
nescence detection of evolved nitrogen species. This approach
has been used in the field in several studies and is currently being
commercialized by Rupprecht and Patashnik. Inc. (Albany, NY).

5.6.1 Method Recommendations
For Particle Nitrate

The available technologies are relatively new and need to
be compared in side-by-side field testing. However, the systems
based on thermal desorption/chemiluminescence and on filter
collection followed by extraction and IC analysis are being used
frequently and, in the case of the former a commercial status has
been achieved.

5.7 Methods for Monitoring PAN, PPN,
MPAN, and Other Organic Nitrates

Kleindienst (1994) summarizes the different measurement
techniques for PAN up to a certain point in 1993 in the context
of a comprehensive review of the properties of PAN and dif-
ferent aspects of its part in atmospheric chemistry. Table 2 in this
article includes a summary of methods for detecting PAN in
tropospheric measurements. These include three gas chromato-
graphic methods—electron capture, luminol chemiluminescence,
and NO, O, chemiluminescence—and two continuous methods—
infrared spectroscopy and PAN, amine chemiluminescence. The
use of capillary chromatography with either electron capture
detectors (ECDs) or luminol chemiluminescence continues to be
prevalent in current monitoring efforts for PAN and other
organic nitrates. Some researchers still use the older packed
chromatographic column technology. A number of additional
references, including more recent references, are given below.

PAN thermally decomposes in the atmosphere to form
NO, and the acetylperoxy radical, and at 298 K (or 77 °F)
calculation of the thermal decomposition rate results in an
atmospheric lifetime of nearly 1 h, although an increase in
ambient temperature to 305 K (or 90 °F) reduces this to roughly
15 min (see Figure 1 of Kleindienst, 1994). Sample integrity of
PAN and PAN-like compounds during the measurement process
in moving through a point monitor, contacting surfaces, and, in
some cases, moving through capillary or packed columns, is a
major concern. Thermal decomposition of PAN-like compounds
on a precolumn converter is sometimes used to check for the
presence of interferences when gas chromatographic separations



with shortretention times (e.g., during aircraft measurements) are
being used. There is no primary standard for PAN-like com-
pounds, and they are usually synthesized in the laboratory and
stored for subsequent dilution at the monitoring site. Conversion
of PAN to NO in the well-characterized thermal converters used
for NOy measurements (see above) often provide a surrogate
standard.

Methods for sampling and analysis of alky! nitrates are
reviewed by Parrish and Fehsenfeld (2000) in their article on
methods for gas-phase measurements of ozone and aerosol pre-
cursors. Direct sample injection or preconcentration followed by
GC/ECD analysis is typical.

5.7.1 Gas Chromatography with

Specific Detection

The most common current methods for analysis of PAN
and PAN-like compounds involve separation of organic nitrates
by GC and detection using either an ECD or a luminol chemilum-
inescence detector for NO, (after thermal conversion of nitrates
to produce NO,). As pointed out by Roberts et al. (1989),
capillary columns offer better sensitivity of detection compared
to packed columns and can separate PAN, PPN, and a number of
C1-Cs5 alkyl nitrates from many light halogenated compounds
that have similar retention times. Blanchard et al. (1990) com-
pared two packed-column GC/ECD systems for monitoring
ambient air (0.15 to 2 ppbv) and obtained slope and intercept
values of 1.14 + 0.01 and -0.03 + 0.05, respectively, with a
correlation coefficient of 0.995. A comparison between one of
these systems and a system with a packed column and a GC/
luminol detector for the same monitoring sequence gave slope
and intercept values of 1.08 £ 0.03 and 0.08 + 0.24, respectively,
with a correlation coefficient of 0.864. Blanchard et al.(1993)
demonstrated the potential of a packed-column GC method for
PAN using a postcolumn chemical amplifier and a NO, luminol
detector. For PAN concentrations < 1 ppbv, a NO, amplification
factor of 180 + 20 was observed when 6 ppmv of NO and 8% of
CO were added to a postcolumn reactor; this approach was
proposed for extending the lower range of detection for PAN. De
Santis et al (1996) used an annular denuder coated with a sodium
carbonate solution to capture PAN. The PAN is retained as
nitrate and the nitrate is extracted for measurement by ion
chromatography. Danalatos and Glavas (1997) used a capillary
column at subambient temperatures along with an ECD to
demonstrate improved response compared to ambient tempera-
ture runs and to separate PAN from interfering gases (mainly
halogenated compounds). Nikitas et al. (1997) used thermal
conversion of PAN to NO, to generate a signal of PAN + NO, on
a luminol detector and subtracted the signal obtained from NO,
alone by bypassing the thermal converter; PAN was obtained by
subtraction. Gaffney et al. (1998) have suggested a method com-
bining chromatographic separation of NO,, PAN, MPAN, and
PBN (peroxybutyryl nitrate) on a 3-m-long, 0.53-mm-diameter
capillary column and a modified commercial luminol-based
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nitrogen dioxide detector for field measurements. The column is
coated with 3 um of DB-1 stationary phase and operated at room
temperature. Helium is used as the carrier gas for i- to 5-mL
samples to obtain a chromatogram in 1 min and to achieve a
sensitivity in the tens of pptv with synthetic samples. Field
measurements of PAN, PPN, and MPAN are now being made
with capillary column/ECD systems at total uncertainties of + 5
pptv + 15%) to infer the contributions of biogenic and anthro-
pogenic sources to ozone formation (Roberts et al., 1998). Detec-
tion limits as low as 5 pptv have been achieved. Williams et al.
(2000) extended the GC/ECD approach to airborne measure-
ments of PAN, MPAN, and PPN.

While ECDs have been used for many years as
chromatographic detectors for PANs and other organic nitrates,
the use of radioactive material, typically ®Ni, is coming under
increasing scrutiny and restriction. Zedda et al. (1998) have
recently applied a new pulsed discharge electron capture detector
to the measurement of PAN, PPN, and other atmospheric
nitrates. The new detector employs no radioactive components
and therefore requires no special consideration for transport and -
use at field sites.

5.7.2 Gas Chromatography/Negative lon

Chemical lonization Mass Spectrometry

Tanimoto et al. (1999) report the measurement of PAN,
PPN, and MPAN at pptv levels by gas chromatography/negative
ion chemical ionization mass spectrometry. For PAN the detec-
tion limit is given as 15 pptv with good linearity at the pptv
levels. All three compounds are measured within. 10 min.

5.7.3 Method Recommendations for PAN,
PPN, MPAN, and other Organic Nitrates

PAN and other organic nitrates are monitored using
capillary columns for separation and sensitive detectors such as
the luminol-based chemiluminescence system or the ECD for
detection. These units can be assembled from commercially
available products. The sample integrity of PAN during a mea-
surement is subject to its thermal decomposition in the mea-
surement instrument and to potential interferences even in the
presence of gas chromatographic separation. Careful experi-
mental and calibration techniques are required to accurately
measure PAN and PAN-like compounds, so any routine or
network application should only be attempted with a high level
of dedication and preparation.

5.8 Methods for Monitoring the
Nitrate Radical

The free radical NO, is highly reactive and its contri-
bution to NO, is generally negligible. However, it is important
in nighttime atmospheric chemistry because it oxidizes many
primary organic pollutants to form nitric acid, peroxy radicals,



and other products. Platt et al. (1980) recorded the diurnal
variations of NO, using the DOAS technique. A recent paper
(Geyer, 1999) lists the various techniques and shows a favorable
comparison between the two most frequently used, i.e., DOAS
and matrix isolation electron spin resonance (MIESR). King et
al. (2000) describe the first use of cavity ring-down spectroscopy
(CRDS) to detect NO, in the laboratory with a system achieving
a noise equivalent mixing ratio of 2 pptv for a 30-s averaging
period.

5.8.1 Method Recommendations

For the Nitrate Radical

Research-grade DOAS systems have been used recently
in summer intensive studies by the Southern Oxidants Study
group and appears to be the best available method.
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Chapter 6
Use of Commercially Available Systems for
NO, Monitoring in the Nashville SOS '99 Study

by

K. Kronmiller and M. Wheeler
ManTech Environmental Technology, Inc.

Interest in gathering information on NO, monitoring
technology led EPA to participate in the SOS 99 summer field
study in Nashville, TN, at the Cornelia Fort site northeast of
midtown Nashville. Three other groups were using research-
grade instrumentation for the reactive nitrogen oxides at this site.
The EPA effort was organized by W.A. McClenny of the Atmo-
spheric Methods and Monitoring Branch, Human Exposure and
Atmospheric Sciences Division, National Exposure Research
Laboratory, Office of Research and Development, U.S. EPA, and
the site coordinator, E.J. Williams of the NOAA Agronomy
Laboratory. EPA contractor ManTech Environmental Tech-
nology, Inc., prepared and operated commercial instrumentation,
in some cases with modifications, for NOy, NOy, NO,, and NO
monitoring. This activity resulted in valuable field monitoring
experience and in a database for certain commercial and modi-
fied commercial instruments for monitoring nitrogen oxides.
Additional monitoring was carried out after the field study at the
EPA facility in Research Triangle Park, NC, in order to repeat
the types of monitoring executed in Nashville.

Three monitoring systems were operated inside one of the
office trailers located at the base of the sampling tower at the
Cornelia Fort site. One system consisted of a Model LMA-3
luminol-based NO, monitor (Scintrex, Toronto, Canada) with a
sampling train designed with alternate routes to condition the
sample air before entering the instrument’s reaction chamber
(Spicer, et al., 1995). This monitoring arrangement is explained
more fully in Appendix E. The gases NO,, NOy, and NO, could
be monitored in sequence by using the different sampling routes.
Each monitoring mode was maintained for 5 min and repeated
every 15 min. The conditioned sample air was also monitored
using a TEI Model 42 chemiluminescence monitor with internal
thermal converter (Thermo Environmental Instruments, Franklin,
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MA). The TEI Model 42 provided NO, NO,, and NO,, during the
first 5 min (no conditioning) of each 15-min cycle. A third
monitoring system, a TEI Model 42C was operated inside the
office trailer with a Mo thermal converter mounted on the
sampling tower. This unit was used to obtain some of the NO,,
measurements shown below.

A fourth system, a commercially available UV/DOAS
open-path monitoring system (OPSIS, Furulund, Sweden), of a
similar type to the research system described in Appendix B was
operated adjacent to the sampling tower at Cornelia Fort. A
source/receiver was placed at one end of the monitoring path and
a corner-cube retroreflector at the opposite end so as to establish
a200-m total optical open path at an average aboveground height
of 3 m. This system provided essentially real-time measurements
of ambient NO, by measuring the differential absorption of
UV/visible radiation along the measurement path.

