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ABSTRACT

The method of photochemical indicators is a way to evaluate the sensitivity of O3 to
its two main precursors, nitrogen oxides (NOx) and reactive organic gases (ROG), directly
from ambient measurements. The method is based on identifying measureable species or
species ratios that are closely associated with O3-NOx-ROG predictions in photochemical
models. Several species of this type have been identified: O3/NOy (where NOy is total
reactive nitrogen), O3/NOz (where NOz=NOy-NOx), 03/HNO3, H202/HNO3,
H202/NOz, and H202/NOy. In each case, high values of the proposed indicator are
associated with NOy-sensitive chemistry in models and low values are associated with

. ROG-sensitive chemistry. This report presents a summary of 03-NOx-ROG sensitivity in
-models and the chemistry that motivate the choice of species as photochomical_ indicators.
It shows the correlation between model NOx-ROG predictiohs and indicator values fora
variety of models, incfuding simulétions for Lake Michigan, the northeast corridor, Atlanta
and Los Angeles. The indicator-NOx-ROG correlation remains consistent in model -
scenarios with radlcally different assumptlons about a.nthropogemc and biogenic emission
rates.and meteorology and i in models with dlfferent chemical mechanisms. The report

“shows correlations between O3, NOz and H20? in models and in ambient measurements,
which provide a basis for evaluating the accuracy of critical assumptions associated with
the indicator method. Case studies are described for Atlanta and Los Angeles in which
measured values of indicator ratios were used as a basis for evaluating model scenarios. It
is shown in which model scenarios with different NOx-ROG predictions often give similar
values for peak O3 but different values for indicator ratios. The case studies illustrate how
comparisons between model results and measured indicator values can be used as a basis
for model evaluation. Uncertainties associated with the indicator method (including
measurement uncertainties, dry deposition and surface effects) are discussed.
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SECTION 1
OVERVIEW

For many years there has been uncertainty about the relation between low-level
ozone and its two major anthropogenic precursors: reactive organic gases (ROG) and
nitrogen oxides (NOx). It is generally known that for some conditions ozone
concentrations increase with increasing NOx emissions and are largely independent of
ROG, while for other conditions ozone increases with ROG and does not increase (or may
even decrease) with NOX. However, it is difficult to determine whether individual air
pollution events are dominated by NOx-sensitive or ROG-sensitive chemistry.

The uncertain relationship between ozone, ROG and NOx'has made it éspecially

-difficult to develop effective control policies for ozone. Ozone as an air pollutant is
responsible for Wideépread violations of air quality standards, affecting most major .
metrdpolilgan areas in the U.S. A large effort has been made to reduce emission of ozone
prc_c:utsors, but it is unclear whéthér these efforts have been effective in controling ozone
levels (NRC, 1991). Because of the complex relationship between ozone and its
precursors, there is far greater uncertainty about the effectiveness of control strategies for
ozone than for other pollutants associated with air quality violations. A control strategy that
relies on reductions in emissions of ROG will not be effective in a region where ozone
concentrations are driven by NOx-sensitive chemistry. Similarly, a control strategy that
relies on NOx reductions will not be effective during air pollution events with ROG-
sensitive chemistry.

The task of analyzing the ozone-NOx-ROG relationship is commonly based on
predictions from photochemical models. These models use estimates for emission rates of
ozone precursors in combination with meteorological information (wind speeds, vertical
diffusion, temperatures, etc.) and a representation of ozone chemistry in order to simulate
the ozone formation process for a specific air pollution event. Predictions for the
effectiveness of ROG vs. NOx controls are derived by repeating the simulations with
reduced emission rates for ROG or NOy. The accuracy of these control strategy

predictions has frequently been called into question, largely because of uncertainties



associated with emission inventories. Inventories for anthropogenic ROG emissions may
be underestimated by up to a factor of two (Fujita et al., 1992), while recent research has
shown that the emission rate for isoprene, the most important biogenic ROG, is
approximately four times higher than previous estimates (Geron et al., 1994, 1995). Both
of these uncertainties have a large impact on model predictions of the effectiveness of ROG
vs. NOx controls. It is frequently possible to generate model scenarios with either NOx-
and ROG-sensitive chemistry while remaining within the bounds of uncertainty associated
with emissions and other model input.

A more fundamental problem with the model-based approach for 03-NOx-ROG
sensitivity is the difficulty in evaluating model predictions against real-world
measurements. There is no direct way to evaluate a control strategy prediction, because it
is never possible to repeat an air pollution event with reduced ROG or NOx emissions and
compare its outcome with model results. Model evaluations can only be done by
comparing predictions from the model base case with ambient measurements. The problem
with most model evaluations is that the accuracy of model predictions for the base case
does.not guarantee that model predictions for control strategies are also accurate. In
partlcular the most common test of model performance - comparison with ambient ozone -
~ gives no basis for conﬁdence in model predlctlons for control strategies. This is because
different model scenarios often give smular values for ozone in the base case, while giving
very different predlctxons for the response of ozone to reductions in ROG or NOx.

This report presents a new approach to the problem of eva]uatmg O3-N0x-ROG
,.scnsmvny the method of photochemzcal indicators. The goal of the method is to identify
measureable species or species ratios that are closely linked to model control strategy
predictions, so that NOx-sensitive or ROG-sensitive chemistry can be associated with
specific values of these species ratios. If successful, the method of photochemical
indicators would provide a way to evaluate NOx-ROG sensitivity based solely on ambient
measurements, without using models. A more modest application of the method would be
to evaluate the performance of model scenarios. The nature of the indicator ratios
associated with this method is that they will always assume different values in models with_
NOx-sensitive chemistry as opposed to models with ROG-sensitive chemistry. Thus, the
indicator ratios (unlike ozone) provide a basis for choosing between NOx-sensitive and
ROG-sensitive model scenarios.

The method of photochemical indicators is part of a broader attempt to develop
observation-based methods (OBMs) that seek to analyze 03-NOx-ROG chemistry based on

extensive field measurements rather than model predictions (e.g. Cardelino et al., 1995).



The method of photochemical indicators was developed based on a series of photochemical
model applications designed to represent a wide range of physical conditions and
situations. These have included simulations for four metropolitan regions: the Lake
Michigan airshed, the New York-Boston urban corridor, Atlanta and Los Angeles. They
have included simulations with anthropogenic ROG emissions doubled from inventory
estimates, reflecting uncertainty in inventories identified by Fujita et al. (1992). They have
included scenarios with anthropogenic ROG emissions reduced by half from inventory
estimates, reflecting conditions that may occur in Europe today or in the U.S. following the
application of an effective ROG control program. They have included scenarios with
biogenic ROG emissions based on the current BEIS2 inventory (Geron et al., 1994) and
also on the older BEIS1 inventory with much lower emission rates (Pierce et al., 1990),
and scenarios with zero biogenic emissions. They have included simulations with changed
wind speeds and vertical mixing rates in order to represent conditions that might be either
more or less stagnant than the events used as test cases. They have included results from
two very different model types: aregional-scale model developed by Sillman et al. at the
University of Michigan (Sillman et al., 1993) and the Urban Airshed Model (UAM-
IV)(Morris and Myers, 1990), familiar to air pollution researchers. These two models

‘_ include different representatlons of photochermstry a mechamsm based on Lurmann et al.
(1986) (similar to the more familiar SAPRC mechanism) with various updates and |
isoprene chemlstry based on work by Paulson and Seinfeld (1992) in the Michigan model
and the Carbon Bond IV mechanism (Gery et al., 1989) in UAM-IV.

" Species and species ratios that can be used as indicators for NOx-ROG sensitivity
were sought based on an analysis of model results. In order to be useful as a
photochemical indicator a species or species ratio must satisfy the following four criteria:

(i) The indicator must involve measureable species.

(1) The indicator must consistently show different values in model scenarios with
NOx-sensitive chemistry as opposed to model scenarios with ROG-sensitive chemistry.
The difference between NOx-sensitive and ROG-sensitive indicator values must also be
large enough so that the NOx-ROG indication is less likely to be obscured by
uncertainties in measurement techniques.

(iii) The correlation between indicator values and NOx-ROG sensitivity must remain
reasonably constant in models with widely different assumptions. The purpose of the
method would be undermined if the indicator correlation were limited to models with a
fixed range of assumptions, e.g. about biogenic ROG.



(iv) The indicator should be closely linked with the chemical factors that govern NOy-
ROG sensitivity. It should not just represent an empirical curve-fitting exercise or be
an artifact of an individual model.
Two classes of species have been identified that appear to meet these criteria. These
species are as follows.

O
A. Ratios involving ozone and total reactive nitrogen: N(:))’y’ where NOy represents total

reactive nitrogen (NOy, PAN, HNO3, alkyl nitrates and other nitrogen-containing species
produced from NOy); -13—3362- where NOgz represents NOy reaction products, N Oy-NOx;
_03_
HNO3°
B. Ratios involving hydrogen peroxide and total reactive nitrogen: \f{(H202,HNO3),
H202 and 1202

Oz’ NOy -

In each case, a high value for the indicator ratio corresponds to a situation in which

and

the ozone concentration is primarily sensmvc to NOy, while a low value ‘corresponds to a
situation in which O3 is pnmaniy sensitive to ROG. This interpretation applies only for
indicator values during the afternoon (concurrent with peak O3) and only for NOx-ROG
sensitivity at the same location as the indicator value. ' o '
Among these alternatives, the ratids involving hydrogen peroxide (especially

H209
H12\103) provide more consistent results in photochemxcal models and are more closely

linked to the photochemical proccsses that dnve NOx-ROG chermstry but these are also

more difficult to measure. Among the ratios involving ozone, NOC:;, has a stronger link with

NOx-ROG chemistry than ;55— NOy but the latter has certain advantages associated with

situations involving power plants.

An important component of the indicator method concerns the need to evaluate the
accuracy of the indicator predictions. The correlation between NOx-ROG sensitivity and
the indicator ratios is based entirely on the results of photochemical models. As such, the
indicator method faces the same type of challenge as the conventional photochemical
models: how can the predicted NOx-ROG sensitivity be proven?

Model results have suggested an important test for the validity of the method. The
chemistry associated with NOx-ROG sensitivity and the indicator ratios also suggests that a
linear correlation should be found between O3 and the sum: NOz+2H202, evaluated
during the afternoon following a period of photochemical activity. This linear correlation is
predicted in three-dimensional models that include both chemistry and transport, and is



shown in Section 4. The correlation is closely associated with the role of 03, NOz and
H203 as indicators for NOx-ROG sensitivity. It is well-known that O3 increases with
NOg but that the rate of increase (d03/dNOgz) decreases at higher NOz and is lower in some
urban areas (e.g. Los Angeles) relative to rural sites (Trainer et al., 1993). The indicator
method provides an additional interpretation: high O3/NOgz ratios in rural areas represent
NOx-sensitive chemistry while low O3/NOgz ratios in central Los Angeles represent ROG-
sensitive chemistry. If this interpretation is valid, then the correlation between O3 and the
sum NOz+2H202 will remain linear, even while the O3-NOz slope varies. Thus, an
examination of measured O3, NOz and H202 provides both a general evaluation of the
indicator method and a test for problems (e.g. measurement errors or erroneous model
assumptions) in each individual application of the method.

In summary, the indicator method provides several advantages over conventional
methods of analysis of 03-NOx-ROG sensitivity. Unlike conventional photochemical
models, the indicator predictions are not sensitive to assumptions about emission rates for
anthropogenic or biogenic ROG. When used in combination with photochemical models
the indicator method provides a meanmgful evaluation of the accuracy of model NOX-ROG
predictions. Fmal]y, the indicator method includes a diagnostic test for its own accuracy, :
based‘on the predicted linear correlation between O3, NOz and H202. The indicator
method can be applied based on measurements for just three species, 03, NOx and NOy,
although the inclusion of measurements of H202, HNO3 and CO would 1 1mprove the.
relxablhty of the method. ' : ;

The indicator method, like any new approach involves problems and uncertainties
that are not present in other methods. The following is a list of caveats for researchers who
seek to use the indicator method.

(1) The indicator method provides information about NOx-ROG sensitivity only at the time
and place of the measurements. It is well known that NOx-ROG sensitivity varies with
location within a metropolitan area, with ROG-sensitive chemistry more likely in the urban
center and NOx-sensitive chemistry more likely downwind (Milford et al., 1989). Thus, it
is inaccurate to infer NOx-ROG sensitivity for an entire metropolitan area from
measurements at a small number of locations. NOx-ROG sensitivity can also vary from
event to event and changes with time of day. Illustrations of this will be shown in the
report below.

(2) The indicator method as presented here is designed to estimate NOx-ROG sensitivity
associated with ozone concentrations, not the instantaneous rate of ozone production. The
NOx-ROG sensitivity of ozone concentrations depends on photochemistry over an

extended time period (typically 1-2 days) and transport from a significant distance upwind.



This impact of upwind transport and photochemistry is included in the models that were
used to derive the indicator correlations.

(3) The indicator method is critically dependent on the accuracy of measurements,
especially NOy. Luke and Dickerson (1987) have warned that certain types of
measurement systems characteristically underestimate NOy, because HNO3 (a major NOy
component) is deposited on the inlet tube. This type of measurement error would
invalidate the use of NOy as a NOx-ROG indicator..

Model results suggest that values for O3/NOy and O3/NOz associated with NOx-
and ROG-sensitive chemisu"y differ by a factor of two, and values for H2O2/HNO3 and
other ratios with peroxides show an even larger difference between NOx- and ROG-
sensitive locations. Errors in measurements are likely to be important only if they are
significant in comparison with this range of variation, i.e. 25% or higher. However errors
in measurements are especially troublesome if they might lead to a systematic overestimate
or underestimate in measured indicator ratios, since these would cause bias in the indicator

'NOx-ROG interpretation.

- Because of potential problems with NOy measurements it is important to carefully
evaluate measurement eccuracy. ‘One possible method for evaluating the accuracy of
measured NOy is to include simultaneous measurements of CO and SO37 and examine
correlations of thesé species with NOy. Previous studies have identified a correlation
between these species, reﬂecﬁng their common anthropogenic origin (Parrish et al., 1991,
Buhr et al 1995). A devxatlon from the expected cornelatlon between these spec1es mlght
‘be used to identify etroneous measurements. 4

Because these three species have a common anthropogenic origin, it should be
possible to identify a consistent correlation between them, which could then be used to
evaluate the accuracy of individual NOy measurements.

(4) Species ratios that use NOx, PAN or NOx+PAN in place of NOy, NOz or HNO3 do
not correlate well with NOx-ROG sensitivity and should not be used as photochemical
indicators. This is a problem because NOy measurements that rely on older techniques
have been found to represent the sum NOx+PAN rather than true NOx or NOy (Logan,
1989). Recent reports have also erroneously used the ratio 03/NO2 as a NOx-ROG
indicator (LADCO, 1994). Also, species ratios must be based on simultaneous
measurements (rather than O3 in the afternoon versus NOy in the morning or at a different
location).

(5) Many of the species associated with the indicator method (NOy, NOz, H202 and
HNO3) can be rapidly removed from the atmosphere (and removed at varying rates) by

surface deposition or deposition on aerosols. This may represent a major uncertainty for



the method. Correlations between NOx-ROG senstivity and indicator values may change
significantly if changes are made to model surface deposition rates. In addition, surface-
level measurements at night cannot be used as NOyx-ROG indicators because the indicator
concentrations at night are dominated by surface deposition processes.
(6) The indicator method was derived from models that did not include aerosol nitrates
(NO3~) which are formed from gas-phase HNO3. It is therefore appropriate to include
aerosol nitrate (converted to gas-phase equivalent units) in the sum for NOz, and interpret
HNO3 in the indicator ratios as representing the sum of HNO3 and NO3-. Failure to
include aqueous chemistry represents an additional source of uncertainty in the method.
(7) Surface measurements of NOy are sometimes dominated by NOy sources close to the
measurement site. This would interfere with the direct use of NOy in indicator ratios (e.g.
O3/N0y or H202/NOy). This problem can be avoided by using NOz (based on
simultaneous measurement of NOyx and NOy) instead of (or in addition to) NOy
This report presents a summary of research on the indicator method to date.
Section 2 provides background information on the chermstry of 03, NOx and ROG that
serves as a motivating factor for the selection of the various indicator ratios. This section
also presents a concise summary of the current understanding of 03-NOx-ROG sensitivity
that has emerged in recent years. The state of science associated with 03-NOx-ROG
chemistry has seen great changes in the past ten years. The summary in Section 2 may
serve both as an mtroductmn to the field and a review for experxenced researchers and’
‘regulators. L
Section 3 presents the correlatlon between O3-NOX-ROG predlctlons and the’
various indicator ratios in photochemical models. It includes a description of the models
used, general results for 03-NOx-ROG sensitivity, the extent of variation of the indicator-
NOx-ROG correlation in different model scenarios, and methods for quantitatively
identifying the indicator values corresponding to the transition between NOy- and ROG-
sensitive chemistry. It also shows results for altemnative choices (NOy, AIRTRAK,
03/NOyx, ROG/NOx) which do not perform as well as the recommended indicator ratios.
A complete presentation of model results is also included in the Appendix.

