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Implications of Spatiai

Patterns in Pollutant Responses to Reductions in Nitrogen Ox;des and

Reactlive Crganic Gas Emissions

Jana B. Milford,” Armistead G. Russell,’ and Gregory J. McRae" ¢

Department of Engineering and Public Policy, Carnegie Meilon University, Pittsburgh, Pennsylvania 15213

B This analysis addresses whether nitrogen oxides (NO,)
emissions controls should be used in addition to reductions
of reactive organic gases (ROG), and what measures of air
quality should be used to evaluafe alfernative strategies.
The results of this study call Into question the adequacy
of control strategies that rely exclusively on ROG emissions
reductions. Based on the prediciions of an Eulerian
photochemical model for a 2-day episede in August 1932,

. distinetiy different combinations of NO, and ROG re-

ductions dppear to be most eitective in lowering photo-
chemical pollutant [evels at different locations within the
Los Angeles basin. For example, while peak czone con-

centrations at some locations were predicted to increase

with reduced NO, emissions, reductions in NO, were
predicied to be required I order To meet the National
Ambilent Alr Quality Standard (NAAGS) for ozone at
downwind locations. Similarly conflicting responses were
predicted for inorganic nitrate and peroxyacetyl nitrate
(PAN]}. As base case concentrations of radicals and the
ratio of ROG to NO, increased downwind of strong source
areas, the amount of 1mprovement n alr quality that could

be achieved by reducing NO, emissions generally increased,
whiie the efficacy of ROG controls decreased

1. Introduction

More than half of the people living in the United States
reside in areas where ozone concentrations exceed the

National Ambient Air Quality Standard (NAAQS). Ad-

ditionally, some urban areas such as Los Angeles are also
out of compliance with standards for particulate matter
{PM,y,). Given that the nation curzently spends more than
$30 billion per year on air pollution controls, there is an
urgent need to Identify new control oM)ns (1). As the
current widesoread lack of compliance is coupled with the

- prospect of an even more stringent standard arising from

recent studies that suggest that, as set at 0.12 ppm (1-h
average), the ozone standard leaves little or no margin of
protection against human nealth effects (2-4), 1t 1s clear
that the challenge Tacing air pollution control agencies is

tCurrent address: Department of Civil Engineering, University
of Connecticut, Storrs, CT 06269,
IDepel.rt:mert of Mechanical Engineering.

iDepartments of Chemical Engineering and Engmeenng and
Public Policy.
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particulazly difficult. In fact, many agencies already fee!
that they have exhausted the technical, political, and
economically feasible control measures available to address
the problem (3, 8). To further complicate the issue, it is
becoming increasingly apparent that the problem of pho-
tochemical air poillufion extends beyond individual cities.
Suburban and rural areas are being impacted by ozone and
other reaction products produced in upwind areas and
transportad over hundreds of kilometers (7). In addition
to high ozone levels, there ars also cooccurring air pollution
problems of toxic species, acid deposition, and visibility
degradatlon. In short, the time has arrived for a critical
reassessment of present approaches to controlling photo-
chemical oxidant air polluticn.

Current contrel efforts are focused on ensuring that the
highest ozone concentrations in urban areas ars below the
standard. Alr quality objectives related to other poliutants
or to rural areas are presently assumed either to be rela-
tively unimportant or to be consistent with the goal of
attaining the ozone standard. Controls on emissions of
reactive organic gases {(ROG), rather than nitrogen oxides
{NO,), have generally been relied on to reduce peak ozone
concentrations (8). In the case of photochemical air pol-
lution, the question of whether to reduce NO, or ROG
emissions, or both, is greatly complicaied by the fact that
the impacts of the reductions might not be spatially
uniform. For example, NO, emissions may suppress ozone
formation in the mmedlate vicinity of a large source, but
enhance downwind ozone formation. leferences in im-
pacts across locations and pollutants are problematic be-
cause they preclude the identification of a single, “optimal”
control strategy. The main point of this paper is that if
progress is to be made in improving photochemical air
quality, the following elements must be considered in the
planning process: (1) muitiple air quality objectives, (2)
the effects of emissions controls on pollutants other than
ozone, and (3) spatial patterns and overall population
exposure to air poilution.