Figure 6-1 shows the results of a monitoring comparison
at the Cornelia Fort during the period 28 June through 5 July
1999 using three of the instruments described above. Figure 6-2
shows the results of a monitoring comparison at the EPA facility
in Research Triangle Park, NC, after the Nashville summer study
during the period 4-11 October 1999. The same three instru-
ments were used, although the height of the optical path length
for the path monitor averaged the same as the inlet height of the
point monitors, i.e., 3 m. In both figures, NO, is monitored with
sufficient accuracy to establish compliance with the NAAQS for
NO,, i.e., an annual average concentration of less than 53 ppbv.
However, it is obvious that the monitoring requirements cited in
Chapter 4 for modeling, i.e., £10% at 1 ppbv and above, is not
uniformly achieved. Signal offsets occurred at the lower end of
the monitoring range and instrument problems caused the loss of
a number of monitoring sequences. Since the LMA-3 was
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Figure 6-1. Results of a monitoring comparison at the Cornelia Fort during the period 28
June->5 July 1999. Three instruments were used: the UV/DOAS system (OPSIS, Furulund,
Sweden) with a 200-m total optical open pathlength at an average aboveground height of 8
ft and two point monitors, the LMA-3 (Scintrex, Toronto, Canada) and the TEI 42 (Thermo
Engineering Instruments, Waltham, MA), at a height of 30 m.
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Figure 6-2. Results of a monitoring comparison at the EPA facility in Research Triangle Park,
NC, during the period 4-11 October 1999 using the same instruments as in Figure 6-1.
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calibrated at high concentrations and corrections for the response
nonlinearity (lower slope of response vs. concentration at low
concentrations), the lower readings for the LMA-3 are under-
standable. If not for this effect, the OPSIS and LMA-3 readings
should be comparable and somewhat lower than the TEI Model
42 since the Model 42 is responding to NOy — NO and therefore
establishing an upper bound to NO,.

Figure 6-3 shows a data comparison for a 24-h period
(20-21 June 1999) during the Nashville SOS 99 study between
the UV/DOAS system and two research-grade instruments, one
based on LIF and the other on NO, O, chemiluminescence with
photolytic conversion of NO, (see Appendices). All these sys-
tems are essentially real time and, aside from the difference in
height (3 m for the open path and 30 m for the inlet to the point
monitors), the readings should agree. As noted on the figure, the
average value for those times at which all three monitors were
operating is extremely close. Differences between the point and
path monitors are also evident, although these differences may be
due to the distribution of NO, with height. The correlation of
responses in time show both positive and negative differences,
which would not be the case for a true bias.

Figures 6-4 and 6-5 show comparisons of two chemilumi-
nescence instruments and the LMA-3 for NOy. Again the LMA-3
appears to read somewhat low at low concentrations of NO, for
reasons noted above. However, as shown in these figures, the
average value of data from the three units is within 12 ppbv for
each of the monitoring sequences. Differences at the low-ppbv

levels observed during the daytime and at certain other times are
greater than the modeling requirements of +20% for concen-
trations > 1 ppbv.

These experimental measurements indicated that com-
mercial instruments as operated in the studies agreed with
research-grade instruments to the extent that the conclusions for
NAAQS monitoring and trends monitoring of daily averages or
maximum values would be valid using either. However, biases
due to uncorrected nonlinear response and the possibility of
uncompensated interferences from PAN and O, in the LMA-3
and from NO, compounds in the TEI Model 42 prevent the
agreement of the three monitors during periods when NO, con-
centrations are low and photochemical activity produces inter-
fering NO, compounds. Note from the Figures 6-1 and 6-2 that
agreement among the three monitors was significantly better in
October 1999 when photochemical activity was lower. The use
of single-channel point monitors did not allow the high tem-
poral resolution most desirable for diagnostic monitoring. Also,
the time sharing of one channel to determine a difference mea-
surement for NO, can lead to erroneous values during conditions -
of high NOy and NO concentration variability. Open-path
measurements of NO, (3-m average above ground-level height)
were made at a different height than the point monitors (30-m
inlet) and were often at the stated detection level of the
commercial instrument (1 ppbv over a 500-m path length or
about 2.5 ppbv over the 200-m path length used) during daylight
monitoring.

S0S99 Cornelia Fort Site June 20 - 21 1999

NO, Comparison Data
24hr Avg(ppb): Opsis 22.69, LIF 21.77, NOAA 22.68
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Figure 6-3. Results of comparison data for NO, over a 24-h period, 20-21 June 1999, at the
Cornelia Fort sitte—UV/DOAS open-path monitor, LIF (Cohen, UC-Berkeley), and chemi-
luminescence monitor with photolytic converter (Williams, Aeronomy Laboratory, NOAA,
Boulder, CO).
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Nashville SOS99 EPA NOy Data
June 28 - July 5, 1999 Cornelia Fort Site
Means: LMA3 17.1, TEI42 17.5, TEI42C 16.6 (ppb)
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Figure 6-4. Results of comparison data for NO, during the period 28 June-5 July 1999 at
the Cornelia Fort site—LMA-3, TEI 42, and TEI 42C.

Nashville SOS99 EPA NOy Data
June 20 - 21, 1999 Cornelia Fort Site
Means: LMA3 44.9, TEI42 43.7, TEI42C 45.9 (ppb)
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Figure 6-5. Results of comparison data for NO, during 20—21 June 1999 at the Cornelia Fort
site—LMA-3, TEIl 42, and TEI 42C.
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Appendix A
Correction to Point Monitor Readings of O,, NO, and NO, Due to the Reaction
of NO and O, during Transport of Ambient Air to the Point of Measurement

by

William A. McClenny and Deborah J. Luecken
Human Exposure and Atmospheric Sciences Division, National Exposure Research Laboratory, U.S. EPA

The measurement of NO, NO,, and O, by point monitors
requires the transport of sample air from the ambient air through
a length of tubing and eventually into the measurement region of
the monitor. During this transport the gas-phase reaction of NO
and O, occurs, leading to their mutual decrease and a cor-
responding equal increase in the NO, concentration. This is a
widely recognized sampling artifact (Ridley et al., 1988a;
Sickles, 1992) that should be minimized and/or accounted for to
allow accurate monitoring of NO and NO, in ambient air.
Butcher and Ruff (1971) showed there could be significant
changes (changes greater than the precision of measurement) in
these gas concentrations under certain situations, e.g., in rural air
where ozone is high compared to NO and NO,, an ambient
temperature of 25 °C or higher is assumed, and a transport time
on the order of 10 s occurs.

In revisiting this issue in order to correct monitoring data
taken in Nashville during the 1999 Southern Oxidants Study
(SOS ’99) summer study, the reaction rate for NO and O; was
taken from the latest compilation by Atkinson et al. (1997). This
rate constant was used to determine losses of NO in the sampling
manifold assuming a sample gas temperature of 30 °C (86 °F)
corresponding to a hot day in the southeast USA. Significant
percentage decreases in NO concentration were noted to occur in
a sample containing high O, concentrations. Depending on
ambient NO, concentrations, significant percentage increases in
NO, could also occur in the sampling manifold. Since there is no
official requirement referred to in the Federal Register other than
that the residence time should be less than 20 s (40CFRS5S,
Appendix E, Section 9), additional information has been
developed to provide guidance in NO, monitoring using point
monitors and is included in this report to clarify an important
aspect of NO and NO, monitoring.
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A.1 Development of Technical Guidance
for NO, Monitoring

The ambient NO concentration is exponentially attenuated
during transport through the inlet tubing by its reaction with
ozone, such that, assuming a constant ozone concentration well
above the NO and NO, concentrations, the final NO concen-
tration is given by

[NOJ; = [NOJ; exp (-k [O;]; t) (A-1)

where [NOJ; = final (entrance to detection chamber) NO
concentration in ppbv
[NOJ; = initial (ambient) NO concentration in ppbv
k =0.044267*exp(-1370/T) in 1/ppbv-s
T = temperature in *Kelvin; pressure assumed at 1 atm
[O,]; = initial O, concentration in ppbv which is assumed
constant
t = residence time in seconds

As examples of NO concentration losses, values of the ratio
[NOJ¢/[NOJ; for 50 and 100 ppbv O, concentrations are shown in
Figure A-1.

For an ozone concentration of 100 ppbv in air samples at
temperatures of 30 °C, the residence time for ambient NO in a
sampling line must be less than 2.20 s to limit the NO losses
to10% (and 1.06 s to limit the NO losses to 5%). In reality, the
ozone concentration decreases by the same amount as the NO
concentration, and NO losses will be slightly less than predicted
under the assumption of constant O, concentrations.
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Figure A-1. Effect of O, on NO sampling line losses.

Short residence time values are not always achieved in
practice. In such cases, a correction to the data should be made
by rearranging Equation A-1, i.e., by multiplying the recorded
NO concentrations, [NO];, by the factor exp(k [Os]; t):

[NOJ; = [NOJ; [exp( k [O5]; 1)] (A-2)

Also, the decrease in NO concentration [NO] {exp(k [O;];
t) — 1] must be subtracted from the recorded NO, concentrations
to correct it, i.e.,

[NO,]; = [NO,]; - [NOJ; [exp( k [O;]; 1) - 1] (A-3)

For the most general treatment to account for any set of
initial Oy, NO,, and NO concentrations, numerical integration
software was used to determine O, and NO losses (and NO,
gains) during transport. Information on this software is available
from Human Exposure and Atmospheric Sciences Division,
National Exposure Research Laboratory, U.S. EPA (Deborah
Luecken, [919-541-0244]). However, the corrections obtained
based on Equation A-1 are nearly identical to those obtained by
numerical integration in most ambient monitoring situations in
which corrections are important.

Experimental monitoring data has shown that the ratio of
final to initial NO concentrations is less than calculated and that
to account for this, the effective reaction rate, k, in the above
equation must be higher. The reaction of O, and NO at the
surface of the transport tubing is believed to be the cause of this
additional loss, although the exact mechanism has not been
determined. Fehsenfeld et al. (1990) describe experimental pro-
cedures that can be used to determine the effective first-order
reaction rate constant accounting for both NO, O, reactions and
wall losses. This method involves the standard addition of a
known amount of NO at the entrance of the sampling manifold
at times when different O, concentrations are present in ambient
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air. The experimental value of this reaction rate is expected to be
greater than the gas-phase reaction rate alone.

A.2 Conclusion on Gas-Phase Reaction
between O, and NO

Sampling manifolds used for establishing compliance
with the NAAQS and for research studies of ambient air should
be examined to ensure that the transit time of air samples through
the sampling manifold and into the monitoring instrument is
short. The longer the residence time the greater the chance for
reaction of NO and O; to form NO, and change the concen-
trations of these gases from their values in the ambient air. If the
transit time is not short, the measured NO and NO, concen-
trations should be corrected as shown in Equations A-2 and A-3.

Wall reactions between O; and NO to form NO, have
been neglected here since creation of NO, at tubing walls is
subject to the type and condition of the wall. In one case, loss has
been observed to be 25% higher than that due to the gas-phase
reaction (Fehsenfeld et al., 1990). However, actual wall losses -
must be measured at the specific monitoring location and should
be tested periodically (every 3 months) or as may be indicated by
local conditions, and the manifold should be cleaned to prevent
buildup of particles. Other elements of the inlet manifold system,
notably gas-line filters, may contribute substantially to conver-
sion of NO to NO, and should be tested accordingly.

If a 10% loss of NO is acceptable at 100 ppbv of O, and
30 °C, then a manifold residence time of 2.2 s (round to 2.0 s) is
appropriate. Assuming that NO, < NO2; (NO is generally less
than NO, away from NO sources) where NO,; < 20 ppbv, that
[O,] < 100 ppbv, and that T < 30 °C, the overestimation in [NO,]
due to the NO, O, dark reaction during a 2-s residence time in the
sampling manifold is also calculated to be less than 10%. Lower
ozone concentrations and/or lower temperatures are expected
during almost all sampling periods in any given year at most
locations. Hence corrections to the annual average for NO,
concentrations are expected to be small. However, corrections to
monitoring data will be useful in providing better data for input
to air quality simulation and observationally based models during
periods when ozone concentrations are high. Corrections to the
NO, at any location and time will obviously depend on manifold
design (residence time), the prevalence of ozone and NO, and the
temperature during the ozone season, as indicated in Equation A-
3 above.