Section 4 examines the correlation between O3, NOz and H2O2 as predicted by
photochemical models and as observed during field measurement campaigns. As described
above, this correlation represents a critical test for the accuracy of the indicator method.
Section 5 shows results from applications of the indicator method for specific events in
Atlanta and Los Angeles. These results include comparisons between predicted indicator
values from a series of model scenarios, each designed to give different predictions for
NOx-ROG chemistry. These predictions are compared with measured indicator species



and ratios, which are used as a basis for accepting the results of some model scenarios and
rejecting others. The comparison between model and measured values of photochemical
indicators associated with predicted and observed (non-paired) peak O3 is proposed as a
criterion for evaluating model performance. This criterion provides a much stronger basis
for model evaluation then criteria based solely on model vs. measured O3. It is hoped that
these case studies can be used as examples for future applications.

The contents of this report are based models and measurements for the northeast
corridor and Lake Michigan (Siliman, 1995a), Atlanta (Sillman et al., 1995b, 1997a), New
York and Los Angeles (1997a). More recent results from the Middle Tennesee Ozone
Study (Sillman et al., 1997b) have been included only in summary form.



SECTION 2
CHEMISTRY OF 03, NOx AND ROG

This section includes two parts. The first part provides a summary of the various
factors that can affect 03-NOx-ROG sensitivity, based on results from photochemical
models. The original understanding that NOx-ROG sensitivity is determined by ROG/NOy
ratios has been greatly modified in recent years. Additional factors include the impact of
biogenic ROG, the geographical.vaﬁati_on in NOx-ROG chemistry as an air mass ages and
moves downwind from an urban center, and the influence of meteorological stagnation in
causing day-to-day variations in NOx-'ROG chemistry. An undefstanding of these fac_tofs
can be of great helb to researchers and to regulators who need to interpret the results of
‘models or other NOx-ROG analyses. ' ‘ |

The second p’art analyses the specific chemical reactions and reaction sequences that
create the division into N Ox-sensitive and ROG-sensitive regimes: This section also.
provides the theoretical basis for the linkbetwéen'NOx-ROG sensitivity and the identified
indicator ratios. As discussed below, 03-NOx-ROG chemistry is derived from reaction
cycles involving odd hydrogen radicals (OH, HO2 and RO2, where R represents a carbon-
hydrogen chain). NOx-sensitive chemistry occurs when radical-radical reactions
(HO2+HO2 and HO2+RO?2, making peroxides) are the dominant sink for odd hydrogen,
while ROG-sensitive chemistry occurs when nitrate-forming reactions (OH+NO?, making
nitric acid) are the dominant sink. From these chemical reaction sequences it is possible to
derive a theoretical relationship between NOx-ROG sensitivity and the species ratios that
have been identified as photochemical indicators: O3/NOz and H2O2/HNO3. Section 3
will show how the correlation between NOx-ROG sensitivity and photochemical indicators
also appears in more complete photochemical simulations.

A more complete review of the state of science associated with O3, NOx and ROG

is given in Sillman (1997¢).



2.1. Factors affecting 03-NOx-ROG sensitivity in urban locations

For purposés of this study the terms "NOx-sensitive" and "ROG-sensitive" will be
defined based on the predicted response of ozone concentrations to a moderate (usually
35%) reduction in anthropogenic emissions of NOx or ROG. Locations will be defined as
NOx-sensitive if the model results with reduced NOx show a greater decrease of O3 than
the same percent reduction of ROG. However it should be recognized that the NOx-
sensitive and ROG-sensitive labels also depend on the size of the reductions. In general,
NOy reductions are more likely to result in reduced O3 if a large percent reduction is
applied. Roselle et al. (1995) have reported cases where a 25% reduction in ROG is
predicted to result in lower O3 than a 25% reduction in NOx, but where a 75% reduction in
NOxy results in lower O3 than a 75% reduction in ROG.

The following discussion describes individual factors that have a large impact on
NOx-ROG predictions in models. The discussion refers to the the impact of each

‘individual factor in isolation; i.e. all other things being equal, a change in the individual
factor will tend to shnft model responses in the direction of NOx-sensmve or ROG-sensmve
chemistry. These should not be used to infer NOx-ROG sensitivity for individual
locations, which result from the combination of many factors. -

ROG/NOx ratios: It is well known that the division between NOx-senSitive and ROG-
sensitive ozone photochenustry is closely associated with ROG/NOx ratios (e.g.NRC,..
1991). The O3sNOx-ROG relationship is convelently summarized by 1sopleth plots, a
form of which is shown in Fxgure 2-1. These plots show that the rate of ozone formation
as a function of NOx and ROG is highly nonlinear. When ROG/NOx ratios are high the
rate of ozone production increases with increasing NOyx but shows little sensitivity to ROG
(NOx-sensitive regime). When ROG/NOx ratios are low the rate of ozone formation
increases with increasing ROG and decreases with increasing NOx (ROG-sensitive
regime). Early analyses suggested that ROG-sensitive chemistry could be associated with
ROG/NOx ratio lower than 10 in an urban center during the morning hours while NOx-
sensitive chemistry could be associated with ROG/NOx ratios greater than 20 (Blanchard
et al., 1991).

The view that moming (6-9 a.m.) ROG/NOx ratios can be used to determine NOx-
ROG sensitivity has been largely discredited (NRC, 1991, and references below). The
problems with ROG/NOyx concentration ratios as a NOx-ROG indicator include the

following:
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(1) It fails to account for the impact of biogenic ROG, which are mainly emitted during the
midday and afternoon hours rather than at 6-9 a.m. and which are also disproportionately
reactive (Chameides et al., 1988, 1992).

(11) It fails to account for variations in ROG reactivity, which may occur either due to
variations between urban areas or to changes in estimates of the speciation of emitted ROG
(Chameides et al., 1992, Carter et al., 1994, 1995)

(iii) It fails to account for the geographic variation of NOx-ROG sensitivity within a
metropolitan area (Milford et al., 1989).

(iv) It fails to explain the fact that NOx-ROG sensitivity can vary from event to event, even
for the same metropolitan area. Event-by-event variations in NOx-ROG sensitivity have
been found in photochemical models, even though the ROG/NOy emission ratios and
morning concentrations do not vary (Milford et al., 1994, Roselle et al., 1995).

(v) It fails to account for the impact of multiday transport, which usually has greater
sensitivity to NOx than single-day events (Sillman et al., 1990a).

Despite these ﬂaws, the'mom’in'g ROG/NOx ratio continues to be used,
inappropriately, to analyze ROG-NOx Sensitivity (Hanna et al., 1996). Because of its
repeated misuse, it is important to understand both the rationale for its use (i.e. the isopleth
diagram) and its flaws.. - : .
Biogenic ROG and ROG reactmty Chameides et al. (1988) showed that biogenic
ROG, especxally 1soprene have a significant 1mpact on ozone chemistry in urban areas.
More recently, results frorn the Ozone Transport and Assessment Group (OTAG)
demonstrated that a switch from the older BEIS1 emission mventory to the newer BEIS2
inventory (with four times higher emission rates for isoprene) causes a shift from ROG-
sensitive chemistry to NOx-sensitive chemistry in models for several urban areas (OTAG,
1996). Similar results from Sillman et al. (1995b) for Atlanta, are included in this report.

Two aspects of biogenic ROG are especially important to understand. First,
emission rates for isoprene, the most important biogenic ROG, are zero at night and very
low during the moming. The maximum emission rate occurs during early afternoon
(Geron et al., 1994, 1995). Consequently, analyses based on measured ROG during the
morning hours would seriously underestimate the impact of biogenics. Second, isoprene -
and other biogenic ROG are extremely reactive, and their impact on photochemistry is
therefore larger than would be suggested by their atmospheric concentration in comparison
with anthropogenic ROG. When speciated ROG measurements are weighted according to
reactivity or ozone-forming potential (Chameides et al., 1992, Carter et al., 1994, 1995)
the impact of biogenic ROG always appears much larger than it would without reactivity-

weighting.
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Geographical variation and photochemical aging: A central feature of NOx-ROG
chemistry is the tendency for air parcels to change from ROG-sensitive chemistry to NOx-
sensitive chemistry as they age. Thus, an air parcel frequently has ROG-sensitive
chemistry while it is close to its emission sources and increasingly NOx-sensitive chemistry
as it moves downwind.

Milford et al. (1989) demonstrated the resulting geographical variation in NOx-
ROG chemistry in a model for Los Angeles. As shown in Figure 2-2, model-derived
isopleth plots show strongly ROG-sensitive chemistry for locations near downtown and
NOx-sensitive chemistry at downwind sites. This split between ROG-sensitive downtown
and NOx-sensitive downwind has appeared repeatedly in model applications and is a
central feature of 03-NOx-ROG chemistry.

A similar, better-known pattern appears for power plant plumes. Power plants
typically cause a decrease in O3 in the fresh plume immediately downwind of the power
plant, followed by an increase in O3 relative to the background concentration as the plume
moves further downwind (White et al., 1983). Although the decrease in O3 in the fresh
plume is due to NO titration (via the reaction NO+O3->N02) rather than NOx-ROG
chemistry, the fresh plumc also exhibits ROG-sensitive chexmstry with respect to ozone'
formation, while the downwind plume with enhanced O3 has NOx-sensitive chermstry

' The evolution towards NOx-sensmve chemistry as alr moves downwind is due
largely to the removal of NOx as the air mass ages. NOy has a relauvely short -
photochenncal lifetime. (3 6 hours) while many ROG species have lifetimes of 1 day or.
longer. Consequently, ROG/NOx ratios always increase as an air mass ages. The -
addition of biogenic ROG as the air mass moves downwind also contributes to the
conversion from ROG-sensitive to NOx-sensitive chemistry. The increase in ROG/NOx
ratios with age is illustrated in Figure 2-1, which shows calculated ROG and NOx
concentrations in simulated air parcels, superimposed on isopleths that give the ozone
production rate as a function of ROG and NOy. In these model calculations, air parcels
were initialized with an ROG-NOx mix that would initially exhibit ROG-sensitive
chemistry, but they evolve towards a higher ROG/NOy ratio and NOx-sensitive chemistry
over the simulated 8-hour period.

It is generally accepted that rural locations are characterized by NOx-sensitive
chemistry, except in locations that are directly impacted by urban or power plant plumes
(e.g. Sillman et al., 1990a, McKeen et al., 1991, Roselle et al., 1995). Rural air masses
are typically far downwind from emission sources (except for biogenics) and show the
chemical characteristics of aged air (Trainer et al., 1993), which includes NOx-sensitive

chemistry. Because these air masses frequently have 80-100 ppb ozone they can be
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associated with regional transport and can have a significant impact on NOx-ROG
chemistry even in downwind urban areas (Sillman et al., 1990a). Similarly, events
involving transport for periods of longer than one day are more likely to be NOx-sensitive.
ROG-sensitive chemistry is more likely in events dominated by local photochemical
production rather than transport.

Meterological stagnation and density of emissions: A little-known feature of
ozone photochemistry is the tendency for extremely stagnant episodes (i.e. with light winds
and low mixing heights) in locations with high emission rates to exhibit ROG-sensitive
chemistry, while episodes with greater meteorological dispersion or lower emission rates
show NOx-sensitive chemistry. This feature needs to be distinguished from the effects of
chemical composition (i.e. ROG/NOx ratios and biogehic ROG) or transport vs. local
photochemistry.

Milford et al. (1994 , see also Siliman et al., 1993) demonstrated the tendency for
model calculations with high ROG and NOx concentrations to exhibit ROG-sensitive
chemistry while events with lower ROG and NOy concentrations but with the same initial
ROG/NOx ratio would show NOx-sensitive chemistry. This is also illustrated in the air
parcel calculations in Figurc 2-1.- The series of air parcels shown here initially had the
same ROG/NOx ratio but different concentrations. Followihg an 8-hour simulation the air

.parccls with higher initial conccntranons (corresponding to stagnant meteorology) still had
ROG-sensitive chemistry while the parcels with lower initial concentrations (corresponding
to grcatcr metcorologlcal dispersion) had NOx-sensitive chemistry. Milford et al. also
found that ROG- and NOx-sensitive chemistry in models is correlated with high and low
values of NOy respectlvely (see Figure 2-3). The higher NOy corresponded to stagnant
meteorology while lower NOy corresponded to locations with greater dispersion.

Similar results were found in the ROM simulation by Roselle et al. (1995). Roselle
et al. showed that events with the highest O3 concentrations were more likely to exhibit
ROG-sensitive behavior, while events with lower O3 (corresponding to the 99th and 95th
percentile of O3 in the simulation) were more likely to show NOx-sensitive behavior. The
difference between the higher and lower O3 in these simulations corresponded to stagnant
events in contrast to events with greater dispersion.

The difference in NOx-ROG chemistry between stagnant events and events with
dispersion explains the tendency for models to predict different NOx-ROG chemistry in the
same location for different events. It also explains the tendency for ROG-sensitive
chemistry to be associated with the largest cities while NOx-sensitive chemistry is more

often associated with smaller cities (e.g. Roselle and Schere., 1995).
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The connection between NOx-ROG chemistry and meteorological stagnation adds
an additional dimension of uncertainty to the NOx-ROG predictions of photochemical
models, especially when model accuracy is evaluated solely in terms of ozone
concentrations. Dispersion rates are especially difficult to estimate when winds are light
and variable, and simulated peak ozone increases sharply as wind speed is decreased. This
dependency of ozone on wind speed increases as wind speeds get lower. Models can
simulate correct ozone through a series of compensating errors, e.g. overly stagnant
meteorology in combination with underestimated biogenic ROG or underestimated regional
transport; or vice versus. These types of compensating errors would cause changes in
model predictions for NOx-ROG sensitivity.

The association between ROG-sensitive chemistry, large cities and stagnant
meteorology is due in part to the influence of biogenic ROG. Stagnant events tend to have
higher concentrations of anthropogenic NOy and ROG, whose sources are concentrated
near urban centers, but not biogenic ROG which have a more ubiquitous source.
However, there is also a factor directly related to photochemistry. Events with higher NOX
tend to have slower, less efficient chemistry (on the basis of ozone production per NOy)
(Liu et al., 1987, Lin et al., 1988) and consequently have a slower rate of evolution
towards NOx-sensitive chemistry. o
Summary: The above déscﬁpﬁbn creates an image of the type of situations that are more
likely to be assqciated with ROG-_scﬁ_x_siﬁve chemistry as opposed to NOx-senéitive '
chemistry. ROG-sensiﬁve chpmistxy is associated with: low ROG/NOx ratioé; felatively
low impact of biogenic hydrocarbons; locations close to emission sources as opposéd td’
downwind; situations dominated by short-term local photochemistry as opposed to
multiday transport; and large cities with stagnant meteorology. NOy-sensitive chemistry

is associated with the opposite. However, these characterizations should be used as a

general basis for understanding the behavior of photochemical models and not as
predictions for specific locations. NOx-ROG predictions are subject to a great deal of

uncertainty and need to be examined individually for each location. The description given
here is only useful as a basis for understanding the impact of individual factors in isolation
and for understanding differences in NOx-ROG predictions between various model
scenarios. Subsequent sections (Section 3 and the Appendix) will show NOx-ROG
predictions from individual model scenarios with varying ROG/NOx emission ratios,
biogenic ROG, location, vertical mixing rates and wind speeds. The differences between

scenarios are consistent with the general description given here.
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2.2 Chemistry of O3, NOx and ROG and its relation to photochemical indicators.