2. Treditional Methods for Deszgnmg Photochemical
Ozidant Control Strategies
The problem of determining local control requirements

to reduce photochemical air pollution has usually been
defined in terms of establishing the ROG emissions control

0013-936X/89/0323-1280$01.50/0 © 1989 American Chemical Society
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level required to reduce the maximum observed ozone
concentrations to below the NAAQS. In this approach,
the objective is to minimize the cost of emissions controls
subject to meeting an air quality goal. Stated as a math-
erpatical programming problem, the design probiem be-
comes

Min cost [-’.\-Ep_og{x, t)] (1)
[Eroc(x, )}

sizhject to
Max [Og{Ewo,, Eroc, %, ti] = 0.12 ppm (2
where Eggg and Eyg_ are the emissions levels corre-
sponding to the set of féasibie conwrol strategies, and
AEgqg represents the reduction of ROG emissions from
the base case, and (2) represents the constraint that the
maximum ozone concentration anywhers nside the airshed

must be less than the standard. A similar siatement cowld

be developed for meeting other air quality standards, such

as for NO, and PM,,. Although simply stated. the for-
mulation {1, 2} hides a nurnber of difficulties including the
fact that there may be no technical or poiitically feasibie
solutions. At the heart of the control strategy design
groblem is the need for an accurate emissions—air quality
relationship that can be used to test the proposed strategies
against constraint 2. The most widely used approach to
estimating ernissions Teduction requirements is the Em-
pirical Kinetics Modeling Approach (EKMA) (9). Based
on 2 simplified, single-cell trajectory formulation, the
EKMA model has been designed to predict peak ozone
concentrations corresponding to a large number of ROG
and NO_ Teduction combinations. The level of ROG re-
ductions required to move from the observed ozone con-
centration to the standard is then estimated from a re-
sponse surface diagram or isopleth developed from the
modeling resulls.

A principal justification for the traditional focus on ROG
controls has been a concern (consistently supported by
experiments and modeling) that reducing NO, emissions
could, under some eircumstances, INCTease 0zZoNe ¢oncen-
trations at some locations (8). However, recent measure-
ments of ROG and NO, concentrations in a number of
areas (10}, new modeling analyses (11, 12), and new esti-
mates of the impact of ROG emissions from vegetation
(12-14) have led to the need {o reassess the basic approach
for lowering ozone. In fact, in its post-1987 policy provesal,
the U.S. EPA has suggested that some areas may be re-
quired to consider NU, in addition to ROG controls (15).

“Farthermore, It is not clear whether peak ozone con-
zentrations observed within the urban area are the best
measures of alr quality for use in designing control stra-
tegies (8}. If the control strategy design formulation (1,

2) is extended to include gas-phase pollutants other than ~ < pollutant concentrations, surface features, and meteoro- -

ozone, and key components of PM;; (the ambient air
qualiiy standard for pariiculate matter less than 10 pm
in diameter) like aerosol nitrate, then the EKMA approach
is clearly not adequate. With its simplified treaiment of
the underlying phvsical and chemical processes, EKMA
is not capakle of correctly accounting for pollutant car-
ryover during multiday pollution episodes, or being tested
against observed air quality. From a control strategy de-
sign point of view, EXMA Is unfortunately extremely
sensitive to initial and boundary conditions (76). Finally,
a major flaw In the traditional approach is the implicit

. assimption that conirols developed to reduce the peak

ozone to below tae standard are sufficient to ensure com-
pliance over the whole airshed. Numerous modeling
studies have shown how the effects of emissions controis
can vary within an airshed (17-19). In fact, this compli-
catlon has been a major rationale for the development and
use of Eulerlan models capable of predicting the air qualitv

20

40

Nitrogon Oxides (% Control)

80

- . T ]
100 80 80 40 2¢ 0
Reactive Organics (% Control)

Figure 1. RCG and NO, emissions reduction combinations (@} for
which air quality calculations were performed. The upper right-hand
carner of the diagram corresponds to the 1982 base-line emissions
of ROG and NO,.

00
p..

distribution over urban airsheds (20).

8. Use of Airshed Models To Design Emissions
Contro!l Strategies

Current photochemical airshed models are capable of
calculating the evolution of pollutants in the atmosphere
by accurately describing the vhysical and chemical pro-
cesses responsible for chemical transformation, transport,
and fate. In the past, because of the hich computational
costs associated with these models, most applications wers
confined to a limited number of time periods and contrel
scenarics. Advances in computational technology now,
however, enable the direct computation of control isopleths
using comprehensive, spatially resolved photochemical
dispersicn models. This paper examines, for the first time,
the effects of 2 comprehensive set of reductions in emis-
sions of ROG and NO, on the concentration distributions
of ozone, peroxyacetvl nitrate (PAN), and inorganic nitrate
(NO;~, the sum of nitric acid and ammonium nitrate)
concentrations over a major metropolitan area.

More than 45 different combinations of control levels
(shown in Figure 1) were uged to develop concentration
isopleths for locations across a 200-km-wide portion of the
Los Angeles basin. Although emissions reductions greater
than 80% were evaluated, by far the largest number of
cases were concentrated at control levels that might be -
expected over the next 10 years. Each 2-day simulation
using the model described in (21-23) required approxi-
mately 40 min of computer fime on a CRAY X-MP/48.
The model used to perform the analysis has emissions,

logical parametars resolved into five vertical segments and
25-km?® herizontal grid squares. Metgorological parameters,
photolysis rates, and emissions vary both spatially and
diurnally. Detailed descriptions of the model and the
chemical reaction mechanism it contains and results of -
evaluations are given in (I7, 21-24). While the specific
calculations apply to Los Angeles, the issues and methods
of this analysis are hikely to be applicable to many other
urban lecations. For example, the time required to
transport ozone and its precursors from downtown Los
Angeles to the eastern edge of the basin is comparable to
the scale of intercity and urban-to-rural transport of con-
cern In the eastern United States. Furthermore, the
variation in ROG and NO, emissions levels across the
region Spans the levels found in other urban areas. The
results presented here are thus expected to provide general