If the chemiluminescence monitoring system includes a
vacuum pump then pressure reduction at the sampling inlet effec-
tively eliminates the homogeneous chemistry inlet losses.



Appendix B
Determination of Atmospheric Concentration of Nitrogen Oxides by
Differential Optical Absorption Spectroscopy

by

Jochen Stutz
Department of Atmospheric Sciences, UCLA

B.1 Introduction

Spectroscopic methods are among the oldest analytical
techniques used to identify and quantify atmospheric trace con-
stituents. In general, their advantages are high selectivity and low
detection limits. And, in the case of open-path measurements, no
calibration is necessary. One of the most successful spectroscopic
techniques in the atmosphere is differential optical absorption
spectroscopy (DOAS) (see Platt and Perner, 1983; Plane and
Nien, 1992; Platt, 1994; and Plane and Smith, 1995, for reviews).
In the 1970s, DOAS was used to measure stratospheric (Noxon,
1975) and tropospheric (Platt, 1978) nitrogen dioxide, NO,, and
other trace gases (Perner and Platt, 1979; Platt et al., 1979).
Today it is used to monitor trace gases such as NO,, NO, HONO,
NO,, SO,, O,;, HCHO, and others (Platt, 1994). The following
text gives a short introduction to the technique and discusses its
advantages, disadvantages, and problems for monitoring nitrogen
oxides.

B.2 Theory of DOAS

DOAS is a method that determines the concentration of
atmospheric trace gases by measuring their narrow-band absorp-
tion. Unlike typical absorption spectroscopic techniques, the light
path of DOAS is placed in the open atmosphere with path lengths
of a few hundred meters to several kilometers. Because the light
path is placed in the open atmosphere, there are several problems
that DOAS has to overcome. The following section describes
how DOAS solves the problem introduced by the location of the
light path.
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B.2.1 Principle

A schematic setup of a DOAS instrument is shown in
Figure B-1. Light, with an intensity I,(A) emitted by a suitable
spectral broadband source, passes through the open atmosphere,
is collected at the end of the light path, and is spectroscopically

analyzed.
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Figure B-1. Schematic overview of DOAS measurements.



The absorption of trace gases can be described by Lambert-
Beer's law:

I(A) = I, (L) x e oWt (B-1)

where I(A) and I(A) are the light intensities at the beginning and
end of the light path with a length L. The absorption of the trace
gas is described by its absorption cross section o(A) and its
concentration C. As the light travels through the atmosphere, it
also undergoes extinction due to absorption processes by dif-
ferent trace gases and to scattering by air molecules and aerosol
particles. The transmitivity of the instrument (mirrors, grating,
retroreflectors, etc.) will also decrease the light intensity; we will
assume here that this decrease is already included in I (A).
Therefore, the determination of I(A) would require removal of
the respective gas from the air along the light path. The principle
of DOAS is based on the fact that extinction processes and many
trace gas absorptions show very broad or even smooth spectral
characteristics.

The basic concept behind DOAS is the separation of the
absorption spectrum and cross section 0 = gy + ¢’ into two parts:
0y, which represents broad spectral features, and the differential
absorption cross section ¢’, which represents narrow spectral
structures (see Figure B-2).

e ———
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Intensity
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Figure B-2. The principle of DOAS.

Equation B-1 then transforms to

I(A) =I5 (A) x g~ W<t (B-2)

where

I,(A) =I,(A) X e=Os (ML (B-3)
contains all the broadband parts of the spectrum. Therefore,
considering only ¢’ eliminates interferences with extinction and
other broadband absorptions. It will also eliminate any depend-
ence of the light intensity on the instrument transmitivity, which
typically also shows a broad spectral characteristic. This sepa-
ration can be performed by a suitable filtering procedure (see
below).

By defining a differential optical density, the depth of a
narrow absorption band at a wavelength A’, the concentration C
can be calculated:

rn N IO(}\’,)
P = 1“( (L) )

In contrast to a simple absorption measurement at one
wavelength, DOAS requires the measurement of a long enough
wavelength interval to perform the described filtering and to -
separate overlapping absorptions of different trace gases showing
differential absorption in the same wavelength interval. This
separation is possible because the ¢ are physical constants that

D'(A")
o’'xL

(B-4)

- identify an individual trace gas like a "fingerprint." A calibration
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is, in principle, not necessary (we will see below that for real
instruments a calculation to adapt the cross section to the spectral
resolution of the individual instrument is indeed necessary).
Therefore, DOAS is, if applied correctly, an absolute analytical
method for atmospheric nitrogen dioxide and other trace gases.

It should be noted that, for simplicity, the integration of
the product 6(A) X C x L over the light path and the sum over a
number of trace gases was omitted here. DOAS measures the
average concentration in the air mass crossed by the light path.

B.2.2 Practical Considerations

A more detailed examination of the physical and mathe-
matical background that is involved in.the measurement of the
light after it has traveled through the atmosphere is necessary to
understand some of the problems associated with DOAS. Since
this is beyond the scope of this paper, only a qualitative descrip-
tion will be given here. For a more thorough mathematical de-
scription of DOAS refer to Stutz and Platt (1996).

Figures B-1A, B-1B, and B-1C illustrate how the spectral
shape of an absorption spectrum—for example, here the NO,
absorption (Harder et al., 1997)-—changes during the measure-
ment. After the path through the atmosphere, the shape is
dominated by the natural spectral width of the trace gas absorp-
tion. In some trace gases, like NO,, this leads to structures with
spectral widths in the 100-picometer (pm) range overlaid by
narrower structures in the 1- to 10-pm range (see Figure B-1a).
Other trace gases such as HONO and NO, do not show this very
narrow absorption, and the absorption bands have widths in the
range of 0.1 to 3 nanometers (nm) (Platt, 1994). Due to the



limited spectral resolution of the spectrographs (in the range
0.1-1 nm full width, half maximum) used in DOAS instruments,
the shape of this spectrum changes during the measurement (See
Figure B-1b). The mathematical description of this process is the
convolution of the spectrum shown in Figure B-1a, with the
instrument function H of the spectrometer. Since the shape of the
spectrum changes during the measurement, the depth of the
absorption bands also changes. Therefore, the differential optical
absorption D’ will change depending on the instrument. It is thus
essential for DOAS to determine the differential absorption cross
section that corresponds to the respective absorption spectrum
and instrument. As will be described in more detail below, this
can be done either by determining H and simulating the absorp-
tion spectrum or by measuring it with the same instrument. The
1ast step of the measurement process is detection of the spectrum
at the exit of the spectrograph by a detector, digitizing it in
intensity and wavelength (see Figure B-1C).

B.3 Experimental Realization
DOAS measurements can be subdivided into several

steps. The first step is the actual measurement of the atmospheric .

trace gas absorption, which is accompanied by several auxiliary
measurements. In the next step, the absorption cross sections
have to be adapted to the instrumental function of the instrument,
or alternatively, a cell with the known trace gases has to be
measured with the same instrument. If the DOAS instrument is
stable, this step has to be repeated only from time to time,
particularly after any changes of the instrument. The last step is
the filtering and separation of the absorptions in a so-called

fitting procedure. This last step is also used to estimate the error.

of the actual measurement. The following section will discuss the
different parts of DOAS measurements, pointing out the crucial
aspects of the individual steps.

B.3.1 Experimental Setup

In general, DOAS instruments consist of a light source,
transfer optics to send the light through the atmosphere, and a
spectrograph detector system that records the spectral structure
of the light.

Three different light-path setups are currently used in
DOAS instruments. The classical arrangement developed by Platt
et al. (1979) has a xenon arc lamp combined with a collimating
mirror on one end of the light path and a receiving telescope on
the other. Although this setup is still used in some commercial
DOAS instruments, it has been replaced by an arrangement that
folds the light path once by aiming a combined sending and
receiving telescope at one or more quartz cube corner retro-
reflectors (Axelsson et al., 1990). The main advantages of this
approach are its simpler setup and the ability to aim the telescope
atdifferent retroreflector setups and thus vary length, orientation,
and height of the light path. In the third setup the light path is
folded into a small length (on the order of 1-20 m) by multiple
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reflection on mirrors (White, 1942; White, 1976; Ritzetal.,1992).
This setup is experimentally more demanding, but has the advan-
tage of better comparability with in situ techniques (see below).

Several types of spectrographs have been used in the past.
The type is not as important as certain properties of their
construction. The most important of these properties are the
stability of instrument function and the spectral position. Since
changes can often be attributed to temperature drift, the temper-
ature of the spectrometer is usually kept constant to within +0.5
K by means of regulated heating and insulation (Stutz, 1996).
Another problem, especially in the UV, is stray light from wave-
lengths other than the desired wavelength in the spectrograph
(Pierson and Goldstein, 1989; Stutz, 1996). Careful spectrograph
design and the use of bandpass filters can reduce stray light. In
any case, an accurate characterization of the spectrograph stray
light should be performed.

The spectral resolution chosen has to be high enough to
resolve the differential structures of the different gases, but low
enough to allow a large enough wavelength interval to be ob-
served (Platt, 1994). To avoid aliasing effects, a certain amount -
of oversampling is necessary. For pixel array detectors a typical
minimum width of the instrument function of 4 pixels is
necessary.

Two types of detectors are used in DOAS instruments.
The slotted disk machines (SDMs) developed by Platt (1979)
move a slit rapidly over the focal plain of the spectrograph,
scanning the spectrum by converting wavelength-intensity infor-
mation into time-intensity information with a photomultiplier.
More modern instruments use photodiode array detectors (PDAs).
Due to the multiplex advantage of measuring all wavelengths in
an interval simultaneously, these solid-state detectors offer about
60 times higher light throughput than the SDM. Although an
improvement of the detection limit has been achieved, the physi-
cal detection limit imposed by this higher sensitivity has not been
reached due to spectral structures that are most likely induced by
the detector itself (Stutz and Platt, 1992; Mount et al., 1992;
Stutz and Platt, 1997).

The determination of trace gas concentrations by DOAS
requires several auxiliary measurements to ensure optimal per-
formance of the instrument (Stutz, 1996):

®  Atmospheric background light intensity caused by aero-
sol scattering of sunlight into the telescope has to be
measured by blocking the lamp during a measurement
cycle. This background light has to be subtracted from
the absorption spectrum.

The shapes of the emission peaks of xenon lamps, used in
most DOAS instruments, change with time and alignment
of the instrument and should be monitored regularly.

As described above, the instrument function H and the
spectral position are the most important parameters to
analyze DOAS spectra (see below). Their measurement



is therefore essential. Since atomic emission lines
are two orders of magnitude narrower than the
typical resolutions of DOAS spectrographs,
measurement of these lines offer a sufficiently
accurate description of H and the spectral position.