The chemistry of O3, NOx and ROG and its division into NOy-sensitive and ROG-

sensitive regimes can be derived directly from the reaction sequences that produce ozone.
The analysis of NOx-ROG chemistry in terms of reaction sequences, presented here, is

important only in terms of theory. However it provides a rationale for the selection of
specific species ratios as NOx-ROG indicators. While the justification for NOx-ROG

indicators comes from results of more complete photochemical simulations, it is useful to
show that the identified species are linked to NOx-ROG chemistry in a more general sense

than can be shown just from model results.

The chemistry of ozone formatiop can he nnderstood from the following simplified
reaction sequence.

RH + ¥ + H2O
RO24NO .. ____ +HO2+NO2
HO2 +NO (971 OH + NO2

co +0H 9 Hoy + oy

RH represents a generic hydrocarbon ché.ih, and RO represents an organic peroxy radical.

Most hydrocarbon reaction sequences follow this format. The sequence is initiated by a
reaction between a primary hydrocarbon and the OH radical, creating an RO chain, and
followed by a rapid reaction of the RO2 with nitric oxide. The RO2+NO reaction leads to
the production of HO2, which also reacts with NO to return the original OH radical. The
RO2+NO reaction also leads to the production of intermediate ROG species (represented

here as R'CHO), which continue to react via a similar sequence until it is oxidized to CO or
COo*.

* For example, here is the reaction sequence for propane (C3Hg):

C3Hg + OH [9;] C3H702 + Hp0

C3H7072 +NO [9;] C2H5CHO + HO2 + NO2
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Reactions R2 and R3 are the ozone-producing reactions, because the conversion
from NO to NO2 is followed by photolysis of NO2 (NO2+hn—NO+0,

O0+02+M—03+M). In this simplified version, the rate of ozone production can be
associated with the rate of reaction R1, or with the summed rates of R2 and R3.

It is obvious that the rate of the above reaction sequence is controlled by the
availability of odd hydrogen (or odd-H) radicals (OH, HO2 and RO2). The sum of odd-H
radicals (OH+H02+2R02) is conserved in each of the above reactions. The behavior of
the reaction system can be understood in terms of the following reactions that act as odd-H
sinks or sources (Kleinman et al., 1986, Sillman et al., 1990a, 1995a):

HO?2 + HO2 -H202 + O2 RS
RO2 + HO2 -ROOH + Op R6
"oH +NO72 -HNO3 o R7
03 +hv 3 5 on RS

Photoly515 of ozone (R8) is often the largest source of odd-H radxcals Photolysxs
of intermediate hydrocarbons (chiefly formaldehyde HCHO and other aldehydes) also
provxdes a 51gmﬁcant radical source and may exceed R8 i in urban locations. The two major
‘sinks for radicals are the formation of peroxides (R5 and R6) and the formation of nitric
acid (R7). Net formation of PAN can also be a significant radical sink (Sillman et al.,
1995c). The PAN reactions are included here for completeness:

RO32 + NO7 —»PAN ' R9

PAN —RO2 + NO2 R10 -

Because the odd hydrogen radicals are short-lived, reactions R5-R8 form a steady
state in which the radical source reaction (R8) is balanced by the radical sinks (RS, R6 and
R7, along with net production of PAN). The resulting equation for odd-H radicals is:

SH = PHNO3 + 2PH202 + 2PROOH + PPAN (2-1)
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where SH represents the odd-H source ( equal to jg[03] with photolysis rate jg for reaction
R8), PHNO3 represents the production rate for HNO3 (equal to k7[OH][NO2] with rate
constant k7 for reaction R7), PH202 and PROOH represents the production rate for
peroxides (equal to k5 [H02]2 and kg[HO2][RO2], respectively) and PPAN represents net
production of PAN and other PAN-like species.

The split into NOx-sensitive and ROG-sensitive regimes for ozone can be derived
directly from the above analysis of odd-H radicals. When peroxides represent the
dominant sink for radicals, then equation (1) reduces to:

SH= PROOH =2k5[HO2]2 + 2k¢{HO2][RO?] (2-2)

In this situation the sum [HO2]+[RO2] will be largely unaffected by ROG and NOx, being
determined entirely by the size of the radical source (SH, dependent on sunlight, HoO and
O3). The rate of ozone production, equal to the summed rates of reactions R2 (=R02+NO)
and R3 (=HO2+NO), will increase in direct proportion with NOx and will show little -
dépéndence on ROG. ROG contributes to ozone production only to the extent that it
‘increases the radical source (SH), and even this impact is ;educéd by the quadratic term for
HO2. This corresponds to the NOy-sensitive regime for ozone. '
~ When nitric acid represents the dominant sink for radicals the situation is very

different:

SH= PHNO3 = k7[OH][NO2] '_(2—3)

Here the concentration of the OH radical decreases with increasing NOx. OH may also
increase slightly with increasing ROG because ROG adds to the radical source (SH). Since

the rate of ozone production is approximately equal to the rate of reaction R1 (=RH+OH),
ozone production will decrease with increasing NOx. Ozone production will also increase

with increasing ROG, possibly in a more-than-linear fashion. This corresponds to the
ROG-sensitive regime.

A complete solution for the above nine-reaction system (Sillman, 1995a) showed
that the split between the ROG-sensitive and NOx-sensitive regimes occurs when the

radical sinks through the formation of peroxides (R5 and R6) and the radical sink through
the formation of nitric acid (R7) are exactly equal. Since each peroxide represents a sink
for two odd-H radicals the transition from ROG- to NOx-sensitive chemistry corresponds

to

PHNO3 = 2(PH202 + PROOH) (2-4)

17



The instantaneous rate of production of O3 will be NOx-sensitive whenever the
instantaneous rate of production of peroxides (PH202 + PROOH) is greater than the
instantaneous rate of production of nitric acid (PHNQ3) multiplied by 0.5, and that the rate
of production of O3 will be ROG-sensitive whenever the rate of production of nitric acid
multiplied by 0.5 is greater than the rate of production of peroxides. This result suggests
that the NOx-ROG sensitivity of ozone concentrations (as opposed to the instantaneous

H .
production rate) might be correlated with the ratio HNZ—(())%’ using measured H2O2 and

HNO3 concentrations rather than production rates. Both of these species are relatively
long-lived (1-2 days in the convective mixed layer, assuming dry deposition velocities of

1.0 cm/sec for H2O7 and 2.5 cm/sec for HNO3). Deposition represents the largest sink

O
for both species. The 1-2 day lifetime suggests that II;II%IO%; will represent photochemical

conditions representative of ozone formation over a 1-2 day period, which is appropriate

for a diagnosis of NOx-ROG sensitivity for ozone concentrations. The validity of II__IH%]%%

as an indicator for NOx-ROG' chemistry will be examined in Section 3. - :
The theoretical basis for 03/NOz and O3/HNO3 as NOx-ROG indicators can also.

be derived from the steady-state equation for odd-H radicals. Assuming that the radical |

source (SH) is dﬁe to-ozone photolysis, R8, the radical cqilation (2-1) can be reWi‘ittgn as

18[03] = i’mqos +2PH202 +2PROCH + PPAN. (2-1a)

. Since the transition between fhe NOy- and 'ROG-éensitive régimes occurs when the radical
sink terms for peroxides and nitric acid are equal to each other (equation 2-4), the NOx-
ROG transition also corresponds to:

j8[03]1= 2PHNO3 +PPAN (2-5a)
or

[03] 1 :
=— 2-5b
2PHNO3 +PPAN 8 (2-59)

This result suggests the use of either 03/NOz or O3/HNO3 as a NOx-ROG indicator. A
(O3]
2PHNO3 +PPAN

for much of the air mass history, corresponding to ROG-sensitive chemistry, while a high
[03]
2PHNO3 + PPAN

much of the air mass history, corresponding to NOx-sensitive chemistry ~ As was the case

low value for O3/NOz or O3/HNO3 suggests that the ratio was low

value for O3/NOz or O3/HNO3 suggests that the ratio was high for
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for y}m%’ the indicator ratios 03/NOz and O3/HNO3 both involves species with a 1-2

day lifetime and therefore reflect the chemistry associated with a cumulative period of ozone

) .. H»20 ) 0 ...
production. Unlike HI%I023’ the equation for _@3}: suggests that the NOx-ROG transition

may vary with cloud cover or with water vapor, both of which affect the reaction rate
parameter, j§.

The linear correlation between O3 and the sum 2H202+NOz, proposed as an
evaluation for the indicator method, is also based on the theoretical analysis of the steady-
state radical equation (2-1). The radical equation suggests that there should be a linear
correlation between O3 and (2H202+NOz) because the former represents the odd-H radical
source and the latter represents the sum of radical sinks. Since the indicator method is
linked in theory to the role of these species as radical sources and sinks, it is important that
the measured correlation between these species show reasonable correspondence with
model results. The slope between O3 and (2H202+NOZ) is expected to Vary with water
vapor concentration because the rate of the photolysis reaction R8 includes dependence on
' water.va'po'r. The slope should also vary from day to day based on cloud cover (which also
affects the pﬁotolysis rcact_iOn) and rainfall (which rcrhoves H202 and HNO3). However:
. it should show relativély little variaion between rural and urban locations during the same
time period. ‘This prcdlctcd linear correlation should contrast with the relation between 03
and NOz, Wthh often shows a.decreasing O3-NOy slope as NOz increases (Daum et al.,
.1996) The slope between O3 and (2H202+NOZ) might be expected to increase sllghtly in
‘urban locations due to the added radical source associated with hydrocarbons.

The above analysis has identified correlations between NOx-ROG sensitivity and
indicator ratios based solely on an analysis of ozone production. It has not included the
impact of NOx titration, i.e. removal of ozone through the reaction O3+NO which is
commonly associated with power plants and other large NOx emission sources.
Subsequent results are based on models with a more complete representation of
photochemistry and include this effect. However the indicator-NOx-ROG correlations (for

both O3/NOz and }}11_1%1%%') show a characteristic failure in locations where O3-NOz-ROG

chemistry is dominated by ozone destruction via the O3+NO reaction rather than by
photochemical production of ozone. Since NOx-ROG chemistry is primarily of interest in
situations dominated by ozone production this problem should not limit its use. The

indicator correlations shown in the next section appear to function correctly in models that
include large area NOx sources (i.e. large cities). However care must be taken when
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indicator measurements are made in the immediate vicinity of a large NOx point source,
e.g. a power plant.

20



50

(e o
(— =
=T T

NOx (ppb)

1 1 1 'I' 11 ll-ll ". —=l
10 20 50 100 200 500

Hydrocarbons (ppb O)

. Figure 2-1 Isopleths showmg net rates of ozone productxon in ppb/hour averaged over
an 8-hour daytime period, as a function of NOx and ROG concentrations.
Isopleths range from O to 20 ppb/hour in intervals of 2.5 ppb/hr. The dashed
lines represent calculated evolution of NOx and ROG concentrations over an
eight-hour period for air parcels with an 1n1t1al ROG/N Ox ratio of 5:1, adapted
from Mllford et al. (1994) )
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Figure 2-2. Predicted response of peak ozone concentrations (ppm) at locations across

the Los Angeles basin, to spatially uniform NOx and ROG emissions
reductions. The upper right-hand corner of each response diagram
corresponds to the base case. (a) Downtown Los Angeles; (b) Pasadena; (c)
San Bemnadino; (d) Chino; (e) Roubidoux. From Milford et al., 1989.
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Figure 2-3. Predicted reduction in peak O3 (in ppb) resulting from a 35% reduction in
the emission rate for anthropogenic ROG (crosses) and from a 35% reduction in
the emission rate for NOx (circles) plotted against NOy (ppb) coincident with
the ozone peak. Simulations are described in Section 3.1. From Sillman
(1995a) based on Milford et al. (1994) and Sillman (1993).
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SECTION 3
RESULTS FROM PHOTOCHEMICAL SIMULATIONS

This section will present results for 03-NOx-ROG sensitivity from a series of
photochemical simulations and analyze the correlation between NOx-ROG sensitivity and
the various photochemical indicators as predicted by the models.

Results will be based on groups of three simulations: an initial scenario, a
simulation with anthropogenic ROG emissions reduced by a fixed percentage (usually
35%) relative to the initial scenario, and a simulation with anthropogenic NOx emissions
reduced by the same percentage relative to the initial scenario. Results will be shown fora
specific hour (usually in the afterhooﬁ and corresponding to the time of peak O3 occurring
in the initial model scenario). ROG-sensitivity will be reported as the difference between
O3 in the initial scenano and O3 in the simulation with reduced ROG at the same time and .
locatxon NOx-sensmwty will be similarly- neported as the dlfference between 03 in the
initial scenario and O3 in the simulation with reduced NOx. These results for model ROG- -
and NOx-sensitivity will be presented in comparison with values for photochemical
indicators at the same time and location in the initial model scenario. Results will typically
be reported for every location in the model domain or sub-region of interest.

H20
Complete graphical results will be shown for two indicator ratios: I\(I)g and HI2\1023

Results for the other indicator ratios are visually very similar to these two, and will be
presented in abbreviated form. In addition, a concise method for tabulating results of the
NOx-ROGe-indicator correlation will be developed, based on a statistically defined

transition between indicator values associated with ROG-sensitive chemistry and indicator
values associated with NOx-sensitive chemistry. This statistically defined transition point

will be used to summarize results from all model scenarios and for each indicator ratio.
Graphical results will also be shown for indicator ratios that did not correlate well with

NOx-ROG sensitivity: No_(gx and the ratio of reactivity-weighted hydrocarbons to NOy.
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The simulation results shown here should not be interpreted as recommendations
for specific ozone abatement strategies or as statements about NOx-ROG sensitivity in
specific locations. Many of the simulations use outdated inventories for anthropogenic
- emissions. Most of the simulations use the BEIS1 inventory for biogenics, which
underestimates isoprene by a factor of three or more (Geron et al., 1994) and consequently
causes model results to be biased in favor of ROG controls. In addition, the selection of
model scenarios for the NOx-ROG analysis deliberately favored ROG-sensitive scenarios,
especially for Atlanta. A meaningful evaluation of NOx-ROG indicators is only possible
in model scenarios that include both NOx-sensitive and ROG-sensitive subregions, which
did not occur in some of the NOx-sensitive scenarios. Despite these caveats, the model
NOx-ROG results are offered as meaningful indications of NOx-ROG sensitivity in relation
to each other; i.e., the differences in NOx-ROG sensitivity between model scenarios
represent tendencies that are likely to be reproduced in other NOx-ROG models.

3.1 Description of photochemical simulations

Results are based on five séparate model applications: a regional-scale simulation -
for the Lake Miéhigan a.itshed, aregional-scale simulation_ for the northeast corridor, an
urban-scale (UAM-IV) simulation for Ne\'»_/‘ York, an urban-scale (UAM-1V) simulatign for
Atlanta, and an urban- scale (UAM-1V) simulation for LoS Angeles Preliminary results are
also shown for the Middle Tennesee Ozone Study in Nashvnlle A detailed dcscnptlon of
each sxmulatlon is given here ‘

(a) Lake Michigan regio_nal simulations:

Event: August 1-2, 1988.

Model: Regional-scale model developed at the University of Michigan.

Chemistry: Lurmaﬁ et al. (1986) with various updates, including reaction rates from
DeMore et al. (1992), added RO2+HO?2 reactions from Jacob and Wofsy (1988),
isoprene chemistry from Paulson and Seinfeld (1992), photolysis rates from Madronich
(1987), column ozone equal to 325 DU, aerosol optical depth 0.68, representing
moderately polluted conditions, clear skies. Dry deposition velocities over land were:
03 and NO3, 0.6 cms-1; NO, 0.1 cm s-1; HNO3, 2.5 em s-1; PAN, 0.25 cm s-1;
and H202, 1.0 cm s~1. Deposition velocities over water were reduced to 0.05 cm s-1
for all these species, reflecting a probable surface inversion over cold water during the

simulated events.
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Grid resolution and domain size: 20x20 km horizontal resolution, 3 vertical layers.
The vertical structure accounts for stable conditions over Lake Michigan during the
daytime and generates a confined sub-layer for urban emissions from Chicago, with
typical heights 200-500 meters. The vertically confined Chicago plume is consistent
with recent aircraft measurements by Hillery (1995). The domain extends from south
of Chicago to the northern end of Lake Michigan, 220x380 km. This was combined
with a coarse-resolution model for regional transport that included most of the eastern
U.S. (Sillman et al., 1990b). NOx-ROG sensitivity was based on reduced emissions
throughout both model domains.