One way to overcome the need for regular determina-
tion of H and the spectral position is to calibrate the
instrument with absorption cells containing known con-
centrations of a trace gas. While this seems to be an
easy way to avoid the determination of H, one of the
most important advantages of DOAS, the absolute
measurement of trace gas concentration based on the
absorption cross section (see below) is given up. It is
often also difficult to accurately determine the concen-
tration of a trace gas in a cell. For example, the con-
centration of NO, in a cell depends on its temperature
due to the equilibrium with its dimer N,O, and the
photolysis in the light beam (Hofmann et al., 1995).
Special care has to be taken in preparing the cell to
avoid water on the cell walls, which will form nitrous
acid, HONO. Since HONO absorbs in the same wave-
length range as NO,, its presence will introduce prob-
lems in the analysis of atmospheric spectra. Experience
has shown that water-free cells filled with a mixture of
a small amount of NO, and ultrapure O, at atmospheric
pressure show reasonable performance if the NO,-N,O,
equilibrium is accounted for (Harwood and Jones,
1994; Hofmann et al., 1995). This approach is experi-
mentally very challenging and expensive for unstable
gases like HONO and NO,.

Inexpensive computers with large storage capabilities and
storage media control today’s DOAS instruments. These fast
computers make it possible to perform an on-line analysis, which
delivers real-time NO, concentrations. Nevertheless, the pos-
sibility of instrumental problems like shifts in spectral position
and aging of the lamp makes it highly desirable, if not necessary,
to store and archive all atmospheric absorption spectra as well as
all auxiliary spectra. Storing the spectra also provides an oppor-
tunity to later reanalyze spectra to prove unequivocally the
presence of a certain trace gas concentration.

B.3.2 Analysis of DOAS Spectra

After the measurements described in the preceding section
are made, the actual concentrations have to be determined by
analyzing the atmospheric absorption spectra (Platt,1994; Stutz
and Platt, 1996). To obtain reproducible DOAS results, it is
necessary that the different steps described below are well docu-
mented for each instrument.
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B.3.2.1 Determination of the Absorption Cross Section
for the Instrument

As described above, measurement with an instrument with
a limited spectral resolution changes the shape and size of the
absorptions and also the corresponding absorption cross section.
As long as these changes are identical for the atmospheric mea-
surement and the absorption cross section, Lambert-Beer’s law
can be used to determine the concentration.

Two basic approaches can be used to determine instrument-
specific absorption cross sections. The first approach is the cali-
bration of the instrument by measuring the absorption of the gas
in a reference cell with known content. As described above,
several experimental problems are connected with this approach
for NO,, and its application to unstable gases such as HONO or
NO; is even more difficult. The main disadvantage is the loss of
DOAS as an absolute technique.

The second approach is to use spectrally high-resolution
absorption cross sections (about 20-100 times better resolved

than the actual instrument), which have been published in the

literature, for example, for NO, (Harwood and Jones, 1994; -
Merienne et al., 1995; Harder et al., 1997; and Vandaele et al.,
1998). By using the measured instrumental function H and the
spectral position, these cross sections can be adapted to the
individual instrument with high accuracy (Stutz, 1996). The
adaptation algorithm is based on the convolution of a simulated
high-resolution spectrum (calculated with Lambert-Beer’s law)
with H, and the integration of this spectrum according to the
spectral position of individual pixels. Since the accuracy of the
published absorption cross sections is approximately 3-10% (see
Harder et al. [1997] for a review of published NO, absorption
cross sections) and the error of the adaptation procedure is
approximately 1%, the total error of this method is approximately
3-10%. It should be added that to obtain more accurate measure-
ments of the absorption cross-section concentrations in the
future, past measurements could be corrected. Besides its easier
experimental realization (only the measurement of atomic
emission lines are required), the accuracy is certainly higher than
for the first approach, since it is improbable that a calibration in
the field is more accurate than intensive laboratory studies. The
origin of the absorption cross sections should always be reported
with DOAS results. In all research DOAS instruments, this last
approach is used because it can be considered an absolute
method to determine ambient trace gas concentrations.

B.3.2.2 Filtering Procedure :

The separation of the absorptions into differential and
broadband parts is an essential part of DOAS. No unique or
favored method exists to perform this separation. In general, all
high-pass filtering procedures can be used, as long as they do not
change the differential absorption too much. Independent of what



filtering method is used, it is essential that the absorption cross
section, or a simulated reference absorption spectrum used in the
analysis, is treated in the same way and that the differential
absorption cross section fits the filtered absorption spectra. The
filtering procedure should be well documented since it can
strongly influence the size of the absorption and the differential
cross section.

It is also possible to omit a filtering of the spectra and
include a higher order polynomial in the separation procedure to
describe the broadband structures (see below).

B.3.2.3 Separation Algorithm

The analysis of the absorption spectra is one of the main
problems in the application of DOAS. Figure B-3 shows the
different absorbers and other spectral structures that have to be
separated in the analysis of NO, and HONO in the wavelength
range from 300 to 400 nm.

The evaluation procedure is typically based on a model
that describes the physical behavior of the logarithm of DOAS
spectra, In(I'o(A)/I(A)). The model is most often a function that
consists of a linear combination of reference spectra (which are
obtained by simulation or measurement for the specific instru-
ment) and a polynomial to describe broad structures (for a mathe-
matical description, see Stutz and Platt, 1996). A linear least
squares fitting procedure is then used to optimize the scaling
factors for the reference spectra, a;, and polynomial parameters,
with the goal of minimizing the difference between measured and
modeled spectra. The scaling factors a; are the result of the fit
and can be used to calculate the concentration C; of the respec-
tive trace gases: C; = af(g; x L). In the case of filtering
procedures applied to the spectra before the actual separation
process, the degree of the polynomial can be set to 1. If addi-
tional filtering is needed, higher degrees of polynomials can be
chosen.

One of the problems in DOAS is the shift in spectral
position of the atmospheric spectrum. If this shift is large (in the
range of tens of pixels), systematic errors are introduced due to
the imperfect alignment. More advanced analysis procedures
allow the automatic alignment of the references to the measured
spectrum. This can lead to considerable improvement of the
analysis, but also introduces additional problems that supercede
the scope of this report (see Stutz and Platt, 1996, for additional
information). )

Numerical simulations have shown that no interferences
between absorbers larger than the error of the concentration
calculated by the fit occur, as long as the reference spectra are
accurately aligned and there are no unidentified structures in the
spectra (Stutz, 1996). Problems can occur if the quality of the
reference spectra is poor or if they contain structures of more
than one absorber (as can be the case of HONO and NO,).
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Figure B-3. Known differential absorptions and mercury emis-
sion lines in the wavelength range typically used to monitor NO,
and HONO. The region around 370 nm is often preferred for NO,
measurements, because around 440 nm, where the strongest
differential NO, absorptions are found, Xe lamps have strong
emission peaks.

B.3.2.4 Errors

Besides deriving the trace gas concentration, the task of
the evaluation procedure is also to estimate the random error Aa;
of the scaling parameters a and, therefore, of the measured trace
gas concentrations (Stutz and Platt, 1996; Hausmann et al.,
1999). Both tasks can be solved with linear least squares methods
if no instrumental problems are encountered. Aa; is proportional
to a factor determined by the fitted reference spectra and the
polynomial, and the noise in the spectrum or, if present, unex-
plained structures other than noise (Stutz and Platt, 1996). It is
important to note that, due to changing conditions in the atmo-
sphere, the noise, and therefore the error, of individual measure-
ments can vary and always has to be reported.

While the above-described determination of the error
considers only random errors, several sources of systematic



errors have been found. An uncorrected spectral alignment or
change in dispersion of the reference spectra due to a drift of the
spectrograph, as discussed above, can lead to systematically
wrong concentrations. Also, additional spectral structures caused
by the instrument or by unknown absorbers are often found to
introduce problems.

B.4 Theoretical Considerations about DOAS

As with all experimental methods, several requirements
must be met to make it useful for the intended measurement. The
following aspects have to be considered for DOAS:

B.4.1 Linearity

The linearity of DOAS has so far not been discussed in
the literature. To determine the linear behavior of DOAS,
numerical simulations have been performed as follows: The high-
resolution absorption cross section by Harder et al. (1997) has
been used to simulate absorption spectra in the column density

(column density = C x L) range from 5 x 10> cm? to 2 x 10"

cm’? (the lower end was determined by truncation errors in the
simulation). These spectra were then analyzed by the DOAS
procedure using the spectrum for 5 x 10" cm™ arbitrarily as the
reference spectrum. The concentrations derived by this analysis
were compared to those used in the simulation. If the column
density was smaller than 2 x 10"® cm™, no deviation from the
linear behavior could be found above 0.1%. At column densities
above 2 x 10'® cm?, saturation of the NO, absorption occurred.
In summary, as long as the high-resolution absorption is not in
saturation, DOAS is linear with respect to the relation of dif-
ferential optical density to concentration. If the limit of saturation
is reached, the analysis of smaller absorption bands of the same
trace gas or shortening the light path might be considered as
possible solutions.

B.4.2 Random Error of the Measurement

As discussed above, the random error of DOAS measure-
ments, in a case where no instrumental problems or unknown
spectral structures are encountered, is proportional to the noise
in the spectrum. A short qualitative description of the behavior
of the random error for only one absorber in different situations
will be given. A more quantitative description can be found in
Stutz and Platt (1996).

If we consider the errors of (1) and L as nonrandom, the
error of the concentration C is proportional to the error of the
differential absorption cross section:

1

C=—xAD’
o(A)xL

(B-5)

The error of D’ depends only on the noise in the spectra and,
therefore, on the error of I(A') and I'y(A"):
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If we assume, for simplicity, that I'o(A") = (1 + &) x I(A"), where
the factor « gives a nonlinear measure of the strength of the
absorption, we can gain some qualitative information.

In the case of very small absorption, « will approach zero
and we can write the error of C as:

’

AC = ——,1—— X2 X M
o(AM)xL I, (A)
The error will therefore approach a constant value, which is
dependent only on the light intensity and is independent of the
concentration. In most detectors the intensity is proportional to
the number of photons counted by the detector, and, therefore,
Poisson statistics applies for the error of the intensity. In this case
the error of the concentration will be proportional to (I'o(A"))%.

The situation is more difficult when we consider large
absorptions. In this case the relative error of I(A’), and also _
possibly the error in I'g(A"), increases because the absorption
(absolute and differential) will decrease the intensity. The error
of the concentration will then depend on the concentration and on
the light intensity. An exact description of this phenomenon can
only be achieved by considering the shape of the absorption cross
section and is beyond the scope of this report.

The material described here only considers the error of
the intensity at two wavelengths. Since DOAS typically uses a
wavelength range, the error is much smaller. Similar to an
averaging procedure, one expects approximately a 10 times
smaller error if 200 pixels of a detector are used for an analysis.
The exact improvement of the analysis depends on the shape of
the spectrum and can be derived by considering a least squares
procedure. Stutz and Platt (1996) have mentioned that one can
derive precise concentrations even if the noise of the spectrum is
larger than the actual absorption structures.

(B-6)

(B-7)

B.4.3 Possible Systematic Errors

The most common systematic errors in DOAS are spectral
misalignment and unknown spectral structures. While spectral
misalignment can often be corrected in measured spectra, this
procedure introduces additional errors and also makes the
analysis very difficult. Also, in contrast to the linear least squares
fit, the nonlinear methods used to correct misalignment are non-
analytical and special care must therefore be taken when
applying them (Stutz and Platt, 1996).

So far no method has been found to correct for unknown
spectral structures, and the only possible way to attack this
problem is to identify the sources of the structures. In the case of
unknown absorbers, the reference spectra of these absorbers have
to be included in the analysis. If the structures are caused by
instrumental problems, they have to be removed by changes in
the hardware.



B.4.4 Accuracy of DOAS

The overall accuracy of DOAS for NO, and other trace
gases is usually dominated by the uncertainties in the absorption
cross sections. Only in situations of low or very high concentra-
tions do the random errors of the intensity dominate. It is there-
fore desirable to increase the accuracy of the absorption cross-
section data.

B.5 Current State of the Art

To assess the current state of the art of DOAS instruments
one has to distinguish between commercial and research instru-
ments. Not much is known about the available commercial
DOAS instruments because their construction and especially
their analysis software is proprietary. The current state of the art
of research instruments is better documented in the literature
(Platt, 1994; Plane and Smith, 1995; Stutz and Platt, 1997; and
references therein). These instruments are all similar in their
construction, the main differences being in the length of the light
path and in the analysis software. Typical detection limits for
nitrogen oxides are listed in Table B-1 (Platt, 1994; Plane and
Smith, 1995; Stutz and Platt, 1997).

Table B-1. Detection Limits of Research DOAS Instruments for
Various Nitrogen Oxides

Trace Gas Typical Absorption Detection Limit
Path Length (km) (pptv)

NO 0.2 200-300

NO, 5 50-100

HONO 5 50~100

NO, 10 1-2

The determination of the accuracy of DOAS instruments
is problematic for several reasons. Since DOAS instruments are
typically not calibrated, the only possibility to compare instru-
ments is by simultaneous measurements in ambient air. The
largest uncertainty of strongly absorbing species like NO, is
typically the error of the absorption cross section. Experiments
in the past have shown that the agreement between DOAS
systems is improved if all instruments use the same absorption
cross section to derive the concentrations (Camy-Peyret et al.,
1996). Another problem with intercomparing DOAS instruments
and comparing them to other techniques is the spatial averaging
over the absorption path (Camy-Peyret et al., 1996). Comparing
measurements of DOAS systems of several kilometers path
length with in situ measurements close to sources, i.e., in a city,
is particularly problematic. In the following paragraphs several
of these comparisons are discussed.

Two intercomparisons of research DOAS instruments
were performed in the framework of the Tropospheric Optical
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Absorption Spectroscopy (TOPAS) project of the EUROTRAC
program (Bosenberg et al., 1997). The first campaign in
Brussels, Belgium (Camy-Peyret et al., 1996), revealed many of
the problems discussed above. Eight DOAS instruments were
compared in a polluted urban environment. Despite the dif-
ferences of optical setups of the instruments, in an environment
with nearby NOy sources the agreement was very good, with
correlation coefficients above 0.97 for the measured concen-
trations of O, SO,, and NO,. The authors concluded that the
general agreement among the instruments was better than 2 ppbv
NO, in the relatively polluted environment.

To reduce the problems of spatial averaging, a second
campaign took place in fall 1994 at the Weybourne Atmospheric
Observatory in north Norfolk, U.K. This site typically receives

-well-mixed air, and differences due to spatial averaging were not

expected. Seven DOAS instruments were compared to each other
and to in situ analyzers for O,, SO, (both EPA-approved sys-
tems), and NO, (chemiluminescence + photolytic converter). The
intercomparison of the DOAS instruments and the comparison
with other techniques showed very good agreement. Unfortu- -
nately problems with the chemiluminescence NOy monitor pre-
vented an accurate comparison of the NO, concentrations. All
DOAS instruments agreed with the in situ O, and SO, analyzers
within 5~10% (Bosenberg et al., 1997).

A more recent comparison of state-of-the-art DOAS
instruments was published by Geyer et al. (1999). During a cam-
paign near Berlin in 1998 measurements of NO, by DOAS and
by MIESR were compared, showing agreement within the error
limits of the instruments. During the same campaign a DOAS
system based on an open 15-m base path-length multireflection
cell was compared to an in situ NO, chemiluminescence analyzer
with photolytic converter (Pitz et al., 2000). In this setup the
DOAS instrument only observed the small air mass inside the
open cell. The cell was mounted within a few meters of the sam-
ple inlet of the in situ analyzer; the values should therefore be
free of any spatial averaging effects. Figure B-4 shows a
correlation plot of the DOAS and chemiluminescence measure-
ments. The two instruments agree within 1% over a 2-week
period (%1000 data points).

The most recent intercomparison was made during the
SOS field campaign in Nashville, TN, in summer 1999. Three
different techniques were compared with each other: a system
based on the photolytic conversion of NO, and detection of NO
by chemiluminescence, LIF, and the newest generation of DOAS
research instruments with a 1.35-km folded light path (total
absorption length 2.7 km). Figure B-5a shows the measurements
of the DOAS and the chemiluminescence instrument during a 3-
day period in June. To compare the DOAS values, which were
recorded with a lower time resolution, we averaged the chemi-
luminescence measurements over the exposure time of the DOAS
system. The correlation plot (see Figure B-5b) shows that on
average the instruments agree within 2%. The larger scatter in the
data compared to Figure B-4 can be explained by the spatial



averaging in this case. The in situ monitors sampled at a 10-m
height, while the DOAS light beam was located about 100 m
away covering a 2- to 36-m height interval and a horizontal
distance of 1.3 km. The DOAS system had an average detection
limit of 200-400 pptv.

B.6 Summary

DOAS is a powerful technique to monitor air pollutants
like NQ, or NO. Its main advantage is the ability to measure
absolute trace gas concentrations over an extended light path. For
air quality monitoring this averaging is an advantage because
influences of strong local sources are diminished. The compari-
son of Figure B-4 with Figure B-5b show how large these
uncertainties can become.

Intercomparison experiments have shown that the DOAS
instruments agree well with each other and in situ techniques if
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the spatial averaging of the DOAS is eliminated. Larger scatter
is observed in cases where the long-path DOAS data are com-
pared with in situ measurements. The detection limits for NO,
reported in the literature vary for different light path lengths, but
they are in general approximately 50-100 pptv for a 5-km
absorption path length (Platt, 1994; Plane and Smith, 1995; Stutz
and Platt, 1997). State-of-the-art instruments give a HONO
detection limit of approximately 50-100 pptv (5-km light path).
DOAS is currently the only technique able to monitor NO,
radicals over an extended period. The detection limit for NO, is
approximately 1-2 pptv.

The main challenge today for DOAS is integrating the
complexity of the method into an instrument that can be operated
by nonspecialists while avoiding all the possible problems
outlined in this report. Several commercial instruments attempt
this, but it remains to be seen if they will succeed.
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Figure B-4. Intercomparison of a chemiluminescence detector with photolytic converter (B.
Alicke, A. Geyer, H.W. Pétz, and A. Volz-Thomas unpublished data) and a DOAS system
with a 15-mm-long multireflection cell setup. Both instruments were located within a few
meters from each other. Due to the optical setup of the DOAS system, the problem of spatia!
averaging was avoided. The agreement between the two techniques is excellent. The
equation in the graph is the result of a weighted linear least squares fit. Errors are two times

standard deviation.
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by both instruments. The differences can mostly be explained by the different air masses
observed by both instruments. (b) shows a correlation plot, where the data of the chemi-
luminescence analyzer were integrated over the longer integration time of the DOAS mea-
surements. The slope of 0.983 + 0.03 shows the excellent agreement between the instru-
ments. The scatter is again caused by the observation of the different air masses. This also
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explains the non-negligible intercept.
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Appendix C
Photolytic Conversion of Ambient NO,

by

Eric Williams
NOAA Aeronomy Laboratory, Boulder, CO

Photolytic conversion of NO, to NO is an attractive
means of measuring NO, for a number of reasons. Photolysis, as
opposed to thermal or catalytic conversion, is a process that is
understandable from a fundamental physical chemistry stand-
point. Absorption cross-section and quantum yield data for this
molecule have been accurately determined by a number of
investigators. Moreover, photolysis is in principle more specific
than thermal conversion. As such it is not subject to potential
interferences from thermally labile species such as PAN and
peroxynitric acid (HO, NO,). Since absorption cross sections for
all of the principal reactive nitrogen oxides have been measured,
the wavelength range of radiation used for NO, photolysis can be
adjusted to eliminate interferences from photolysis of other
compounds such as nitric acid (HNO;), PAN, and N,O;. There
are, however, two reactive nitrogen species that will be inter-
ferences due to photolysis that occurs in the wavelength region
used for NO,; these are nitrous acid (HONO) and nitrate radical
(NOy). In most cases, though, the levels of these species will be
small compared to NO,, and in the case of NO; photolysis the
interference can be eliminated by the use of optical filters (see
below).

C.1 Physics and Chemistry of the

Measurement

Atmospheric levels of NO, can be determined readily by
photolysis with UV radiation followed by measurement of the
increase in NO by chemiluminescence. This is effected by flow-
ing the sample gas through a photolytic converter, essentially a
quartz or Pyrex cell, that is irradiated by a source of intense UV
such as a high-pressure Xe lamp. The chemical reaction of
interest is

NO, +hv > NO + 0 Rl
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where hv is in the range 350400 nm. Since not all of the NO,

entering the cell is converted, a conversion factor is defined that
relates the increase in the amount of NO that exits the cell to the
entering NO, level. The conversion factor must also account for
a competing reaction that occurs in the cell:

NO + 0, > NO, + O, R2
where the ozone (O,) comes from ambient O, or is produced by
the very fast reaction

0+0,0, R3
that occurs in the cell during photolysis. Reactions R1-R3 are the
same reactions that occur in the atmosphere to interchange NO
and NO, while conserving O,. These reactions are commonly
referred to as the photostationary state. Viewed from the per-
spective of these reactions, the photolytic converter does nothing
more than change the ratio of NO, to NO during gas transit
through the cell.

The photolytic rate coefficient, J in units of s, that
describes the rate of reaction R1 is the wavelength-integrated
product of the absorption cross section, the quantum yield of NO
production, and the UV photon flux in the cell. The second-order
rate coefficient that describes the rate of reaction R2 is k, in units
of cm® molec™ s”'. If conditions in the photolytic converter can be
arranged such that reaction R1 proceeds much faster than reac-
tion R2, then the conversion factor (CF) relating the measured
NO increase to the NO, concentration is

CF = {T*/(J*t+k*[O5]*0) }* {1-exp(-T*t-k*[O,1*t) (C-1)
where t is the residence time of the gas sample in the cell and the
assumption is made that {O;] is large compared to [NO]. The



residence time is typically determined by the ratio of the cell
volume to the gas flow rate (usually where both are determined
at STP). The use of this factor relies on knowledge of J, which
usually is difficult to determine because the photon flux through
the cell cannot be readily estimated. In practice, CF is determined
by direct calibration of the instrument with a known concen-
tration of NO,. Moreover, under carefully controlled conditions
such as using zero air as the sample matrix, the CF determined by
NO, calibration can be used to calculate J using Equation C-1
above.