Horizontal advection: Smolarkiewicz (1983) for the local domain, Prather (1986) for
regional transport.

Meteorology: Winds were interpolated from measurements at sites in the Lake Michigan
region and from regional measurements from the National Weather Service. Some
modifications were made in wind speeds to improve model performance vs. measured
‘ozone. Mixing heights were based on measured vertical temperature profiles at land-
based sites, along with the assumption that growth of the mixed layer ceases as air
travels over Lake Michigan.

Enussnons. Anthropogenic emissions aré from the NAPAP 1980 mventory (EPA,
1986). Blogemc emissions are derived from data by La_mb et al. ((1985) in

_ combination with land uSe_data by Matthews (1983), similar to BEIS1.

Alternate scenarios: Modified scenarios include doubled anthropogenic ROG
emissions and anthropd'genic emissions reduced by half. NOx-ROG results are
reported for 6 pm, which corresponded to peak or near-peak O3 in all scenarios.

Reference: Sillman et al., 1993.

(b) Northeast corridor regional simulations:

Event: June 14-15, 1988.

Model: Regional-scale model developed at the University of Michigan.

Chemistry: Lurman et al. (1986) with various updates, including reaction rates from
DeMore et al. (1992), added RO2+HO? reactions from Jacob and Wofsy (1988), ‘
isoprene chemistry from Paulson and Seinfeld (1992), photolysis rates from Madronich
(1987), column ozone equal to 325 DU, aerosol optical depth 0.68, representing

moderately polluted conditions, clear skies. Dry deposition velocities over land were:
03 and NO2, 0.6 cms-1;NO, 0.1 cm s°}; HNO3, 2.5 cm s-1; PAN, 0.25 cm s°1;
and H202, 1.0cm s-1. Deposition velocities over water were reduced to 0.05 cm s~!



for all these species, reflecting a probable surface inversion over cold water during the
simulated events.

Grid resolution and domain size: 20x20 km horizontal resolution, 3 vertical layers.
The vertical structure accounts for stable conditions over the Atlantic Ocean during the
daytime and generates a confined sub-layer for land-based emissions. The domain
extends from south of Chicago to the northern end of Lake Michigan, 480x560 km.
This was combined with a coarse-resolution model for regional transport that included
most of the eastern U.S. (Sillman et al., 1990b). NOx-ROG sensitivity was based on
reduced emissions throughout both model domains.

Horizontal advection: Smolarkiewicz (1983) in the local domain, Prather (1986) for
regional transport. _ |

Meteorology: Winds were interpolated from measurements at sites along coastal New
England and from regional measurements from the National Weather Service. Some
modifications were made in wind speeds to improve model performance vs. measured
ozone. Mixing heights were based on measured vertical temperature profiles at land-
based sites, along with the 'éssumption that growth of the mixed layer ceases as air
travels over the Atlantic Ocean. -

Emissions: Anthropogenic emissions are from the NAPAP 1980 inventory (1986).
Brogemc emissions are derlved from data by Lamb et al. ((1985) in combination with
land use data by Matthews (1983), similar to BEIS1.

Alternate scenarios: Mod:ﬁed scenarios include the following: a scenario wrth zero

- biogenic emissions; a scenario with doubled i 1soprene emissions and mixed layer
heights reduced by half; a scenario with wind speeds reduced by half; a scenario with
increased deposition velocities (4 cm s-1 for H202 and HNO3 over land) and wind
speeds reduced by half. NOx-ROG results are reported for 6 pm, which corresponded
to peak or near-peak O3 in all scenarios.

Reference: Sillman et al., 1993.

(¢) New York urban simulations:

Event: July 21, 1980.

Model: Urban Airshed Model (UAM-IV).

Chemistry: Carbon Bond IV.

Grid resoluiion and domain size: 8x8 km horizontal grid cell resolution, 5 or 7
vertical layers. The domain extends from central New Jersey to eastern Connecticut
and Long Island (248x200 km). Upwind conditions were derived from the Regional
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Oxidant Model, with nominal 20x20 km horizontal grid resolution and domain covering
the eastern half of the U.S.

Horizontal advection: Different scenarios use either Smolarkiewicz (1983) or Bott
(1989).

Meteorology: Two scenarios were included with different meteorology. One used the
UAM-IV diagnostic wind processor in combination with measured vertical profiles of
temperature and wind speeds from the National Weather Service. The other scenario
used results from a dynamic mesoscale meteorological model (MMM) by Ulrickson and
Hass (1990), including four-dimensional data assimilation.

Emissions: Anthropogenic emissions are from the Rao and Sistla (1993). Biogenic
emissions are from BEIS1 (Pierce et al., 1990).

Alternate scenarios: Two scenarios were included: a scenario with five model vertical
layers and meteorology from the UAM diagnostic wind processor ("DWM-5") and a
scenario with seven model vertical layers and meteorology from the mesoscale '
meteorological model ("MMM- 7") The latter scenario had lower wind speeds and
resulted in higher ozone. NOx-ROG results are reported for 5 pm. Peak 03 occured at

3 pm.

(d) Atlanta 'u_rban: simulations:

~ Event: August 9-11, 1992..

Model Urban Airshed Modcl (UAM-IV)

Chemistry: Carbon Bond IV.

Grid resolution and domain size: 4x4 km horizontal resolution, 5 or 7 vertical layers
in different scenarios. The domain includes metropolitan Atlanta (108x140 km) but
does not include regional-scale chemistry and transport. Upwind conditions had
03=55 ppb, based on measurements upwind of Atlanta, and NOx=1 ppb. In addition,
the scenarios included here have upwind H2O2 (=1 ppb), HNO3 (=2 ppb) and PAN
(=0.75 ppb). These modified upwind concentrations were derived from correlations
between O3 and NOz (Trainer et al., 1993) and O3 and PAN (Roberts et al., 1995) at
rural sites in eastern North America.

Horizontal advection: Smolarkiewicz (1983).

Meteorology: UAM-IV diagnostic wind processor in combination with measured
vertical profiles of temperature and wind speeds. Mixing heights based on measured
vertical profiles and methods described by Marsik et al. (1995).
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Emissions: Anthropogenic eniissions are from Cardelino et al. (1994). Biogenic
emissions are from BEIS1 (Pierce et al., 1990).

Alternate scenarios: The scenarios shown here all had mixing heights reduced by 20%
relative to the base case, in order to enhance model sensitivity to ROG. They include a
scenario with BEIS1 biogenics and a scenario with tripled emission rates for isoprene,
approximately equal to the BEIS2 inventory (Geron et al., 1995). NOx-ROG results
are reported for 5 pm.

Reference: Sillman et al., 1995b, 1997a.

(e) Los Angeles urban simulations:

Event: August 26-29, 1987.

Model: Urban Airshed Model (UAM-IV).

Chemistry: Carbon Bond IV.

Grid resolution and domain size: 5x5 km horizontal grid cell size, 5 vertical .layers
The domain includes metropolxtan Los Angeles (180x325 km). Boundary conditions
were 30 ppb O3. _ _

-Horizontal advection: leferent scenanos use either Smolarklewncz (1983) or Bott
(1989). . : .

Meteorology UAM-IV dlagnostlc wind processor in combination w1th mcasured ‘
vertical proﬁles of temperaturc and wind speeds.

Emissions: Anthropogenic emissions are from the Southern California Air Quahty Study
(SCAQS) (Lawson et al., 1990, Wheeler et al., 1992). Biogenic emissions are from
BEIS| (Pierce et al., 1990).

Alternate scenarios: The scenario by Godowitch and Vukovich (1994) uses a version
of UAM-IV with horizontal advection based on Bott (1989). Scenarios by Wagner et
al. (1992) use the standard UAM-IV with horizontal advection based on Smolarkiewicz
(1983). The scenarios by Wagner et al. include a base case, a case with doubled
anthropogenic ROG and a case with tripled anthropogenic ROG. Simulated control
strategies are based on 25% reductions relative to the initial scenarios, rather than 35%
in the other case studies. NOx-ROG results are reported for 3 pm.

Note: Recent, more detailed photochemical models for Los Angeles have been developed
by Harley et al. (1993), Kumar et al. (1994) and Lu and Turco (1995).

Reference: Godowitch and Vukovich (1994), Wagner et al. (1992).



(f) Nashville simulations (preliminary):

Event: July 11-13, 1995.

Model: Nested urban and regional-scale model developed at the University of Michigan.

Chemistry: Lurman et al. (1986) with various updates, including reaction rates from
DeMore et al. (1992), added R02+H02 reactions from Jacob and Wofsy (1988),
isoprene chemistry from Paulson and Seinfeld (1992), photolysis rates from Madronich
(1987), column ozone equal to 325 DU, aerosol optical depth 0.68, representing
moderately polluted conditions, clear skies. The chemistry for this simulation also
includes modified RO2-RO?2 reactions and rates recommended by Kirchner and
Stockwell (1996), which were not included in previous cases with this model. Dry
deposition velocities over land were: O3 and NO?2, 0.6 cm s-1:NO, 0.1 em s-1;
HNO3,2.5cm s-1; PAN, 0.25 cm s-1; and H202,2.5¢cm sl Deposition velocities
for H2O? were increased in comparison with (a) and (b) above, based 6n recent work
by Hall et al. (1997). | | |

Gnd resolution and domain size: 5x5 km horizontal resolution, 3 vertical layers.
The domain is 180x180 km, centered on downtown Nashville. This was combined

- with a coarse-resolution model for reglonal transport that included most of the eastern
- U.S. (lelman et al., 1990b). NOx-ROG sensitivity was bascd on reduced emissions
throughout both model domains. ' ‘ ' -

Horizontal advectmn' Smolark1ew1cz (1983) for the local domam Prather (1986) for'

. regional transport. S |

'Meteorology: Winds and mixing hexghts were derived from the Rapid Update Cycle
(RUC) prognostic model (Benjamin, 1994), with modifications based on on-site
measurements in the Nashville area.

Emissions: Anthropogenic emissions are from the NAPAP 1990'.inventory (EPA, 1993)
for the regional background. Emissions for the Nashville urban domain are from an
indentory developed as part of the 1988 State Implementation Plan (SIP) for Nashville,
developed by W. Davis (University of Tennesee, Knoxville) and used with permission
from J. Walton (Tennesee Department of Environmental Quality). Biogenic emissions
are from BEIS2 (Geron et al., 1994).

Alternate scenarios: Modified scenarios include cases with dry deposition of H202
and HNO3 increased to 4 cm s-1, cases without the RO2-RO? reactions recommended
by Kirchner and Stockwell, cases with changed wind speeds and with reduced
emission of biogenic hydrocarbons. NOx-ROG results are reported for 4 pm, July 13,

which corresponded to peak or near-peak O3 in all scenarios.
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Reference: Sillman et al., 1597b. This publication has been recently submitted for
publication and has not yet been through peer review. Only preliminary results are
included here.

3.2 Results

03 03 |
@) NO > NOy 2" ANO3’
Figure 3-1 shows the correlation between model NOx-ROG sensitivity and 1\?8 for

six model scenarios. The figure shows the reduction in O3 associated with a particular
percentage reduction in anthropogenic ROG or NOx emissions (usually 35%), defined as
the difference between O3 in the initial scenario and O3 in the scenario with reduced ROG
or NOx at the same time and location. Negative values represent locations in which
reduced anthropogenic emissions results in an increase in O3. The simulated NOx-ROG

O
reductlons are plotted for all locations in the model domam in comparison thh NO3 in the

mmal model scenario. at the same time and location. :
Each simulation shows.a similar pattern. Locatlons w1th larger ozone reductions in
response to reduced ROG rather than reduced NOx (1 e. locations with ROG-sensmve

chermstry) also have low I&) (<8) in the initial sxmulatmn while locatlons with la.rger

ozone reductlons in responSe to reduced NOx (i.e. locatlons with NOx-sensmve chemistry)
O3 o)
also have hlgh NO, (>10) There is also a well-deﬁned value for % that defines the

transition between NOy-sensitive and ROG-sensitive regions. This transition value

remains the same in simulations for different metropolitan areas and for different model
scenarios.
Figure 3-1 also shows that the correlation between NOx-ROG sensitivity and the

03
indicator ratio NO, remains consistent in model scenarios with very different overall
NOx-ROG results. For example: the Lake Michigan base case (Figure 3-1a) has primarily
ROG-sensitive chemistry, especially in the locations with highest ozone in the plume from
Chicago. When the Lake Michigan simulation is repeated with initial doubled ROG

emissions (Figure 3-1b) the predicted NOx-ROG sensitivity changes and the locations with
highest ozone show approximately equal sensitivity to reductions in NOx and ROG. A

. . 03 .
comparison of these two scenarios shows that NO, also changes from low values in the

ROG-sensitive scenario to higher values in the more NOx-sensitive scenario. The change
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. O .. . . .
in N—g—— between the two scenarios is consistent with the overall correlation between NOx-

O
ROG chemistry and 1\%,’ , and suggests that measured Né might be used as a basis for

choosing between the NOx-ROG predictions of these two model scenarios.

Results from the two simulations for New York (Figures 3-1c¢ and 3-1d) illustrate
the impact of meteorology on NOx-ROG predictions. The northeast corridor base case
(Figure 3-1c) is characterized by relatively strong winds and vigorous vertical mixing, and
results in a largely NOx-sensitive simulation. The New York UAM scenario (with MMM-
7 meteorology) has lighter winds and results in a largely ROG-sensitive simulation. The

ROG-sensitive simulatifon also shows low I*?g while the NOx-sensitive simulation shows
. O
high N% As with the Lake Michigan case, the change in N(% between these two

O
scenarios is consistent with the overall correlation between N_C% and NOx-ROG

sensitivity. Although these two results were produced with different photochemical models -
the difference between NOx-ROG predictions appears to be due to the difference in o
meteorology between the'two- events rather than to differences between the models. Whéri =
the northeast corridor simulation is repeated with lower wind speeds it shows ROG-
sensitive chemistry, and when the New York UAM scenario is repeated with stronger wind
speeds it shows NOx-sensmve chemistry. (Results for these scenanos are shownin

Appendlx B). The correlation betwecn NOg and NOx ROG sensntmty appears conmstent.

- between the two models. ,

Lastly, the contrast between simulations for Atlanta and Los Angclcs' (Figures 3-1e
and 3-1f) illustrates the differences between cities with characteristics that favor NO-
sensitive chemistry as opposed to ROG-sensitive chemistry. Los Angeles as an urban area
has several characteristics that favor ROG-sensitive chemistry based on the description in
Section 2: a large city with high density ofemissions; limited vertical dilution; relatively
low emission rates of biogenic ROG in comparison with anthropogenic ROG; and
domination by local chemistry rather than regional transport. By contrast, Atlanta is a
relatively smaller city with lower emission density; higher ventillation rates than Los
Angeles, and high rates of biogenic emissions. The simulation results in Figures 3-1e and
3-1f reflect these differences, showing extensive NOx-sensitive chemistry in Atlanta and

extensive ROG-sensitive chemistry in Los Angeles. The simulations show a similar

difference between high 1\?03 in Atlanta in association with NOx-sensitive chemistry and

low NOT?, in Los Angeles in association with ROG-sensitive chemistry. This difference in
z
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O
Ng between Atlanta and Los Angeles, predicted by photochemical models, is also

consistent with amblent measurements (see Section 5).