C.2 Instrumental Application of NO,
Photolysis

C.2.1 General Considerations

The use of photolysis in the determination of NO, in the
atmosphere requires an instrument capable of sensitively mea-
suring NO, such as a chemiluminescence detector. However,
since NO is generally present in the atmosphere as well, a
photolytic/chemiluminescence NO, instrument will actually mea-
sure some fraction of NOy (NO, = NO + NQ,), that is, all of
ambient NO plus the fraction of NO, photolyzed in the system.
Thus, in order to determine ambient NO,, a means of separately
determining ambient NO from NO produced during photolysis of
NO, is necessary. If only one instrument is available, then NO
and NO, may be measured sequentially and the NO present
during the NO, measurement can be interpolated. In practice,
rather than turning the lamp on and off, which induces lamp
instability, this has been accomplished by means of a shutter that
is capable of blocking all UV radiation from the photolysis cell.
The interpolated NO is then subtracted from the measured NO,
(actually NOy) and the result divided by CF to yield NO,. A
more desirable arrangement is the use of two instruments, where
one is dedicated to the continuous measurement of NO and the
other dedicated to continuous measurement of NO,. Here, every
measurement of NO, has a corresponding NO data point; thus, no
interpolation of NO is required, which results in a more complete
and more accurate data set. In this case, calculation of NO,
involves taking a difference between data from two separate
instruments, so care must be taken to ensure that no systematic
errors are present between the two instruments. This is best
accomplished by acquiring sufficient NO data from the NO,
(NOy) instrument to compare to data from the NO instrument.

Calibrations for NO and NO, must be performed at
regular intervals regardless of the instrumental arrangement.
Instrument calibration can be conveniently accomplished by
addition to the sample airflow of a small known gas flow (<1%
of sample flow) containing a known mixing ratio of the species
of interest. Compressed gas cylinders of calibrated NO (generally
at low ppmv levels in N,) are readily available with uncertainty
to within £2%. It is prudent, though, to continually evaluate the
standard against others to ensure stability. Compressed gas
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cylinders containing calibrated mixtures of NO, are also avail-
able, but there is some question as to long-term stability. Permea-
tion devices containing NO, are also commoniy employed; these
devices must be closely temperature regulated and must be
regularly calibrated against other NO, standards to ensure accu-
racy. A third technique is the use of a small O, generator
(typically a Hg penray lamp) coupled to the primary NO standard
in a flow system that can produce precisely known levels of NO,
by monitoring the loss of NO from O, titration. The assumption
here is that mass balance applies with respect to NO and NO,
(i.e., no additional titration of NO, to NO, and N,O, with
subsequent loss to surfaces). Regardless of the method, the
concentration of added calibration gas should be similar to the
expected atmospheric concentrations.

An artifact signal is usually present when a photolytic
converter is used. This signal is observed when it is known that
no NO, is present in the sample gas (e.g., zero air) and is
believed to arise from evaporation of NO or NO, from material
deposited on the cell walls when irradiated. The artifact appears
to be diminished by use of a dichroic beamsplitter (see below) .
and can be substantially reduced by the use of optical filters to
restrict the photolytic wavelength region to 350400 nm. This
artifact is monitored by periodic evaluation of the system with
zero air, converted to an equivalent NO, concentration, and
subtracted from the measured NQ, levels. This NO, artifact level
can vary from very low to negligible (0-0.02 ppbv) to high
values (>0.10 ppbv) depending on the sampling environment. It
can be eliminated by washing the cell with cleaning solution
(dilute KF or KOH) followed by rinsing with deionized water.
However, it is always prudent to perform regular checks of the
system with zero air.

C.2.2 Practical Considerations

Implementation of the photolysis technique is technically
straightforward. A glass cell, which in practice is always a
cylinder, is installed in the sample gas flow stream. The cell is
coated on the outside with a UV reflecting material (common Al
foil works well) and irradiated with an intense UV light source.
These light sources consist of the lamp, a housing, a stable power
supply, and power cables. Because commonly available UV
sources also output light in other wavelengths, some means of
isolating the 350- to 400-nm region is required. The use of a
Pyrex cell will provide short-wavelength cutoff at about 320 nm,
and the use of a dichroic beamsplitter can separate UV from
longer wavelength light. This latter mirror prevents visible and
IR radiation from reaching the photolytic cell, which reduces the
temperature increase of the gas in the cell. This, in turn, reduces
interferences from thermally labile species such as PAN.
Additional optical filters must be used to limit the light entering
the cell to 350-400 nm. The benefits of these filters are (1)
increased measurement specificity to NO, and (2) reduction (or
elimination) of the NO, artifact. The disadvantage is a loss of
conversion efficiency from attenuation of the tamp output beam.



The amount of the attenuation depends on a number of factors
such as the number of filters used, filter placement, and align-
ment. A shutter device is also installed between the light source
and the cell since there is always the need to measure NO levels
in the system, regardless of whether one instrument or two is
used for the measurement of NO,.

Equation C-1 indicates that only J and ¢t influence the
conversion of NO, to NO in the cell. With modern flow control
devices it is usually an easy matter to control gas flows (and
residence time) very precisely. It is therefore imperative that light
sources be used that not only have the required intense output in
the UV but that also are highly stable in output. Other require-
ments also exist depending on the sampling platform for the
instrument (e.g., aircraft) or the measurement program (e.g.,
research vs. monitoring). A commonly used light source is a 300-
W high-pressure short-arc Xe lamp with an integral reflector.
This type of lamp can be obtained with a built-in 320-nm short-
wavelength cutoff filter, which is required since otherwise O,
would be produced in the sample gas stream (and in the ambient
environment around the lamp). Power supplies to drive these
lamps can provide stable output regulated to better than +5%.
This type of lamp is very convenient to employ because the light
beam is collimated and thus easily introduced into photolytic
converter cells. Using these lamps and cells with gas residence
times of 3-5 s, CF values of 0.4-0.5 are readily obtainable.
Under these conditions J is approximately 0.1-0.2 s™.. This
provides more than sufficient sensitivity to NO, for most chemi-
luminescence NO detectors. However, gas residence times of 3—5
s also provide sufficient time for reaction R2 above to become
significant, and this situation requires that the measured concen-
trations be corrected during the data reduction process. Further,
longer gas residence times also may allow thermolytic conver-
sion of compounds like PAN, which can be a significant
interference with respect to NO,. A better arrangement is to
reduce t to less than 1 s in Equation C-1 above, but this requires
that J be increased to 0.6 s' or greater. This has been
accomplished.

C.2.3 Current State of the Art

To date three approaches have been employed to obtain
adequate conversion efficiency at short gas residence times (see
Figure C-1). One technique has been to employ two separate Xe
UV sources to irradiate one cell; a second method uses a newly
developed quasi-focused Xe UV lamp; and a third method uses
a long-arc Hg-Xe lamp system.

A. One approach has been to use a cylindrical (3 cm i.d.
x 20 cm) photolytic converter with a conventional 300-W Xe
lamp shining into one end and a mirror at the other end. This
arrangement, with the use of optics for focusing the beams,
substantially increases the photon flux in the cell. Dichroic
beamsplitters are used to remove visible and IR radiation, but
because the energy input to the cell is substantial, the cell is
cooled with a water bath and the gas pressure inside the cell is
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maintained at subambient (=250 torr) to eliminate condensation
of water from ambient air onto the inner walls of the cell.
Conversion efficiency for NO, in this system has been measured
at 0.5 at a gas residence time of 0.5-1 s. Artifact levels of
equivalent NO, with this system have been negligible, even when
ambient NO, levels have been close to the detection limit.

B. Another approach has been to use a newly developed
Xe lamp that provides a quasi-focused output. By focusing, the
lamp output can be introduced into a smaller cell, increasing the
photon flux density. This system uses a 500-W Xe lamp (with a
coating to eliminate O, production) and an aluminum-foil-coated
cylindrical quartz cell (1 cm i.d. x 30 cm) with a UV reflecting
mirror on the end opposite the lamp. The beamsplitter is not used
in this system in order to improve the conversion efficiency. The
cell is water jacketed and cooled by a recirculating water bath
with a water reservoir that is maintained at ambient temperature.
Gas pressure in the cell is slightly subambient due to the gas flow
(2000 sccm) through it. Under these operating conditions no
condensation has been observed in the cell even with sample gas
dew point temperatures to 28 °C. Depending on the specific lamp -
used, the NO, conversion efficiency for this system has been
0.4-0.8 at a cell residence time of 0.6-0.7 s. Artifact levels for
this system have been observed at less than =0.04 ppbv in a rural
environment to slightly greater than 0.10 ppbv in an urban
environment.

C. A third approach uses a short-arc high-pressure 100-W
Hg lamp housed in an ellipsoidal reflector that focuses the lamp
output into a cylindrical cell. The Hg lamp provides a greater
fraction of radiation in the 350- to 400-nm region than do Xe
lamps; thus, a lower overall power is required. Long-wavelength
and short-wavelength cutoff filters are used to minimize artifact
levels to <10 pptv equivalent NO,. A small fan provides forced-
air cooling to the photolysis cell. Further, because the power
supply for the Hg lamp is quite compact and lightweight, this
entire system (cell, lamp, power supply, cooling components,
etc.) is comparable in size and weight to the power supplies of
the systems described in 1 and 2 above. During operation a
constant cell pressure (=250 torr) is maintained by a pressure-
flow feedback system, and under these conditions the conversion
efficiency (again, depending on the specific lamp used) was =0.5
at 0.8 s residence time.

C.2.4 Data Reduction Requirements

There are a number of data reduction issues that must be
kept in mind when the photolytic NO, converter is used. The
most obvious requirement is the need for simultaneous
measurements of NO. If a single instrument is used to collect NO
and NO, data, interpolation of NO between NO, determinations
becomes necessary. If the NO concentrations are not varying
widely in the atmosphere, linear interpolation can provide a
reasonable approximation of the actual NO levels while NO,
(actually NOy) is being measured. On the other hand, if NO is
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changing significantly, then the calculation of NO, becomes
highly uncertain. This uncertainty can be reduced somewhat by
only calculating NO, levels at the time when the instrument
switches between NO and NOy measuring modes. However, this
technique reduces the total amount of data available. If another
instrument can provide simultaneous NO data, then the only
issues are that the data be truly simultaneous, that is, any time
lags between the measurements be compensated for or elimi-
nated, and that the NO concentrations from each of the
instruments be identical (and correct). Under these conditions
NO, levels can be calculated at high time resolution (1 Hz or
faster). A potential problem under these circumstances is the
attenuation of concentration fluctuations in the NOy system due
to the presence of the photolytic cell, which acts as a mixing
chamber. This problem is manifested in the data reduction by the
presence of sharp negative calculated peak NO, levels in the
middle of a broader positive peak. This problem is due to lower
time resolution in the NOy channel than in the NO channel,
which may not have an in-line photolysis cell. The solution to
this problem is to match exactly the plumbing configuration and
flow rates in the two instruments. This can be accomplished by
including a noniilluminated photolysis cell in the NO instrument
plumbing and matching the lengths of tubing between the two
instruments. This also eliminates any time lags between the mea-
sured NO and NOy and greatly simplifies data reduction.

Unfortunately, this solution can also generate another
problem. Since the photolytic converter can be viewed as a
mixing volume with a gas residence time determined by the flow
rate, there is the possibility that some of the NO in the ambient
gas sample can be converted by O,, according to reaction R2
above. For example, considering only the homogeneous NO/O,
reaction with ambient O at 100 ppbv, a gas residence time of 4 s
in the cell will convert almost 20% of ambient NO to NO,.
Moreover, peroxy radicals (HO,, RO,) in the atmosphere can
have an effect comparable to O, and there also appears to be a
heterogeneous process (though smaller in magnitude) involving
conversion of NO to NO, on the walls of the cell. Clearly, these
processes affect the accuracy of both the NO and NO, data, since
these same reactions may reconvert some of the NO derived by
NO, photolysis back to NO,. On the other hand, for a residence
time of 1 s in the cell only 5% of ambient NO is converted with
ambient O, at 100 ppbv; similar effects are expected for con-
version by peroxy radicals and heterogeneous processes. It is
therefore apparent that short cell residence times are highly
desirable, but must be balanced by the need for adequate NO,
conversion efficiency (i.e., sensitivity). In any case, ambient O,
levels should be measured along with NO and NO, in order to
correct the data for these effects. The methods for performing
these corrections have been published, but they are beyond the
scope of this document.