Although the correlation between 1\?03 and NOx-ROG sensitivity appears

consistently in all six simulations, there are a few locations in the Los Angeles simulation
(Figure 3f) that violate the general pattern. These locations are characterized by high 1\?0
(>12) and ROG-sensitive chemistry. These locations are all characterized by a large
negative response to reduced NOy, i.e. reduced NOx causes a significant increase in
simulated O3 at these locations. These exceptional points occur in locations where NOx-

ROG sensitivity results are dominated by titration of O3 by direct emissions from a local

O
NOx source. As explained in Section 2, the association between W(%Z and NOx-ROG

sensitivity is derived in theory from the chemistry of ozone production and does not include
NOx titration. The same type of exception appears in results with most of the other

mdlcator ratlos (e.g. see Flgure 3-4f) The exceptions do not appear in results for NO(i
11ustrated in Figure 3-2, bccause locatxons dominated by NOx titration all have ‘
03
charaqtenstlcally high NOy and low N_Oy :
03 03 03

" Results from other simulations for the indicator ratios . NO NOy and HNO: 3 are

all V1sua11y smnlar to the results in Figures 3-1'and 3-2. Complete results are shown in the
Appendlx Summary transition values for N Ox- vs ROG-sensititive chemistry are: 8-10

for & 6-7.5 for - and 10-15 for

03 03
NOz’ NOy’ HNO3"
A useful way to describe the correlation between NOx-ROG sensitivity and

indicator ratios is to compare the statistical distribution of indicator values associated with
NOx-sensitive chemistry with the distribution of indicator values associated with ROG-

o O
sensitive chemistry in individual photochemical simulations. The distribution of N—(;’Z— for

NOx-sensitive and ROG-sensitive locations in the simulation for Los Angeles is shown in

Figure 3-3. The following definition is used for this analysis: a location is defined as
NOx-sensitive if O3 in the simulation with reduced NOyx emissions is lower than O3 in

both the initial simulation and the simulation with reduced ROG by at least 5 ppb.
Similarly, a location is ROG-sensitive if O3 in the simulation with reduced ROG emissions
is lower than O3 in both the initial simulation and the simulation with reduced NOxy by at
least 5 ppb. Results of this analysis (Figure 3-3) show that a large majority of ROG-

O .. . .
sensitive locations have much lower NE)?L than the NOx-sensitive locations and there is
z
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relatively little overlap between the range of N—%- for ROG-sensitive locations and the

range of \f(O3,NOgz) for NOx-sensitive locations. The 92nd percentile of the distribution
of No_gz for ROG-sensitive locations (8.25) is almost identical with the 8th percentile of the

distribution of N&Oz for NOx-sensitive locations (8.16). In other words, 92% of the ROG-
sensitive locations have % below this value while 92% of the NOx-sensitive locations

03 . A
have _NOZ above this value. -

The presentation of model results in terms of percentile distributions of NOx- and
ROGe-sensitive indicator values also provides a concise way of tablulating the indicator-
NOx-ROG correlation from individual simulations. Table 3-1 shows the 95th percentile
indicator values for ROG-sensitive locations and the 5th-percentile indicator values for
NOxy-sensitive locations for each model scenario. A companson between the 95th and 5th
percentile values provides an estimate for the extent of overlap between ROG-sensitive and
NOx-sensitive indicator values; i.e. when the 95th percentile ROG-sensitive value is equal
to or lower than the 5th percentile NOx-sensitive value there is little'bverlap between NOx-
sensitive and ROG-sensitive iﬁdiéator ‘values. The 95th and 5th percentile Value‘é also
.~ define the transition point between NOx-sensitive and ROG-sensitive indicator values in
each scenario and provxdc a convcment basis for comparison between indicator transmon
points in each sxmulatxon This information is also presented graphlcally in Flgure 34, |
“The information in Figure 34 can be easily understood if it is kept in mind that 95% of the
locations with ROG-sensitive chemistry in each simulation have indicator values below the
solid line in the figure, while 95% of location with NOx-sensitive chemistry have indicator
values above the dashed line.

As shown in Table 3-1 and Figure 34 the correlation between NOx-ROG

O
sensitivity and the indicator ratios I\?gz I?C:))’y and HN?):), remains consistent for a wide

range of simulations, including scenarios for different cities, different meteorology, widely
varying anthropogenic emission rates, ROG/NOx ratios and biogenic emission rates. The
transition point between NOx- and ROG-sensitive chemistry shows relatively little variation
among the model scenarios. The values for the NOx-ROG transition for each indicator,
cited above, also appear clearly in Figure 3-4. The subsequent notes focus results that
represent exceptions to this generally consistent pattern. The first three issues below
(multiday transport, deposition rates and particulate nitrate) relate to uncertainties in
science. The others (Smolarkiewicz advection and upwind boundary conditions) relate to

model artifacts.
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(1) The simulation for the northeast corridor with zero isoprene also shows NOx-

ROG transition values that are significantly higher than the other scenarios. The apparent
reason for this discrepancy is that the urban plume from the New York metropolitan area
still has ROG-sensitive chemistry even after 24 hours of downwind transport.
Consegnently the NOx-ROG transition is affected by nighttime chemistry. In the other
scenarios, plumes that are more than 24 hours downwind from emission sources are either
all NOx-sensitive (due to photochemical aging and loss of NOy at night) or else have exited
from the model domain. The NOx-ROG transition in a 2-day-old plume may occur at a
higher indicator ratio due to more rapid removal of HNO3 relative to O3 as the plume ages.

(2) The simulation for the northeast corridor with increased dry deposition rates for

HNO3 and H203 has a higher NOx-ROG transition point than the other scenarios. This
may represent a significant scientific uncertainty. The uncertain removal rate for HNO3 is
also related to uncertainties in the interpretation of particuiate nitrate measurements,
discussed below. In a sensitivity test shown here, incrcased deposition causes the NOx-f
ROG transition to increase by only 10%, but the change in dcposifion was relatively small
(4 cm/s for HNO3 vs 2.5 cm/s in the base case). Preliminary résults for Nashville, -
'incl_uded. in Table 3-1, also has higher NOx-ROG transition poi_nfs in a scenario with high
. deposition. ’ . o | ,
" (3) None of the simulations shown here include particulate nitrate. Itis unclear
whether particulate nitratg should be included implicitly in I-INOj, NOz or NOy. Td the
-extent that particulate nitrate is formed directly from ' HNO3 and is ultimately derived from
NOy emissions, it should be either represented as a loss term for HNO3 in model
calculations or else included implicitly in model gas-phase HNO3. But if particulate nitrate
is emitted directly into the atmosphere, this directly emitted nitrate should not be included in
the indicator ratios. Parrish et al. (1993) found that particulate nitrate was small compared
to HNO3 and other components of NOz at rural sites in eastern North America, but Tuazon
et al (1980, 1981) found that NH4NO3 aerosols accounted for a significant fraction of total
reactive nitrogen (assumed to include NO3- but not NH3 or NH4+) at one site (but not all
sites) in Los Angeles. Interpretation of particulate nitrate represents a significant
uncertainty.

(4) The UAM-IV simulations for Los Angeles from Wheeler et al. (1992)
generated much greater overlap between ROG-sensitive and NOx-sensitive indicator values
than any of the other simulations. The degree of overlap in the Wheeler et al. simulations
might be due to the Smolarkiewicz advection calculation in combination with the extremely
sharp gradients in O3 and reactive nitrogen in the simulations. These simulations included

gradients in ozone concentrations of 50 ppb or higher between adjacent 5x5 km horizontal
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grid cells, with corresponding gradients in reactive nitrogen and H202. In the
Smolarkiewicz advection calculation the presence of steep concentration gradients can cause
results for individual locations to be affected by the concentrations of neighboring grid
cells. This may be the cause of the imprecise NOx-ROG-indicator correlation in the
simulations by Wheeler et al. The simulation by Godowitch et al. represents the same
event and uses similar meteorology and the same photochemical model, but advection is
calculated based on Bott (1989) instead of Smolarkiewicz. The resulting simulation shows
much less overlap between NOx-sensitive and ROG-sensitive indicator values.
Imprecision associated with the Smolarkiewicz advection calculation has been cited
elsewhere (Chock, 1991). |

03

Results tend to be somewhat better for NO

O
than NO3 , especially for the Los
O
Angeles simulations by Wagner et al. Despite this, it is recommended that % be used as

03
in mdlcator rather than (or in addmon to) NOy whenever possible. This recommendatxon

is partly based on the fact that a useful correlation has been found in measurements between
~03 and NO; (see the Los Angeles case study in Section 5, also Figures 4-3 and 4-4 and

O
results in Trainer-et al.; 1993) In addition, measured Ngy at surface sites may be

' dommated by on-site NOx ermssxons

- In situations where only NO and NOy measurements are available'a useful -
approxnmatxon for NOxy and NOz might be made by using the stcady-state relation between
03, NO and NO2: '

NO j11
< ) -
NO7 = k1203 G-1

where j11 and k12 are the reaction rates for NO2+hv->NO and NO+03->NO3,
respectively. Chameides et al. (1990), Ridley et al. (1992) and others have found that the

above equation underestimates I?_C())z in rural locations by ~30% due to the ozone-producing

reactions (HO2+NO->OH+NO?). The underestimate is lower in urban centers. A
plausible approximation for NOx as a function of NO would be:

NOx = NO(1+0.05 O3) (3-2)

where the coefficient 0.05 represents the ratio j11/k12 during full sunlight. This
approximation tends to underestimate NOx. This type of approximation has never been

used as a basis for analyzing data sets in the absence of NO2 and therefore must be
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regarded as speculative. However it might provide a basis for evaluating the accuracy of
measured NOy and for identifying cases where measured NOy may be dominated by on-

site NOx emissions.
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(a) Lake Michigan regional simulation - base case (6 pm)
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(b) Lake Michigan regional simulation - doubled ROG (6 pm)

Figure 3-1. Predicted reduction in afternoon O3 (in ppb) resulting from a 35% reduction
in the emission rate for anthropogenic ROG (crosses) and from a 35% reduction
in the emission rate for NOx (circles) plotted against O3/NO; at the same time
and location. Simulations are described in Section 3.1. From Sillman (1995a,
1997a).
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(c) Northeast corridor regional simulation - base case (6 pm)
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(d) New York urban simulation - "MMM-7" meteorology (5 pm)

Figure 3-1 (continued): Predicted reduction in afternoon O3 (in ppb) resulting from a
35% reduction in the emission rate for anthropogenic ROG (crosses) and from a
35% reduction in the emission rate for NOx (circles) plotted against O3/NOz at
the same time and location. Simulations are described in Section 3.1. From
Sillman (1995a, 1997a).
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(e) Atlanta urban simulation - BEIS1 and low mixing height (5 pm)
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(f) Los Angeles urban simulation - Godowitch and Vukovich(1994) base case
(3 pm)

Figure 3-1 (continued): Predicted reduction in afternoon O3 (in ppb) resulting from a
35% reduction in the emission rate for anthropogenic ROG (crosses) and from a
35% reduction in the emission rate for NOx (circles) plotted against O3/NOz at
the same time and location. Simulations are described in Section 3.1. From
Sillman (1995a, 1997a).
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Flgure 3-2 : Predicted reduction in afternoon O3 (in ppb) resulting from a 35% reduction
in the emission rate for anthropogenic ROG (crosses) and from a 35% reduction
in the emission rate for NOx (circles) plotted against O3/NOy at the same time
and location. Results are for the Los Angeles urban simulation by Godowitch
and Vukovich (1994) From Sillman et al. (1997a).
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Figure 3-3 : Cumulative percentile distribution of O3/NOg for locations with ROG-
sensitive chemistry (solid line) and for locations with NOx-sensitive chemistry
(dashed line). Percentiles represent the fraction of the total array with O3/NO2
lower than the specified value. Results are for the Los Angeles urban
simulation by Godowitch and Vukovich (1994) and based on analysis reported
in Sillman et al. (1997a).
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Table 3-1

NOx- and ROG-sensitive values for N(g’y’ l‘?gz and Hl(\;?) 3 as photochemical

indicators

The table gives the 95th percentile value for the distribution of each indicator ratio over ROG-
sensitive locations and the 5th percentile value for NOx-sensitive locations for various model
scenarios.

: O3 03 03
Model scenario NO, NOy HNO;
95th 5th 95th 5th 95th 5th
ROG NOy ROG NOy ROG NOy
Lake Michigan regional simulations:
1. Base case 8.2 115 - 6.7 9.4 11.8 18.1
2. Doubled ROG - 8.6 8.1 7.6 7.7 152 124
3. ROG reduced by half o 7.9 7.8 © 60 68 10.1 94
4. Base case at 12:00 pm. 93 13.0 - 69 94 . 15 21 .
“Northeast corridor regional simulations: . - . . _ ’
5.Basecase - - 76 - 9.7 65 8.2 15 17
6. Zero isoprene - - - . 136 140 104  11.8 19 16 -
7. Low mixing . 8.2 9.6 74 8.4 15 17
8: Doubled isoprene and low mixing 70 735 - 5.2 6.2 15 17
9. Reduced wind speeds 9.2 102 69 82 . 17 18
10. Increased deposition, reduced winds 102 11.1 15 9.0 21 21
New York urban simulations; - A : : o
" 11. MMM-7 meteorology 74 99 7.1 6.7 - 121 126
12. DWM-5 meteorology 7.3 94 45 7.8 8.4 11.1
Atlanta urban simulations:
13. BEISI 9.6 12 6.7 8.1 13 16
14. Tripled isoprene 1.7 11 54 7.5 9.8 16
Los Angeles urban simuiaions:
15. Godowitch base case 10.4 9.8 6.1 7.5 14 14
16. Wagner base case 20 6.3 8.0 5.6 34 7.3
17. Wagner, doubled ROG 14 6.2 7.6 5.7 38 7.4
18. Wagner, tripled ROG 14 6.2 8.3 5.5 48 7.7
Nashville (preliminary)
19. Base case 5.6 7.1 7.3 8.4 9.1 12
20. Older chemistry 5.8 7.0 7.4 8.1 9.5 12
21. Higher deposition (4 cm s°1) 6.4 8.4 8.6 = 102 11 15
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H202 H202 H202 |
®) HNO3’ No, 2" Noy °
. e H207 . N
The correlation between NOx-ROG sensitivity and HNO3 S shown in Figure 3-5.
Complete results are shown in the Appendix. The correlation for N2002 and HNzgy 2 is

visually similar to I}{II%IC(% but with a different value for the transition between ROG-

sensitive and NOx-sensitive chemistry. The NOx-ROG transition points are identified

through the 95th percentile ROG-sensitive and 5th percentile NOx-sensitive indicator
values, which are shown in Figure 3-7 and Table 2. As was the case for 'I\%' the ratio

II;III%]%’; is strongly correlated with NOx-ROG sensitivity in model results, and the

correlation remains consistent for different locations, model types and model scenarios.

- Changes in model assumptions that cause a shift in NOx-ROG sensitivity also cause an
“equivalent change in the ratio II-III%IC())Z_?, The same pattern is repeated for the other H202

ratios. As descnbcd in Sect:on 2.1, the correlation between I}-{Il%l%% and NOX-ROG

sensitivity is derived directly from the chermstry of ozone productxon and consequently has |

H202 and I'1202

a strong theorencal justification. Model results show that NO, - correlatc w1th '

NOx-ROG sensitivity equally well, although the theoretlcal Justlﬁcatlon is denved from
:H202 . .
HNO3

The ratios involving H202 have two important advantages over 1\? C3)z and its

equivalents as an indicator for NOx-ROG chemistry. First, the NOx-ROG correlation is
stronger for the indicators involving H202. A comparison of Figures 3-1 and 3-5 shows
that the difference between NOx- and ROG-sensitive values is much larger for the HO»-
based indicators than for the O3-based indicators, making the possibility of error due to
imprecise measurement less. The transition region between NOyx- and ROG-sensitive
chemistry is also smaller in comparison to the difference between NOx- and ROG-sensitive
values for the H)O2-based indicators. The 95th percentile ROG and 5th percentile NOx-
sensitive values in Table 2 demonstrate the small exteent of overlap between NOx-sensitive
and ROG sensitive values for the H2O2-based indicators. Second, species correlations
involving H2O2 provide an important diagnostic test for the validity of the indicator

method, transition points and the accuracy of measurements. This is described below in



Section 4. The inclusion of tests for the accuracy of method rather than simply accepting
the indicator NOx-ROG correlation "on faith" is an important advantage for data sets that
include H202. However H202 measurements are more difficult and less accurate than O3,
and the H202-based indicators and are more sensitive to model uncertainties, especially
with regard to deposition rates (see below).

Most of the uncertainties described above in connection with the O3-based
indicators also apply to the H202-based indicators. As shown in Figure 3-4 for Los
Angeles, an exception to the indicator NOx-ROG correlation occurs for location where
NOx-ROG sensitivity is due to titration by direct NOx emissions rather than by differing
rates of ozone productjon These exceptions do not appear in the NOx-ROG correlation for

o C e . .
(Flgure 3-5), although I-I;I%IOZ;:. has a stronger theoretical justification. The

the raio

model rcsults shown here do not include particulate nitrate, and it is uncertain whether
particulate nitrate should be included in the indicator ratios. In addition, deposition rates
for H202 and HNO3 represent a greater uncertainty for the H202-based indicators than
for the ratios involving O3. Results from Hall and Claibomn (1997) show that the dry
dcposmon rate for H202 should be cqual to the rate for HNO3 and may can have very high
* values (4cm s-1or more). Scenarios with mcrcased deposition of H202 (including both

~ “the scenario for the northeast corridor with increased deposmon and the Nashville base

H202
~ case) have N Ox-ROG transmon values lower by 25%. The ratio N20y is especxally

scnsmve to changes in assumed dcposmon rates. H202 is also affected by wet deposition,
not included here.

An additional uncertainty for the H2O2-based indicators is the interpretation given
to H20O2 in models. Many photochemical mechanisms, including the CB-IV mechanism
used in the UAM, do not include formation of organic peroxides. In these mechanisms
H2027 should be interpreted as representative of the sum of H202 and organic peroxides.
Simulations with a more complete representation of organic peroxides (Sillman et al.,
1995b, 1997b) have predicted that H2O2 will represent 50%-70% of total peroxides.

NOx-ROG transition values for NOX- vs ROG-sensititive chemistry based on the

H»O H7O
simulations used in this study are: 0.3-0.6 for HI%IOzg, 0.2-0.35 for NzOZz ;and 0.2-

0.3 for I_Il\lzgy". These transition values appear clearly in Figure 3-7. However

preliminary results from Nashville (in simulations with updated photochemistry and higher
dry deposition rates) have resulted in a lower estimate for NOx-ROG transition values:

H202 H202 H202 :
0.2-0.3 for ANO3 * 0.15-0.20 for NO, and 0.13-0.17 for NOy The difference
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between the transition values for Nashville and the earlier estimates represents a major
uncertainty and may lead to future modifications.
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(b) Lake Michigan regional simulation - doubled ROG (6 pm)

Figure 3-5. Predicted reduction in afternoon O3 (in ppb) resulting from a 35% reduction
in the emission rate for anthropogenic ROG (crosses) and from a 35% reduction
in the emission rate for NOx (circles) plotted against H)O2/HNO3 at the same
time and location. Simulations are described in Section 3.1. From Sillman

(1995a, 1997a).
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(c) Northeast corridor regional simulation - base case (6 pm)
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(d) New York urban simulation - "MMM-7" meteorology (5 pm)

Figure 3-S5 (continued): Predicted reduction in afternoon O3 (in ppb) resulting from a
35% reduction in the emission rate for anthropogenic ROG (crosses) and from a
35% reduction in the emission rate for NOy (circles) plotted against
H202/HNO3 at the same time and location. Simulations are described in
Section 3.1. From Sillman (1995a, 1997a).
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(e) Atlanta urban simulation - modified upwind conditions. (5 pm)
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(f) Los Angeles urban simulation - Godowitch and Vukovich(1994) base case
(3 pm)

Figure 3-5 (continued): Predicted reduction in afternoon O3 (in ppb) resulting from a
35% reduction in the emission rate for anthropogenic ROG (crosses) and from a
35% reduction in the emission rate for NOx (circles) plotted against
H202/HNO3 at the same time and location. Simulations are described in
Section 3.1. From Sillman (1995a, 1997a).
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Figure 3-6 : Predicted reduction in afternoon O3 (in ppb) resulting from a 35% reduction
‘ in the emission rate for anthropogenic ROG (crosses) and from a 35% reduction
in the emission rate for NOx (circles) plotted against H202/NO at the same
time and location. Results are for the Los Angeles urban 51mulatlon by
Godowitch and Vukovich (1994). Based on the analysis reported in Sillman et
al. (1997a).
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model scenarios identified in Table 3-2

51



Table 3-2

NOx- and ROG-sensitive values for H202 H202 H202

HNO3 NO; *"d Noy 25
photochemical indicators

The table gives the 95th percentile value for the distribution of each indicator ratio over ROG-
sensitive locations and the 5th percentile value for NOx-sensitive locations for various model
scenarios.

Model scenario D% H0a H02
HNO3 NO; , NOy
95th 5th 95th 5th 95th 5th
" ROG  NOy ROG NOy ROG  NOy
Lake Michigan regional simulations: .
1. Base case 24 43 .20 .28 .16 22
2. Doubled ROG 33 28 22 .20 21 18
3. ROG reduced by half A5 27 12 22 11 .20
4. Base case at 12:00 pm. 38 .68 24 41 .20 .29
Northeast corridor regional simulations: ‘ A
5. Base case 40 .69 21 .39 A7 31
6. Zero isoprene .54 ".68 36 .54 .28 .43
7. Low mixing -~ .55 68 34 35 32 32
8. Doubled isoprene, low mixing - .61 .68 28 .28 17 .23
9. Reduced wind speeds 43 49 23 .29 17 23
10. Increased deposition, reduced winds .31 42 150 20 d1 .15
New York urban simulations: - _ ' i
11. MMM-7 meteorology .55 55 42 40 30 27
12. DWM-5 meteorology 31 .59 27 S50 .16 41
Atlanta urban simulations:
13. BEISI .51 .56 42 43 18 .29
14. Tripled isoprene .29 .67 23 45 .14 31
Los Angeles urban simulaions:
15. Godowitch base case .59 .39 .45 .25 24 22
16. Wagner base case .40 43 25 .29 .14 24
17. Wagner, doubled ROG 44 34 19 .23 11 .20
18. Wagner, tripled ROG 1.3 45 37 21 .16 .18
Nashvilie (preliminary)
19. Base case 23 30 .15 .21 <12 .17
20. Oilder chemistry 24 .38 19 .25 .14 .20
21. Higher deposition (4 cm s°1) 23 34 18 21 11 16
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(¢) Other indicators:

NOy: Milford et al. (1994) recommended the use of NOy as a NOx-ROG indicator. As
shown above in Figure 2-3, NOx-sensitive chemistry is associated with low NOy and
ROG-sensitive chemistry is associated with high NOy. The 95-th percentile NOx-sensitive
and Sth-percentile ROG-sensitive values for NOy are shown in Table 3-3 and Figure 3-11
below. NOy succeeds as a NOx-ROG indicator because ROG-sensitive chemistry is
associated with urban centers and large cities, which have characteristically high NOy,
while NOx-sensitive chemistry is associated with smaller cities and downwind and rural
locations that have low NOy. However the NOx-ROG transition for NOy changes
significantly in models when emission rates of anthropogenic and/or biogenic ROG are
changed. The variation in the NOx-ROG transition for NOy is illustrated in Table 3-3 and

Figure 3-11 .below and in Sillm_ah (19_953). This report recommends the use of N—OO?’—Y rather

than NOy as a NOx-ROG indicator because the former shows less sensitivity to model
‘assumptions.

_013\]-(()) ;b and AIRTRAK: Graham Johnson (1984, 1990, see also Blanchard et al,,

1993) developed a correlation between NOx-ROG sensitivity and measured parameters
based on a series of smog chamber experiments. In the Johnson formulation, NOx-
sensitive chemistry is expectgd when chemistry has run to completion, i.e. most of the -
initially emitted NOx has been converted to NO species. For NOx-sensitive conditions the
rate of ozone production per emitted NOx is expected to reach a constant, maxirmum value
(~4 in smog chamber experiments). For ROG-sensitive conditions the rate of ozone
production per emitted NOx is expected to be lower. More sophisticated model
calculations by Liu et al. (1987) and Lin et al. (1988) suggest that the ozone production
efficiency (defined as the rate of ozone production per NOx removal, and associated with
the slope of ozone vs. NO2) shows significant variation.

. 030
The AIRTRAK method can be evaluated by using the ratio 13(]03" as a NOx-ROG

indicator in the photochemical models described in this report. The parameter O3p

represents background ozone, i.e. upwind conditions in the simulations (usually 40 ppb).

03-0O .
The exact formulation by Johnson is slightly different from %O-‘:’lb because it includes

modifications for production of particulate nitrate (assumed to be zero in the models used
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here). The correlation between model NOx- ROG sensitivity and 013:; 8;13 is shown in

Figures 3-8, Figure 3-11 and Table 3-3.

Oa-
Results show that 1%1 83b does correlate successfully with NOx-ROG sensitivity.

The NOx-ROG transition point (3.5-5.5) is comparable with results from smog chambers
(4.1). The NOx-ROG correlation is less precise than the correlations for N%% shown

above. There is also greater overlap between the NOx-and ROG-sensitive values of \f(O3-

O3p, NOy) .

_NO_g_ and l;%i_; ratios: Results for these ratios show a poor correlation with model

NOx -ROG sensitivity. Results are shown in Figures 3-9 and 3-10.
The use of I\(I)O?’ as a NOx-ROG indicator has never been formally suggested, but in recent

O
years it has been used as a popular substitute for Ngy when NOy measurements are not

available (LADCO, 1994). Results (Flgure 3-9) show that _I\% does not correlate well

with NOx-ROG sensitivity. ,‘The ratio (O3, NOx+PAN) also does not eorrelate well with
NOx-ROG sensitivity. |

ROG/NOx ratios have frequently been used to evaluate N Ox-ROG sensmv1ty
especially in regulatory appllcatlons (Blanchard et al., 1991). Correlations between NOk-
ROG sensmwty and various forms of the ROG/NOx ratio, mcludmg ROG/N Oy and -
reactlvxty-welghtcd ROG (expressed as propene-equlvalent carbon, defined by Chamexdes
et al. (1992)) were tested in photochemical simulations. Results (Figure 3-10) show that
ROG/NOx ratios correlate poorly with model NOx-ROG sensitivity. It has previously
been shown that the ROG/NOx ratio in the morning is a poor predictor of NOx-ROG
sensitivity at the time of maximum ozone (see Section 2.1). Figure 3-10 suggests that
ROG/NOx ratios during the afternoon also correlate poorly with concurrent NOx-ROG
sensitivity even when the reactivity of the ROG mix is taken into account. The poor
correlation occurs because the various ROG/NOxy ratios are associated with instantaneous
03-NOx-ROG chemistry at the time and place of measurement but not with the process of
ozone production over a full day. It is possible that future research will identify ways of
using this ROG/NOx ratios as indicators for NOx-ROG dependence of instantaneous rates
of ozone production (as opposed to NOx-ROG sensitivity of ozone concentrations, which
has been investigated here.) | |

Cardelino et al. (1995) developed an observation-based method for evaluating
NOx-ROG chemistry based on measured NOx and ROG, which are readily available
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through the PAMS network. Their method includes an extensive analysis of instantaneous
NOx-ROG chemistry (derived from NOx and ROG measurements) to determine the
cumulative NOx-ROG sensitivity of ozone that is produced over a multi-hour period. The
poor results for ROG/NOx ratios as photochemical indicators in this study does not have
any implications concerning the accuracy of the method of Cardelino et al. (1995).
Measured ROG (especially speciated ROG and biogenics) and NOx should also be an
important part of model evaluations. However the conventional use of ROG/NOx ratios as
a "rule of thumb" for NOx-ROG chemistry is inaccurate.

Sillman (1995a) used the ratioI?q—C(I)?Q as a NOx-ROG indicator. This gave better

results than the other ROG/NOx ratios because HCHO is related both to ROG reactivity

and the chemistry over a period of several hours. Results have been included in Table 3-3

and Figure 3-11. The correlation between -I-!I\IC—O%Q and NOx-ROG sensitivity is plausible

but not as strong as the other indicators.
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Figure 3-8 : Predicted reduction in afternoon O3 (in ppb) resulting from a 35% reduction
in the emission rate for anthropogenic ROG (crosses) and from a 35% reduction
in the emission rate for NOx (circles) plotted against
(O3-40 ppb)/NOy at the same time and location. Results are for the Lake
Michigan urban 51mulat10n From Sillman (1995a).
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Figure 3-9 : Predicted reduction in afternoon O3 (in ppb) resulting from a 35% reduction
in the emission rate for anthropogenic ROG (crosses) and from a 35% reduction
in the emission rate for NOy (circles) plotted against O3/NOx at the same time
and location. Results are for the Lake Michigan urban simulation.
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Figure 3-10 : Predicted reduction in afternoon O3 (in ppb) resulting from a 35%
reduction in the emission rate for anthropogenic ROG (crosses) and from a 35%
reduction in the emission rate for NOy (circles) plotted against (a) ROG/NOx
and (b) rROG/N Oy at the same time and location, where rROG represents
reactivity-weighted ROG as propene equivalent carbon (Chameides et al. (1992)
in ppbC. Results are for the Lake Michigan urban simulation. Based on results
in Sillman (1995a).

34



1

PR S S ] ks T R I R
1
1

[}
]

1

'

'
- -l
1
‘l
-l
-l
'
1
L

L]

-d

- = = -

[

) ]
]
ke ede-

] [} L} 1 1
] ] ] ] ’0‘
FAN

cedecskhaeadacshadoe ok

(qdd) AoON

10111213 14151617 18

9

- 00

Kon/(qddop-£0)

AON/OHOH

6 7 8 9101112131415161718

Simulation

ile for ROG-sensitive

3, for the indicators: NOy, (O3-
NOx-sensitive chemistry (solid line) and 5th percenti

r value for NOx-sensitive chemistry (dashed line)
, HCHO/NOy. Results for NOy show the 95th percentile value for

percentile indicator value for ROG-sensitive chemistry (solid line)

chemistry because ROG-sensitive chemistry is associated with higher values for

from 18 model scenarios identified in Table 3-
this indicator.

and 5th percentile indicato
40ppb)/NO

Figure 3-11: 95th

58



Table 3-3
NOx- and ROG-sensitive values for other photochemical indicators.
The table gives the 95th percentile value for the distribution of each indicator ratio over ROG-

sensitive locations and the 5th percentile value for NOx-sensitive locations for various model
scenarios. the indicator s shown here are not recommended for use.

) 03-40 ppb HCHO
%* — e R
Model scenario NOy NO, NO. Oy
95th Sth 95th 5th 95th 5th
NOx ROG ROG NOy ROG NOy

Lake Michigan regional simulations:

1. Base case 11 15 4.5 4.6 27 34
2. Doubled ROG 26 16 4 59 5.0 40 38
3, ROG reduced by half ' 12 15 337 33 21 .21
4. Base case at 12:00 pm. 7.8 14 43 3.8 33 427
Northeast corridor regional simulations: o o ' S
5. Basecase = - .20 22 48 ' 58 40 - 33
6. Zero isoprene ' 6.9 8.6 6.5 55 = .38 24
7. Low mixing =~ . : 23 .21 5.4 5.9 - .51 35
8. Doubled isoprene, low mixing 27 34 L 42 48 43 45
9. Reduced wind speeds 16 22 51 . 52 82 36
10. Increased deposition, reduced winds 15 . 20 5.5 5.6 T 56 .41
New York urban simulations: . o
11. MMM-7 meteorology 20 25 5.6 54 .50 .38
12. DWM-5 meteorology 19 38 35 5.8 .20 .29
Atlanta urban simulations:
13. BEISI1 16 20 48 53 .35 .39
14. Tripled isoprene 20 31 4.1 5.1 38 .55
Los Angeles urban simulaions:
15. Godowitch base case 26 24 4.5 5.5 .36 34
16. Wagner base case 22 18 59 3.6 .44 .28
17. Wagner, doubled ROG 29 22 6.2 3.7 .52 .35
18. Wagner, tripled ROG 47 20 7.2 3.8 .67 41

* Results for NOy give the 95th percentile for NOx-sensitive locations and the 5th percentile for ROG-sensitive
locations because low NOy corresponds to NOx-sensitive chemistry.
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SECTION 4
SPECIES CROSS-CORRELATIONS AS A BASIS FOR
EVALUATING THE INDICATOR METHOD

Significant insights into the chemistry of ozone production can be gained by
examining cross-correlations between various species associated with ozone chemistry.
The use of species cross-correlations has been developed largely by Trainer et al. (1993)
and Parnsh et al. (1993) who analyzed correlations between ambient ozone, NOy and .
NOgz. In this section it will be shown that the method of photochemical indicators is closely
related to a predxcted correlatlon between three species: 03, NOz and H202. This
predicted correlation can be used to evaluate the viability of the indicator method in general,
and can also be used as a diagnostic tool to evaluate theaccuracy of individual ﬁeid

' measurements.