Assuming that instrument parameters are selected so that
adequate sensitivity is available with low levels of interferences
and artifacts, the calculation of NO, from the measured NO can
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itself be a significant issue. Under many sampling conditions in
the atmosphere, the ratio of NO, to NO is greater than 34, and
at night in many cases NO virtually vanishes due to titration with
ambient O,. However, near strong sources of NO, the ratio of NO
to NO, can be close to, or even exceed, unity. Since the calcu-
lation of NO, involves taking a difference between measured
NO, and NO, under the latter conditions the calculation involves
a small difference between relatively large numbers. This situa-
tion, of course, may generate large uncertainties in the derived
NO, concentrations and points out a fundamental limitation of
this technique for NO,: The background levels against which
NO, (again, actually NOy) is measured are usually varying,
sometimes rapidly, and are sometimes large enough to make the
NO, determination highly suspect. Finally, the optimal imple-
mentation of this technique actually requires two independent
measurements to be conducted simultaneously, though it may be
argued that NO, data without corresponding NO data are not
very useful.

C.2.5 Summary on Photolytic Converters

Photolysis has been used in the determination of NO,
since the late 1970s and has been shown to provide high-quality
data, based on results from field-based instrument intercom-
parisons. The technique is suited for ground as well as aircraft
operation, where fast time response is required. The method is
reasonably specific for NO,, with direct interferences known to
occur only with HONO and NO,. When implemented correctly,
interferences from NO; and thermally labile species, most
notably PAN, are insignificant. For these reasons this method has
been the one of choice for researchers in atmospheric chemistry.
While generally reliable and straightforward to implement, even
via retrofit to existing instruments, the technique nevertheless
requires more expensive equipment, both initially and over the
long term, and more care and attention to detail during operation
than other methods of conversion such as with thermal con-
verters. Also, with the use of high-voltage power supplies and
very hot, high-pressure lamps that produce intense UV radiation,
safety concerns become paramount.



Appendix D
Laser-Induced Fluorescence Detection of NO,

by

J.A. Thornton!, P.J. Wooldridge' and R.C. Cohen'?

'Department of Chemistry, University of California at Berkeley
’Department of Geology and Geophysics and Environmental Energy Technologies Division,
Lawrence Berkeley National Laboratory

Laser-induced fluorescence (LIF) detection of NO, offers
the promise of a combination of simplicity, sensitivity, specificity,
accuracy, and long-term reliability that is unparalleled in existing
commercial or research-grade techniques for NO,detection. Most
existing techniques rely on liquid-phase luminescent reactions of
NO, or on chemical or photolytic conversion of NO, to NO
followed by detection of the NO. These approaches are subject to
an array of interferences from other trace atmospheric species (see
Chapter 5). LIF detection, by contrast, can be configured so that it
has remarkable specificity for NO,. As we show below, the signal
can be generated using a high-resolution laser tuned to a specific
rotational feature in the electronic spectrum of NO,. The high
spectral resolution eliminates the possibility of a substantial false
signal from another molecule since the probability of another
molecule having identical rotational structure in its absorption
spectrum and comparable fluorescent behavior is near zero.

A typical LIF apparatus for NO, detection uses a laser
oriented at right angles to both the sample flow and to a photo-
multiplier tube (PMT). Figure D-1 is a schematic of the laser and
detection assemblies developed at the University of California,
Berkeley. Fluorescent photons are imaged onto the PMT and the
average count rate is proportional to the NO, mixing ratio. The
detection limit is set by noise in the stray light that reaches the
PMT, and the sensitivity is determined by a product of the laser
power and the absorption and fluorescence efficiencies of NO,.
Early attempts at LIF detection of NO, were not competitive with
other approaches because laser and detector technology were not
sufficiently advanced to allow high sensitivity or high specificity
in a compact, portable instrument.
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Also, the demand for more specific techniques was low because
the limitations of other techniques were not as well understood
as they are today.

Recently, we have incorporated new laser and detector
technologies into an LIF sensor that is accurate (x5%, 10),
sensitive (15 pptv/10 s, S/N = 2; 1-pptv detection limit), pre-
cisely calibrated (drifts of less than 1%/month), free from inter-
ferences, and relatively low maintenance (Thornton et al., 1999).
This research-grade system was designed for aircraft use and in
the remote troposphere where NO, concentrations below 100
pptv are typical. We have also made substantial progress toward
an LIF system based on a commercially available tunable diode
laser that demonstrates a sensitivity of 10 ppbv/10 s. These
results suggest that within a year or two LIF instrumentation with
all the capabilities necessary for atmospheric monitoring in urban
and rural areas will be available at a price competitive with
existing commercial instrumentation.

a) Early designs for LIF NO, sensors. Before 1997,
designs for LIF detection of NO, did not emphasize specificity.
The lasers used in these instruments were not tunable, precluding
discrimination against interferences by tuning on and off of a
rotational resonance unique to NO,. For example, Tucker et al.
(1975) used a He-Cd laser with nonresonant detection and
achieved a detection limit of 2040 pptv/10 s. George and
O’Brien (1991) used a frequency-doubled Nd*: YAG laser (532
nm) with detection of fluorescence from 580-900 nm to achieve
a sensitivity to NO, of 2500 pptv with 10-s averaging in a more
portable configuration. They took advantage of the long fluor-
escence lifetime of NO, to discriminate against some of the
resonant background scatter and used an NO, scrubbing step



Figure D-1. Schematic of the UC Berkeley LIF NO, instrument.
The core of the instrument is mounted on a breadboard, one side
holding the laser subsystem and the other side the detection
axis. A frequency-doubled Nd*:YAG laser (YAG) at 532 nm
pumps a custom-built dye laser (DL). The output (585 nm) is
sampled by fused-silica beam splitters to monitor power, fre-
quency (by measuring transmittance through an NO, reference
cell shown as a cube), and linewidth (measured with an external
etalon [E]). Six photodiode detectors (PD) are used to measure
laser power at various points along the beam path. A set of
dispersion prisms (DP) is used to separate the 585-nm light from
the 532-nm light, which is then dumped. The 585-nm light is then
sent through a hote in the breadboard to the detection side to the
multipass white cell (WC). The pressure in the WC is measured
with a manometer (100-torr Baratron [B]). NO, fluorescence is
collected and sent through a series of optical filters housed in the
filter changer (FC) to a photomultiplier tube in its TE-cooled
housing (PMT).

(reducing NO, to NO using FeSO,) to demonstrate specificity of
the technique to NO,. In the first attempt to use spectroscopic
features of NO, to ensure specificity in an atmospheric sensor,
Fong and Brune (1997) developed an LIF instrument employing
a tunable dye laser as the excitation source. They excited NO, at
564 nm with detection using a red-sensitive PMT (8%-.quantum
efficiency) filtered to a bandwidth of approximately 200 nm. By
tuning the laser on and off of a rotational resonance in the
excitation spectrum, this instrument demonstrated its specificity
for NO,. However, the sensitivity of the Fong and Brune proto-
type was limited by the combination of a modest signal
rate—0.012 count/s/pptv—and a high background count rate—
approximately 1000 counts/s. The reported instrument sensi-
tivity, 1085 pptv/10 s, was only about a factor of 2.5 better than
that of George and O’Brien.

b) LIF systems with parts-per-trillion sensitivity. A UC
Berkeley—Harvard University collaboration produced a tremen-
dous advance in LIF sensitivity to NO, through attention to
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eliminating sources of laser scatter and at the same time design-
ing a detection cell with efficient collection of fluorescent
photons. The instrument was designed to detect NO, aboard the
ER-2 aircraft in the lower stratosphere (Perkins et al., in prepara-
tion, 1999). This aircraft-borne instrument uses a Nd**:YAG
pumped dye laser that is tuned on and off an NO, resonance near
585 nm. Detection of the total fluorescence integrated from 750
nm to the long-wavelength cutoff of a GaAs PMT (850 nm)
occurs simultaneously with the pulsed laser. The ER-2 instrument
participated in NASA’s 1997 Photochemistry of Ozone Loss in
the Arctic in Summer (POLARIS) experiment (Newman et al.,
1999). During this deployment, Perkins et al. (in preparation,
1999) demonstrated a detection limit of 10-50 pptv, limited by
systematic noise in the background, and a sensitivity of 40-80
pptv/10 s at the ambient pressure (< 200 torr). An informal
intercomparison with a photolysis-chemiluminescence (PC)
instrument developed by Del Negro et al. (1999) showed strong
correspondence between the two approaches. A linear regression
of 13075 simultaneous measurements by the two instruments
obtained on 27 separate flights over a 6-month span gives .
[NO,]"F=1.07*[NO,]* and an R?=0.95. At pressures above 200
torr, the ER-2 instrument’s sensitivity degrades due to pressure
broadening and an increase in background noise associated with
2nd Stokes Nitrogen Raman scattering. Nonetheless, the sensi-
tivity of this instrument is more than a factor of 10 improvement
over the LIF instrument designed by Fong and Brune and within
a factor of 2 of the best PC instruments.

At UC Berkeley, we improved on this approach, reducing
the detection limit to 1 pptv, enabling operation at any pressure
within the atmosphere without loss of sensitivity, and improving
the sensitivity by more than a factor of 3, to 15 pptv/10 s. The
instrument is described in detail in Thornton et al. (in press,
November 1999). To achieve these results, the instrument is
operated at low pressure in combination with a time-gated photon
counting technique. We also redesigned the detection chamber
moving the multipass optics further away from the fluorescence
collection region to reduce the probability of scattered light
reaching the detector. The combination of reduced pressure and
the time-gated photon counting technique substantially reduces
background noise (by more than 95%) associated with the laser
light scattering off of the mirrors, walls, and gas sample and
reaching the photocathode. Photon counting begins only after the
laser pulse has left the detection chamber (a delay of about 50
ns), at which point the laser-induced background noise has
decayed to zero while =85% of the NO, fluorescence signal
remains due to the long lifetime (t = 115 ns) at 4 torr. Although
the signal rate of this experiment is low, approximately 0.1
count/s/pptv, the noise is also extremely low, about 4 counts/s.
Thus, a signal-to-noise ratio of 2 for 15 pptv NO, in 10 s is
achieved using the Berkeley LIF instrument. Another important
improvement over the ER-2 instrument was the redesign of the
dye pump system, which extended the mean time between fail-
ures from tens of hours to several weeks.



D.1 Sampling and Calibration

The Berkeley LIF instrument samples the atmosphere by
continuously pumping air through the instrument at a rate of 1.5
standard liters per minute (slpm). This results in a residence time
in the tubing and the detection chamber of approximately 1 s. A
stainless steel pinhole held in a stainless steel fitting is used as
the inlet, and the tubing used to move air from the sampling
region to the detection chamber is PFA Teflon. On the down-
stream side of the pinhole, the pressure is maintained below 100
torr by a 10-cfm rotary vane pump. The low pressure essentially
eliminates concerns that the NO+O, reaction can cause an
increase in the NO, concentration during the transit time from the
inlet to the detection point since the rate of this reaction drops by
almost a factor of 10 from its value at atmospheric pressure. The
calibration procedure includes a series of tests of instrument
performance, stability, and response to a known source of NO,.