Trainer et al. (1993) has shown that measured O3. con51stent1y mcreases with NOz . R
in measurements of photochermcally aged air (deﬁned by ﬁOy <0.4) during the afternoon :

at rural sites in eastern North America. As shown in Figure 4-1, the slope of O3 vs. NOg,
tends to be highest at low NOz (<5 ppb) and decreases at higher NOg, giving the 03-NO
correlation a nonlinear or "bent-over" appearance. Trainer et al. speculated that the
difference in the O3-NOg slope at low and high NOz was related to the switch between
NOx-sensitive and ROG-sensitive chemistry. They also reported that O3 increased with
NOgz in the Los Angeles basin with a slope that was significantly lower than the slope at
rural eastern sites. ,

Results from this report and from Sillman (1995a) suggest that NOx-ROG

O .
chemistry is correlated with the absolute value of the NC:;’ ratio rather than the slope

between O3 and NOgz for an individual data set. As shown in Figure 4-2, model O3-NOg
correlations show an ambiguous pattern when compared with model NOx-ROG sensitivity.
The characteristic nonlinear "bend-over" in the O3-NO;z correlation can appear for both

. " i . O3 . .
NOxy-sensitive and ROG-sensitive conditions, depending on the NO, ratio. As shown in
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Figures 4-1 and 4-2, there is a characteristic decrease in the slope between O3 and NOg as
NOg increases from 3 to 10 ppb, even though these represent likely NOx-sensitive rural
measurements (Figure 4-1, Trainer et al., 1993) and NOx-sensitive simulation results. By
contrast, O3 increases at a near-constant rate as NOz increases from 15 to 30 ppb in Figure
4-2, even though this region represents ROG-sensitive simulation results. From Figure 4-
2, it might be possible to associate NOx-sensitive locations with a high slope between O3
and NOz, ROG-sensitive locations with a lower slope, and the region of transition between
NOx- and ROG-sensitive chemistry with a change in slope. However a stronger

O
correlation with NOx-ROG chemistry can be found by using the N—é’; ratio rather than the

slope as an indicator (see also Figures 3-1a and 3-8).

The theory associated with photochemical indicators suggests that O3 should
increase with NOgz for both NOx-sensitive and ROG-sensitive chemistry but that the rate of
increase should be lower for ROG-sensitive chemistry. Under NOx-sensitive conditions
O3 is expected to increase with NOz at-a rate determined by the production efficiency for
ozone (defined by Lin et al. (1988) as the rate of productlon of ozone divided by the rate of

P(O
removal of NOy, f(lSITz.)S) But for ROG-sensitive conditions the correlatlon between' 03 '

and NOg is determined by the supply of odd-H radicals, where the source is proportional to -
O3 and the NOg represents the accumulated sink. The sum of odd-H sinks, approximately
equal to the sum NOz+2H202, should increase linearly with 03 -The predicted linear '
correlation between 03 and the sum NOz+2H202 is a central feature of the indicator
theory.

As shown in Figure 4-3, correlations between O3 and NOgz should show a range of
variation between a maximum O3-NOg slope, representing NOx-sensitive chemistry, and a
minimum O3/NOg ratio that represents the ROG-sensitive limit. The correlation between
O3 and the sum NOz+2H202 shows a linear increase and represents the ROG-sensitive

limit for the No—gz ra.tio (since for the ROG-sensitive limit NOz>>H2072). The transition

between NOx-sensitive and ROG-sensitive chemistry occurs when \f(O3,NOy) is greater
than \f(O3,NOz+2H202) by 50%, i.e. the NOx-sensitive region is defined by:
NOz "2 NOz+2H0%

In simulations with high deposition (4 cm/sec for both H2072 and HNO3) the ratio

03 .. ) H202
NO,+2H,05 V3 found to decrease by 25%. The NOx-ROG transition point for ANO3

. @)
also decreased by 25% but the NOx-ROG transition point for N—é’z decreased by only 10%

(see Tables 3-1 and 3-2). It is not yet clear whether the criteria given above
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represents an important test for the theory.
The predicted linear correlation between O3 and the sum NOz+2H202 provides the
following tests for the indicator theory:

) can be used to establish the NOx-ROG transition but it

(1) The predicted linear correlation should be confirmed by ambient measurements. If
confirmed, the linw gom:lation provides evidence that the interpretation of O3, NOz and
H202 as NOx-ROG indicators is consistent with the ambient behavior of these species.

(2) It provides independenf confirmation of the NOx-ROG transition point for N&Oz

The NOx-ROG transition points identified in Section 3.0 are sensitive to model
assumptions about sunlight, water vapor and dry deposition rates. These can be evaluated

for individual data sets by comparing the ratio _I\ng%i?(—)_i with ratios in photochemical

models. The NOx-ROG transition point for an individual data set can be established from

' O : . e .
the formula' ﬁg—z =1.5 Wﬁ{zcﬁ This can be compared to the transition points

from thc photochemlcal models i in Section 3

(3) It provides a diagnostic test for the accuracy of md1v1dual measurements. Deviation
- from the expected g:orrclatxon between 03, NOz and H20?2 may provide evidence that an
individual set of measurements is flawed. Similar diagnostic tests might be performed by
comparmg 03-NOg correlatlons with previous ambient measurements by Trainer et al.

Recent aircraft mcasurements by Daum et al. (1996) provide important confirmation

for the method. Daum et al. measured 03, NOx, NOy and H202 over the Atlantic Ocean
between Cape Cod and Nova Scotia, corresponding to air exported from the northeastern
U.S. The resulting correlation for O3 vs. NOz (Figure 4-4) shows a nonlinear increase,
comparable to the results from Trainer et al. (1993), with the slope for O3 vs. NOz
decreasing at high NOz. The same series of measurements showed a linear correlation

between O3 and the sum NOz+2H202 (Figure 4-5). The ratio N—C)—ﬁc;éﬁz_OE varies from

7 at low O3 to 5 at high O3 (110 ppb). These measurements show excellent agreement

0]
with the photochemical model from Siliman (1995a), shown in Figure 4-3 (Wgﬁjﬁi =

6). Staffelbach et al. (1997a,b) also measured O3, NOx, NOy and H202 during an air

pollution event in Switzerland. They found a similar linear correlation between O3 and the

O . ..
sum NOz+2H207 but with a higher ratio (NO?;;{TE = 10). The higher ratio is

attributed to higher deposition rates.
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The recent field measurement campaign (1995) in Nashville, TN, associated with
the Southern Oxidant Study, included extensive measurements of O3, NOx, NOy H202
and other related species (PAN, HNO3). Preliminary results (Sillman et al., 1997b)
showed a linear correlation between O3 and the sum NOz+2H202, siornilar to the results

3

reported by Daum et al. (1996) but with a slightly higher ratio (m =7). This

pattern is consistent with model results for Nashville and with results shown here, though
it supports the use of higher dry deposition estimates. A similar correlation and ratio was
found in aircraft measurements on two separate days (July 11 and 13, 1995). Aircraft
measurements during a third day (July 18) reported significantly higher ratio

O . .
(m;i_—z?m =9), possibly due to rainout of H202.
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Figure 4-1 : Measured ozone as a function of NO¢z at four rural sites in eastern North
America (Bondville, IL, Egbert, ON, Scotia, PA and Whitetop, NC). For
Whitetop NOg is represented as the sum of measured PAN, HNO3 and NO3-.

For the other sites NO is the difference between measured NOy and NOx.
From Trainer et al. (1993). :
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Figure 4-2 : Simulated afternoon concentrations of O3 vs. NOz for locations with NOx-
sensitive chemistry (triangles), ROG-sensitive chemistry (points) and
intermediate chemistry (circles) from the Lake Michigan regional simulation
base case (Sillman et al., 1993).
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Figure 4-3. Correlation between O3 and NOgz (crosses) and O3 and the sum
2H7202+NOz (dashes), all in ppb, from the northeast corridor regional
simulation base case. The lines correspond to an slope between O3 and NOz of
9:1 and a ratio of 6:1, representing maximum and minimum values of O3 vs.
NOgz in NOy-sensitive and ROG-sensitive regions respectively.
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Figure 4-4 : O3 concentration (ppb) vs (NOy-NO?) from aircraft measurements over the
Atlantic Ocean. The data were collected at 10-second intervals, ordered by
(NOy-NO2) concentrations and divided into 10 intervals. Each point on the
plot represents the average NOy-NO2 corresponding to one of those intervals.
Horizontal bars represent the range of NOy-NQ2 included in each interval;
vertical bars represent the standard deviation of the O3.concentration

measured over the interval. Slope and intercept were calculated from the
individual data points. From Daum et al. (1996).
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Figure 4-5 : The sum NOZz+2H207 vs. O3 (ppb) from aircraft measurements over the
Atlantic Ocean. Sixty second ordered by O3 concentrations and divided into
10 intervals. Each point on the plot represents the average O3 corresponding
to one of those intervals. Horizontal bars represent the range of O3 included
in each interval; vertical bars represent the standard deviation of the
NOz+2H202 sums over the interval. Slope and intercept were calculated
from the individual data points. From Daum et al. (1996).
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SECTION 5§
CASE STUDIES OF THE INDICATOR METHOD
FOR ATLANTA AND LOS ANGELES

This section presents two case studies that illustrate the possible use of the method
of photochemical indicators. The case studies are based on field measurement campaigns
during specific air pollution events in Atlanta and Los Angeles. Measured O3, NOx and
NOy‘have been used in combination with photochemical models to evaluate NOx -ROG
‘sensitivity in each city. Itis hoped that these methods will serve as examples for similar. .
studies elsewhere. ‘

- An important facet of the case studies shown here is the devclopmcnt of a series of
model scenarios with different ROG-NOy chemistry. In the case study for Atlanta a |
dehberate effort was made to generate plausxble scenarios with both NOx-sensmve and
ROG-sensitive chermstry This was achieved by varymg the assumed rate of -

-anthropogenic and biogenic emissions (including both the BEIS1 and BEIS2 inventories)
and by varying wind speeds and mixed layer heights by 20%. In the case study for Los
Angeles scenarios were generated with anthropogenic ROG emissions increased by up to a
factor of three, resulting in a significant change in the predicted NOx-ROG response. Each

of these model scenarios generated different values for the indicator ratios O3 and 3
} NOy NO,

which can then be evaluated against ambient measurements. A central feature of the

method is the development of model scenarios with different NOx-ROG responses, rather
than an attempt to "validate” a single model scenario or to only include scenarios with

identical NOx-ROG responses.

O
Results of this section also demonstrate that the measured indicator ratio N—gy has

different values in a likely NOx-sensitive environment (Atlanta) in comparison with a likely

. 0)
ROG-sensitive environment (Los Angeles). The difference in measured N—O:)’_y between

Atlanta and Los Angeles corresponds closely to the difference between NOy- and ROG-
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sensitive environments predicted by the photochemical models in Section 3. However, the
NOx-ROG predictions are subject to a number of caveats: (1) NOx-ROG sensitivity varies
greatly from event to event, so that events in Atlanta with more stagnant meteorology might
have ROG-sensitive chemistry. (2) NOx-ROG sensitivity has been shown to vary with
location in Los Angeles (Milford et al., 1989), and downwind locations in the Los Angeles
basin are likely to have NOx-sensitive chemistry. (3) The NOx-ROG sensitivity results
are critically dependent on the accuracy of measured NOy.

The methods shown here would be strengthened if measured H202 were also
included. This is because the indicator ratios with H202 show a stronger correlation with
NOx-ROG chemistry and are less dependent on model assumptions, and because measured
H202 would allow the field measurements to be evaluated in terms of the 03-NO,-H207
correlation. The Nashville field measurement campaign associated with the Southern
Oxidant Study should provide an example of an analysis based on H202 (Sillman et al.,
1997b). A case study based on H20? was also carried out byJ acob et al. (1995) in rural

Virginia. They found that —}-{1\%))% shifts from values associated with NOx-sensitive

chemistry in si_xmmer to values associated with ROG-sensitive chemistry in fall, possibly
associated with a seasonal change in photochemistry. ' '

5.1 A_tlanta

Model scenarios were dévelOpch for the air pollution episode of August 9-1 1,1992
in Atlanta. The simulations are based on the Urban Airshed Model (UAM-IV) and are
described in detail in Section 3. Simulations were performed using two different
inventories for anthropogenic emissions: an inventory developed by the Georgia
Department of Natural Resources(1987) based on the NAPAP 1985 national inventory(R)
and an updated inventory developed by Cardelino et al. (1994). Estimates for NOx
emissions from both point and area sources differ by a factor of two between the
inventories, and similar differences are found for ROG/NOx ratios. Smaller differences are
found for individual ROG. Separate model scenarios were also generated with biogenic
emissions from the BEIS1 inventory' and with tripled isoprene emissions, comparable to
the newer BEIS2 inventory (Geron et al., 1995). Additional scenarios were generated with
the height of the daytime mixed layer reduced by 20% from the initial estimate. The 20%
reduction was used to generate a plausible scenario with ROG-sensitive chemistry, and lies
within the range of uncertainty for vertical mixing identified by Marsik et al. (1995). The

resulting six scenarios are:
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(A1) 1987 anthropogenic emission inventory, and BEIS1 biogenic inventory,

equivalent to the base case in Sillman et al (1995b).

(A2) 1987 anthropogenic emission inventory with tripled isoprene.

(B1) 1994 anthropogenic emission inventory, BEIS1 biogenics.

(B2) 1994 anthropogenic emission inventory with tripled isoprene.

(C1) 1994 inventory with mixing heights reduced by 20%.

(C2) 1994 inventory with mixing heights reduced by 20% and tripled isoprene.

Aircraft-based measurements for O3 and NOy were made downwind of Atlanta
between 4:15 and 5:15 pm on both August 10 and August 11 (Imhoff et al., 1995). NOy
was measured using a gold tube converter with CO injection (Bollinger et al., 1983) which
was mounted external to the helicopter in the free air stream. The NO produced was drawn
through ~6 m of Teflon tubing to a Thermo Electron Instruments Model 42 nitrogen oxides
analyzer. Tests indicated that very little O3 (<3 ppb) survived the gold-tube converter and
therefore no adjustment was applied for the possible reduction of NO with O3 in the
fubing. Wind direction was from the north on August 10 and from the southwest on
Augusi 1 1, and the location of the measurements was correspondingly different. On both -
days the measurements covered a region extending from near downtown Atlanta to
approximately 40 km downwind. The spatial pattern of measured 03 and NOy confirmed
that the aircraft regtila‘rly' intércépted a plume of polluted air, which was believed to be
associated with. Atlanta. The ineas;iremem's were made at S00-600 m. altitude above . )
ground. R | S
' Figure 5-1 shows measured values for 03 vs.-NOy on August 10, 1992 inj' f
comparison with model results from each of the six model scenarios. The measured O3-
NOy correlations show a broad region in which O3 increases with NOy, generally
associated with NOy between 5 and 15 ppb. This O3-NOy correlation is consistent with
previous rural measurements (Trainer et al., 1993). The measurements also show a range
of locations in which O3 does not increase with NOy, typically associated with higher
NOy. These uncorrelated points may represent locations close to emission sources where
NOx/NOy is large, so that photochemical production of O3 that would otherwise be
associated with the observed NOy has not yet occurred. The use of O3/NOy as a
photochemical indicator suggests that the locations with high NOy and low O3/NOy may
also represent ROG-sensitive chemistry.

The model results in Figure 5-1 represent a subset of the model domain including
downtown Atlanta and the downwind urban plume, at the same time (4-5 pm) and altitude
(600 km) as the measurements but not necessarily at the same horizontal location. Results
for all model scenarios show that O3 increases with NOy in a pattern broadly consistent
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with the observed O3-N0y correlation. However, there are some differences between the
simulated and observed 03-NOy correlation and differences between individual
simulations. The models show a much smaller region with uncorrelated O3 and NOy,
possibly because the model grid resolution (4x4 km) is too coarse to include NOyx plumes
from individual emission sources. Model scenarios with the BEIS1 biogenic inventory all
show a lower rate of increase of O3 with NOy, both in comparison with the model
scenarios with increased isoprene and in comparison with measurements. Peak O3
occurred further downwind in the model (40 km south of the Georgia Tech campus) than in
measurememts (20 km south of Georgia Tech), but the region with measured high O3
(>140 ppb) extends south and overlaps with the location of the model peak.

The most important evaluation for the six model scenarios is an examination of
measured O3 and concurrent NOy in the vicinity of the measured peak O3, in comparison
with peak O3 and concurrent NOz in each model scenario. This comparison is especially
important because the model behavior in the vicinity of peak O3 has'a dominant impact on
NOx-ROG confrol strategies, and the difference in the NOx-ROG responses of the six
- model scenarios is most obvious for the peak O3 in each scenario. The near-continuous
sampling of O3 and NOy in the aircraft-based measurements p_roﬁdés an excellent basis
- for characterizing the region of the Atlanta urban plume associated with peak O3. Because
photochemical mpdels{__ use 4 km grid resoldtibn, we have used the fangc of measured O3
-+ and NOy within-4 km of the measured peak O3 as a basis for characterizing the peak-03
region. As shown in Figure 5-2, ozone within 4 km of the measured peak varies by 20,
ppb (130-150 ppb) while NOy varies between 7 and 15 ppb. This range of O3 and NO)} is
used as a basis for evaluating the performance of individual model scenarios, i.e. model
peak O3 and concurrent NOy is expected to fall within the range of measured O3, NOy
and O3/NOy ratios found within 4 km of the measured peak O3.

Results (Figure 5-2) show that several model scenarios (B1, C1) generate peak
ozone that is close to the observed peak, but with concurrent NOy that is significantly
higher than the observed value. The poor performance of these scenarios in comparison
with measured O3 and NOy can also be seen in the complete data set (Figure 5-1), but is
highlighted when the evaluation focuses on peak O3 and concurrent NOy . Other model
scenarios (Al, A2) show good agreement with both peak O3 and concurrent NOy.

The indicator ratio N_O3y associated with peak O3 shows great variation among the

six model scenarios, reflecting the difference in model-NOx-ROG sensitivity. The NOx-

0
sensitive model scenarios (A1, A2 and B2) all show I—\I.C%; greater than the NOx-ROG

transition ratio (7). The ratios for scenarios Al and A2 (11-13) are significantly higher
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than the transition ratio. By contrast the ROG-sensitive scenario (C1) has 2 NOw O (—5 5)

o)
lower than the transition ratio. This correlation between Ngy and NOx-ROG sens1t1v1ty is

consistent with the results of Section 3.

Measured No—gy in the vicinity peak O3 shows a range of values (10-20) that is

significantly higher than the NOx-ROG transition. This high

O
Ngy 1s consistent with NOx-

sensitive chemistry. The measurements show good agreement with the strongly NOx-
sensitive model scenarios (Al and A2) and show poor agreement with the ROG-sensitive
scenario (C1). It is important to note that the ROG-sensitive scenario shows good
agreement with measured peak O3. If model performance was evaluated solely in terms of

measured peak O3, then scenarios A1, A2, B] and C1 would all be acceptable even though
they show different NOx-ROG responses. The model-measurement comparison for the

indicator ratio Ng! in connection with peak O3 provides a stronger basis for evaluating

model scenarios. - | .

Results for both August 10 and August 11 are Summérized in Table 2, are similar to
August 10. The ‘model results and measurements both suggest that August 11 is more
likely to have NOx-sensitive chemistry than August 10.
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Figure 5-1. Correlation between O3 and NOy (ppb) in the urban plume 10 to 40 km
south of Atlanta, measured by aircraft 600 m. above ground at 4:00-5:20 pm,
August 10, 1992 (crosses), compared with simulated O3 and NOy (solid
circles) from six model scenarios described in the text. From Sil[‘é:an etal.
(1997a) based on measurements by Imhoff et al. (1995).



Atlanta, GA: August 10, 1992
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Figure 5-2. Peak O3 and concurrent NOy (ppb) in the Atlanta urban plume on 8-10-92.
The crosses represent measurements at 600 m elevation, 4-5 pm, for locations
within 4 km of the measured peak O3. Bold letters represent domain-wide peak
O3 and concurrent NOy at 600 m elevation, 4-5 pm for the model scenarios
identified in the text. The line (O3/NOy=7) corresponds to the transition point
between NOx- and ROG-sensitive chemistry based on O3/N Oy asa
photochemical indicator.
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. Table 5-1
03, NOy and NOx-ROG sensitivity in simulations for Atlanta

The table gives simulated peak O3, concurrent NOy, peak O3 in simulations with 35% reductions
in anthropogenic ROG emissions and peak O3 in simulations with 35% reductions in NOx
emissions, for six model scenarios. Scenarios Al and A2 use anthropogenic emissions from
Georgia?; the other scenarios use Cardelinoll. Scenarios C1 and C2 have daytime mixing heights
reduced by 20% relative to the base case. Scenarios Al, B! and C1 have biogenic emissions from
(BEIS11Z; scenarios A2, B2 and C2 have isoprene emissions increased by a factor of three.
Observed values give the range of measured values within 4 km of observed peak O3.

August 10, 1992 August 11, 1992
peak reduced  reduced peak reduced reduced
Scenario 03 NOy ROG NOy 03 NOy ROG NOy
Al 132 11 126 118 131 9 128 112
A2 141 1137 122 - 136 .9 132 113
Bl 132 1521 126 127 147 12 . 141 128
B2 157 22 150 144 166 17 163 145
Cl1 149 1627 143 . 147 " 165 16 159 153 -
Cc2 177 25 167 164 184 19 180 . 160
Observed  130-150 - 7-15 - 123-148  8-12
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5.2 Los Angeles

Results for Los Angeles are based on simulations for the event of August 26-29,
1987 developed by Godowitch and Vukovich and by Wagner et al. (1992), described in
Section 3. These models used an anthropogenic emission inventory for southern California
developed in association with-the Southern California Air Quality Study (SCAQS). In
addition, Wagner et al. (1992) generated alternative scenarios with emissions of
anthropogenic ROG increased by factors of two and three relative to the initial estimate.
NOx-ROG responses were tested relative to each of these cases.

Measurements of O3, NO, NO2, PAN, HNO3 and aerosol nitrate were made at
eight surface sites in the Los Angeles basin (Lawson et al., 1990). The meésurement sites
were: downtown Los Angeles, Hawthorne, Long Beach City College, Anaheim,

Burbank Azuza, Claremont and Rubidoux. HNO3 and particulate nitrate were measured
‘using a transmon-ﬂow reactor (Ellestad et al., 1989), and 03, NO2, NOy and PAN were |
measured usmg a Luminox detcctor (R—30) In this report it is assumed that N Oy is equal -

_ to the sum of the ﬁve mcasured nitrogen-containing species. Parrish et al. (1993) found

- that these five specres account for 90% of measured NOy in the eastern U.S. Aerosol
nitrate is not included in model] photochemistry, but it is appropriate to assume that model
HN. O3 is equal to the sum of measured HNO3 and aerosol nitrate in model-measurcrrxent
comparisons. o | |

Figure 5-3 shows measured O3 vs. NOy and O3 vs. NOz from all eight surface

measurement sites in the Los Angeles basin during the hours of 1-5 pm, August 27, 1987.
The combined results from all sites provide enough measurements to identify correlations
among the species. Virtually no correlation appears between O3 and NOy, but there is a
strong correlation be-tween 03 and NOz. A similar correlation between O3 and NOy has
appeared in previous measurements in Los Angeles (Tuazon et al., 1981, Trainer et al.,
1993).

As reported by Trainer et al., the correlation between O3 and NOz in Los Angeles is

o)
similar to the O3-NOg correlations at rural sites in eastern North America. However NO32

in Los Angeles is much lower than either the measured ratios at rural eastern sites and also

much lower than ﬁ()é,; reported above for Atlanta. The O3 and NOz measurements for Los

O .
Angeles from Figure 5-3 have an average O3/NOg ratio equal to 4, and -N—O?’; associated

75



with peak O3 is equal to 6. This contrasts with both Atlanta ( l\%—y = 14, above) and with

03

the rural eastern sites from Trainer et al. shown in Figure 4-1 ( NO. = 15). If the O3/NO;

ratio is interpreted as a photochemical indicator, the low I\?(; in Los Angeles would
0
suggest ROG-sensitive chemistry, in contrast with the higher N(; and NOy-sensitive
0O
chemistry in Atlanta and the rural eastern sites. Measured Ng in Los Angeles is also

: O .
comparable with measured values for N—(ﬁ{—zﬁz over the Atlantic Ocean from Daum et

al. (1996), presented above (Figure 4-5). The latter ratio represents a likely limiting value
for NO, under ROG-sensitive conditions.

Figure 5-4 shows O3 and NOgz from simulations for Los Angeles by Wagner et al.
(1992) including scenarios with anthropogenic emissions equal to the base case and with
anthropogenic ROG increased by factors of two and three. The simulated values represent
the same time period (1-5 pm) and the same locations as the measurements. .A comparison
between Figures 5-3 and 5-4 is usedto evaluate the performance of model scenarios. Itis :
apparent that the base case represents a significant underestiméte of peak O3, although the

- O O3
k N03 ratio associated with peak 03 ( NO, =5) is reasonable in companson with

measurements. The scenano w1th doubled anthropogeruc ROG shows good.- agreement

_both w1th measured 03 and with Ncg (average - I\?gz =6, l\?gz =35 concurrent wlth peak - |

03). The simulation with tripled anthropogemc ROG mgmﬁcantly overestimates ﬁoOiz
(average O3/NOz=17, 'l\% =9 concurrent with peak O3). This scenario shows greater

sensitivity to NOy ( see Wheeler et al,, 1992),which is consistent with the higher I\(I)(;’ .

In contrast with the Atlanta event, evaluation of the three model scenarios for Los
Angeles are consistent with evaluations based solely on measured O3. The model
evaluation shown in Figures 5-3 and 54 suggest.that the scenario with doubled ROG is
more accurate than either the base case or the scenario with tripled ROG. This conclusion
is consistent with the original analysis by Wheeler et al. (1992) and also with the analysis
of emission rates in southern California by Fujita et al. (1992). Fujita et al. found that
measured ROG/N Ox ratios during the morning lower than ROG/NOx ratios in the UAM
base case by approximately a factor of two.

Results from this case study were constrained by the limited geographical extent of
the measurements. Milford et al. (1989) has shown that model NOx-ROG sensitivity in
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Los Angeles shows great geographical variation with ROG-sensitive chemistry downtown
and NOgx-sensitive chemistry at downwind sites. The measurement sites included in this

analysis were almost all located in the region identified as ROG-sensitive in Milford et al.

A more complete analysis would require measurements that would identify the region of
transition between ROG-sensitive and NOx-sensitive chemistry.
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Figure 5-3: Measured O3 and concurrent NOy (ppb) and O3 versus NOz at 1-5 pm
August 27, 1987 at eight sites in the Los Angeles basin. The line represents the
transition between NOx- and ROG-sensitive chemistry based on O3/NOy and
O3/NOgz as photochemical indicators
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Figure 5-4: Simulated O3 versus NOz during the afternoon of August 27, 1987 for
locations corresponding to measurements shown in Figure 6, from simulations
by Wagner et al. (1992) using (a) base case emissions, (b) doubled ROG
emissions and (c) tripled ROG emissions.
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SECTION 6
SUMMARY AND CONCLUSIONS

This report has presented a series of results associated with the use of
photochemical indicators as a basis for investigating 03-NOx-ROG sensitivity. The
method of photochemical indicators seeks to identify species or species ratios that are
closely associated with NOx-ROG predictions in models. A successful correlation between

model NOx-ROG predictions and indicator values has been found for six species ratios:
(6] o) 0 H H)O
Ngy Ngz HN?)3 HI2~I%23 1-11\}2(())22’ NZOyz In each case, high values are assocjated .

with NOx-sensitive model predictions for ozone and low values are assoc1ated with ROG-
sensitive predictions. The close correlation between NOx-ROG predictions and indicator

values suggests that measured indicator values can be used as a basis for evaluating the
accuracy of model NOx-ROG predxcuons . : -

Indicator-NOx-ROG correlanons have been examined for a w1de vanety of model
applications, including two different model types (UAM-IV and a regional model _
developed at the University of Michigan) with different photochemical mechanisms. They
have been examined for several locations (Lake Michigan, northeast corridor, Atlanta and
Los Angeles). They have been examined in model scenarios with a range of assumptions
about emission rates, including scenarios with anthropogenic ROG emissions doubled or
reduced by half in cempa.n'son with inventory values and scenarios with radically different
emission rates for biogenic ROG. They have been examined in scenarios with changed
wind speeds and vertical mixing heights. They have been examined in scenarios with
strongly ROG-sensitive chemistry and in scenarios in strongly NOx-sensitive chemistry.
In all these cases, the correlation between model NOx-ROG predictions and indicator
values remains largely unchanged, even though the model NOx-ROG predictions vary.

It is especially noteworthy that changes in model assumptions that affect NOx-ROG
predictions also cause a corresponding change in the model values for photochemical

indicators. This feature is especially striking in the Atlanta case study (Table 5-1 and
Figure 5-2). In this case, model predictions for O3/NOy concurrent with peak O3 varied
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from 13 in the strongly NOx-sensitive model scenarios to 6 in the ROG-sensitive scenario.
The Atlanta case study is especially important because the NOx-sensitive and ROG-
sensitive scenarios each give similar predictions for peak O3, suggesting that an evaluation
vs. measured O3 does not provide a basis for confidence in model NOx-ROG predictions.
A similar contrast between NOx-sensitive and ROG-sensitive scenarios is apparent in the
scenarios for Lake Michigan with different ROG emission rates (Figures 3-1a and b) and in
the simulations for New York /northeast corridor for events with different meteorology
(Figures 3-1c and 3-1d). The predicted contrast in indicator values between NOx-sensitive
and ROG-sensitive locations is partially confirmed by measurements in Atlanta and Los
Angeles. Model results (Figures 3-1e and 3-1f) predict high values for O3/NOz in Atlanta
and low values in Los Angeles. This prediction is consistent with measurements (Figures
5-1, 5-2 and 5-3).

This study has identified a several factors that might be sources of error in the
indicator method. A list of caveats is given in Section 1. The most important uncertainties
are associated with the removal rate for the indicator speéies (especially through wet and
dry deposition); the possible role of particulate nitrate as a sink for NOy; and uncertainties . |

~ - associated with the chemistry of orgahic peroxides, which are not represented in some of |

the chemical mechanisms that are frequently used for air quality analysis (e g. CB-IV). It
s especially imporant to identify uncertainties that might lead to bias in the NOx-ROG
interpretation of indicator values. . o
" A more general problem associated w1th the method of photochermca] 1nd1cators s
.that, as with all methods designed to predict the sensitivity of O3 to NOx and ROG, it is
very difficult to find direct confirmation that the predictions are accurate. This report has
recommended investigation of model and measured correlations between O3, NOz and
H»O2 as a basis for evaluating model assumptions that represent uncertainties in the
indicator method. The models that were used to derive indicator-NOx-ROG correlations
also predict a linear correlation between O3 and the sum: NOz+2H207. This prediction
should be verified vs. measurements. In addition, model results predict that the ratio \f(O3,
NOz+2H202) should have similar values in NOx-sensitive and ROG-sensitive locations
(although it may show diurnal variatidhs and day-to-day variation in responses to changing
cloud cover and the effect of wet deposition). Because this ratio is closely associated with
the proposed indicators (especially with O3/NO), it might also be used as a basis for
evaluating the accuracy of the proposed NOx-ROG transition values associated with the

indicators.
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APPENDIX:
ADDITIONAL PLOTS OF NOx-ROG SENSITIVITY vs.
PHOTOCHEMICAL INDICATORS

The appendix shows correlations between NOx-ROG sensitivity and photochemical
indicators for the complete set of model results. Each figure shows the predicted reduction
in O3 for the specified hour (usually 3-6 pm) resulting from a 35% reduction in
anthropogenic ROG emissions (crosses) and from a 35% reduction in NOx emissions
(circles) at each location in the model domain. The simulated ozone reductions are plotted
vs. the simulated value for the specified indicator ratio in the initial model scenario (without
emission reduétions) at the same time and location. Sifnu]ations are described in Section
3.1.
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