1. Calibrations are performed in dry air every 3-5 h using
a cylinder of zero air and a cylinder of 5.08 + 0.10
ppmv NO, in N, (Scott Specialty Gases with
ACULIFEOQ coating) for dynamic dilution over the
range 2.5-150 ppbv. Two mass-flow controllers are
used to obtain the desired concentration range. An addi-
tional solenoid valve directly following the NO, flow
controller provides a hard zero for the calibrations and
prevents contamination of the sample flow.

Standard additions are performed to an atmospheric
sample every 15 h. During a standard addition, NO, is
added to the atmospheric sample stream just prior to the
detection cell. This provides a diagnostic for the effect
environmental factors such as water vapor have on the
fluorescence signal. We observe a 3.5% effect in the
fluorescence signal due to variation of 0.01 in the mole
fraction of atmospheric water vapor.

3. The background signal in zero-grade dry air is mea-
sured by adding dry air every 3-5 h to maintain an
accurate and precise measure of the instrumental zero.

The sensitivity to N,-Raman scatter is measured every
20 min. In the N,-Raman detection mode, zero air is
flowed into the detection chamber at various rates to
observe the number density dependence of the Raman
signal. We then use the measured Raman sensitivity to
normalize for changes in laser alignment and optical
throughput from the signal. Extensive observations in
the lab and in the field show that the ratio of the in-
strument response to N, Raman and to NQ, is constant
to better than +2%.
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D.2 Field Trials and Intercomparisons

Performance of the UC Berkeley LIF instrument has been
tested during three field deployments, two in the foothills of the
Sierra Nevada (25 July-31 October 1998 and 1 September—15
November 1999) and one in Nashville, TN, as part of SOS "99
(15 June-15 July 1999). The Sierra experiments were at a rural
research site located on a ponderosa pine plantation (owned and
operated by Sierra Pacific Industries) 50 miles east of Sacra-
mento, CA, at an elevation of 4000 ft. The plantation is adjacent
to the University of California Blodgett Research Forest in
Georgetown, CA. The site is characterized by a strong diurnal
cycle in atmospheric composition with abundances of NO,,
VOCs, and O, typical of the clean continental boundary layer
observed regularly in the morning and increases in the concen-
tration of all of these species as air is transported from the
Central Valley into the foothills every afternoon. In the evening
the flow reverses and downslope flow brings in clean air again.
Figure D-2 shows observations of NO, (30-s averages) from a
14-day period, 16-29 August 1998, that indicate the regularity of
the meteorology and of the sensitivity of the LIF technique. -

Substantial improvements were made to our approach
prior to deployment from 15 June—15 July 1999 as part of SOS
’99 in Nashville, TN. These improvements are the basis for our
current estimates of sensitivity (15 pptv/10 s, S/N = 2; 1-pptv
detection limit). The Berkeley LIF NO, measurements were part
of an extensive suite of chemical measurements made at the
Cornelia Fort Airpark 8 km northeast of downtown Nashville
http://www.al.noaa.gov/WWWHD/pubdocs/SOS/SOS99.html.
Part of our objective was an informal intercomparison of the
relatively new LIF approach with existing techniques for obser-
vation of NO,. The suite of NO, measurements at Cornelia Fort
included NOAA Aeronomy Laboratory PC (Williams), EPA PC
(Kronmiller), EPA luminol (Wheeler), EPA DOAS (Kronmiller),
and the University of Heidelberg/UCLA DOAS (Stutz).

As of this writing (November 1999), only the PC obser-
vations by Williams are considered final and available for com-
parison to our LIF measurements. The Cornelia Fort experiment
was designed with this intercomparison in mind. Air was brought
down from the sampling tower through a 5-cm-i.d. PFA tube
using a 200-L/min blower common to both instruments, which
were located in adjacent trailers. The Berkeley instrument drew
off the main flow approximately 5 cm below the NOAA instru-
ment at a flow rate of 1.5 I/min using the pinhole sampling
system described above. After the pinhole, the air was pumped
through approximately 5 m of 6-mm-i.d. PFA tubing to the
detection cell of the LIF instrument by a 10-cfm rotary vane
pump. Both instruments had similar residence times in the
plumbing from the sample point to the instrument. Although the
pressure drop in the LIF instrument reduces the impact of gas-
phase processes, effects of surfaces in the sampling lines, if any,
should be common to both instruments.
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August 1998 at UC Blodgett Forest Research Station. Points that are far from the mean are

due to air from the site's diesel generator.

NO, concentrations measured at Cornelia Fort Airpark by
the Berkeley LIF instrument and by the NOAA PC instrument
were compared on a point-by-point basis for the period from
17 June 1999 to 14 July 1999. The time recorded by the Berkeley
instrument was synchronized to the NOAA time base by com-
paring structures in the 10-s average Berkeley and 1-min NOAA
measurements. The Berkeley measurement time base was then
shifted to match the NOAA time base and the Berkeley mea-
surements were averaged to 1 min. Figure D-3 shows obser-
vations for the two instruments from 12 p.m. on 20 June to 12
p.m. on 21 June. Figure D-4 shows an intercomparison of
observations using data collected by the Berkeley LIF instrument
and by the PC instrument operated by Williams of NOAA. The
results show remarkable agreement. For the first two-thirds of the
campaign, the PC measurements were on average 4% higher than
the LIF measurements. The zero offset between the instruments,
if any, is below 20 pptv. An R? = 0.984 for the linear fit is an
indication of the near perfect agreement between the two obser-
vations. Nonetheless, the effect of variations in instrument
calibration on individual days is evident as stripes in the data
with different slopes at high concentration. We have not yet
identified which instrument has a varying calibration, although
efforts to show the calibration of the LIF experiment are precise
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to a few percent give us confidence that all of the variations are
not due to the LIF instrument (Thornton et al., in press,
November 1999). After 6 July 1999, a substantial change in the
calibration of one of the two instruments occurred. From this
point forward to 15 July, when the experiment ended, the PC
instrument reported measurements 9% lower than the LIF
observations with a measurable offset of 97 pptv. The R2=0.988
again indicates the strong correspondence between observations
from the two instruments. We do yet not understand the source
of the shift observed. In this context, it is important to note that
it is only the extreme precision of the two instruments that allows
these relatively subtle variations to be observed and evaluated.
Few NO, measurements are of the quality necessary to investi-
gate differences of less than 10%.

D.3 Future LIF Systems

Rapid progress in laser and detector technology make it
likely that LIF approaches to NO, detection will soon be routine.
In our group at UC Berkeley we have developed a prototype LIF
instrument based on a commercial tunable external cavity diode
laser. The diode laser operates in the 638-nm range at 4 mW
average power, and red-shifted fluorescence is collected and



imaged onto a cooled GaAs PMT. Currently, the prototype has
a signal-to-noise ratio of approximately 3 at 1 ppbv NO, after
10-s averaging. Improvements in laser technology, the use of
large area single photon counting avalanche photodiode detec-
tors, higher quality optics, and incremental improvements to the
design of the optical system for collecting fluorescence are ex-
pected to increase the sensitivity of this prototype by a factor of
1000 over the next year. The instrument will weigh less than 80
Ib, will be smaller than 0.5 m® including all components, and will
be robust enough to be operated continuously for months in
routine monitoring situations with only minor maintenance. We
estimate the cost of parts for such an LIF instrument will be on
the order of $25,000.
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Figure D-4. Southern Oxidants Study, Nashville 1999, Cornelia Fort Airpark NO, inter-
comparison plots. NO, data measured with NOAA’s PC instrument is plotted vs. that
measured with UC Berkeley’s LIF instrument. A least squares best fit line is drawn through
the data. a) Data from the period 17 June to 7 July 1999 are plotted and a best fit line forced
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1999 are plotted and a best fit line has a slope of 0.914 with an R? = 0.988. The figures show
that while over the entire campaign the two instruments agreed very well on average, there
were at least two distinct populations in which the two instruments were calibrated differently
to more than 10%.
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Appendix E
Application of a Luminol-Based Approach to Monitoring NO,, NO,, and NO,

by

William A. McClenny, U.S. EPA, and
K. Kronmiller and M. Wheeler, ManTech Environmental Technology, Inc.

The U.S. EPA has funded the evaluation of two ap-
proaches for improved nitrogen oxides monitoring in urban
atmospheres at the Battelle laboratories in Columbus, OH. The
detector used in these two approaches is a luminol-based detector
obtained commercially as the Model LMA-3 available from
Scintrex (Toronto, Canada). Based on the results as documented
in EPA Report 600/R-95/031 (Work Assignment 43 of EPA
Contract 68-DO-0007—see Spicer et.al., 1995), a similar system
was assembled for monitoring at the Cornelia Fort monitoring
site near downtown Nashville, TN, in the 1999 SOS summer
field study in that city. The system was operated successfully at
this site and led to some of the monitoring results that are
presented in Chapter 6 of this report.

The system is shown schematically in Figures E-1 and
E-2. Figure E-1 shows the principal components of the system.
The thermal converter for NOy to NO conversion was placed at
the top of the monitoring tower at the Cornelia Fort monitoring
site so that compounds such as HNO; would be immediately
converted to NO and thereby minimize losses to tubing walls.
Residence times in the sampling lines were minimized by the use
of auxiliary air pumps to pull ambient air through the relatively
long sampling lines that stretched from the top of the monitoring
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tower to the trailer that housed the monitoring equipment. As
shown in Figure E-1, a second pump pulled air through the
sample conditioner and exhausted it into a sampling manifold for
the luminol-based monitor and for a supplemental measurement
by a Model 42 chemiluminescence monitor (TEI, Franklin, MA).
Routing of the sample streams inside the multipath converter is
shown in Figure E-2. By means of valves V1-V3, the sample air
was routed in three ways, each path being available for S min and
repeating every 15 min. With a path through V1 and V3, NO, in
the air sample was directly monitored. With a path through V1,
V2, and V3, NO in the sample stream was converted to NO, by
the chromium trioxide oxidizer so that NO, was monitored by
the LMA-3. With V2 and V3 open, the sample passed through
the Mo thermal converter and then through the chromium
trioxide converter to provide a number of NO, molecules equal
to the NOy.

The approach illustrated in Figures E-1 and E-2 provides
NO,, NOy, and NOy, and NO, can be obtained by difference.
Thus, four priority components (see Chapter 4) requested by the
scientists working with AQMs are obtained with the luminol-
based detector.
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Figure E-1. LMA-3 field setup for SOS ’99, Nashville, TN.

70




Silica Gel /

PATH V1 2 V3 GAS
OFF OFF OFF NO2

OFF ON NOX

OFF ON ON NOY

Charcoal Drier [¢—
| <+ Pump \
! I
| :
' Rh Chromium |
: Sensor trioxide : o
: ! Oxidizer ) ut to
ample Line Path C .
S o |jr (2 )e Nafion (s )\ D y S:n?gl::r,lg
i al
Converter | NC \ j Drier NC J | nifold Pump
1 NO NO :
!
X\
' I
| ® |
E | Bypass Rh Meter g :
I : Valve S :
! I
| i
: r NG :
Sample Line C (v !
from Direct Dl NO !
i
i
!

! PathA&B
|
|

0>
o}
z

Figure E-2. LMA-3 NO, multipath converter.
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