"insight Into the implications of different air quality metrics

and the relative effectiveness of ROG and NO, controls.
Environ. Sci. Technol., Vel. 23, No. 10, 1989 1291



Table I. Boundary Conditions for Inflow from the Pacific
Ogean

inflow conca, ppm

specles surface aloft
O, 0.04 0.06
NO 0.01 0.00
NO., Q.01 Q.00
ROG (ppm C} 0.15 0.13

4. Base Case Predictions

Before a model can be used for control strategy caleu-
lations it is eritically important to demonstrate that it has
the capability to accuratelv reproduce historical events.
The South Coast Air Basin {SoCAB) surrounding Los
Angeies, CA, was selected for this study because of the
severity of the photochemjcal air pollution problem there
as well as the availability of an extensive aerometric data
base. The SoCAB experiences ozone concentrations in
excess of 3 fimes the national standard, and photochem-
ically derived aerosols contribute to PM,, levels of 2-3
times the standard. The area encompasses major portions
of Ventura, Los Angeles, San Bernardino, Orange, and
Riverside Counties in Southern Californiz. The modeling
region extends over 200 ¥m easi-jo-west and 100 km
north-to~south. For this study, calculations were carried
out over 48 h, with meteorological conditions and base case
emaissions corresponding to the period August 30-31, 1982,
There are several reasons for selecting these days. The first
is that moderately high phoetochemical smog levels were
experienced throughout the Los Angeles basin over the
2-day period. On August 31, the maximum ozone con-
centration observed in the airshed was 0.23 pprm, recorded
at the Riverside monitoring site. In fact, the August ep-
isode was recently classified as one of the two most com-
mon types of high-ozone periods in the Los Angeles area
(23). The meteorological conditions were conducive to the
formation of high oxidant [evels since the temperatures
in the area reached 37 °C and the low average wind ve-
lacity across the basin from west to east allowed overnight
accumulation of pollutants. Since ozone is not the only

INFLOW FROM OCEAN AIRSHED DOMAN Fzoms]

determinant of urban air quality, and there is considerable
current interest In Issues associated with PM,,, the primary

Lec Angees Aumouz
Surta ! J
¢ Minea Laver j Ocean v Lana A
’
|l—- 0 kM
X4 =)
Leos Angeles Augiccuz
Tl
s g ;
1 !—-—mo um
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i-‘-—tzn km
; 220 km

Flgure 2. Schematic representation of the extent of oceanic air
penetration into the airshed modeling domain. The average position
of the front was derived from the full three-dimensicnal flow field. After
36 h the front is sifll more than 5C km from the location of the highest
observed czone [evels. (The vertical scale and integrity of the surface
mixed layer has been exaggerated for clarity))

Flgure 3. Distribution of predicted peak ozene concentrations (ppm)
for August 31, 1982, base case.

after 36 h. The position of the front at the end of each
12-h period was derived from trajectory analyses of the
underiying flow field. One particularly important feature
to note is that after 36 h the front is still more than 50 km
from the region of highest ozone concentrations. In other

reason for choosing the 1982 episode was Decause 1t cor-
responded to the only time period during which a com-
prehensive program was mounted 1o characterize partic-

words, the choice of inflow boundary conditions has a
cegligible effect on the peak ozone levels. Similarly, by
running the mede! for 2 days it is possible to significantly

ulate air quality (23).

patially and temporally resolved estimates of sum-
mertime, weekday ROG, NO_, and CO emissions were
developed for the region. The base estimates were aug-
mented with day-specific emissions data from major point
sources. Total emissions of and NO, in the modeling
region were estimated at 1260 X 10% and 1120 X 10° kg
day™, respectively. While most emissions are concentrated
in the central Los Angeles County area, lower buf still
substantial levels of ROG and NOQ, are emifted to the
south and east into San Bernardine, Orange, and Riverside
Counties. Apart from the emissions and meteorotogy, the
other major determinants of the concentration dvniamics
in an urban airshed are the choices made for initial and
boundary conditions. For the base case the needed data
were interpolated directly from availzbie fleld measure-
ments. Table I preSents the values adopted for the ocean
boundary. Locating the computational boundaries well
away from the extent of land-sea breeze reversals provides
a way to minimize the effects of uncertainties in the values
adopted for the inflow boundary conditions (22). Figure

2 fllustrates the extent of penetration of air from the ocean

1292 Environ, Sci. Technol., Vol. 23, No. 10, 1889

reduce the influence of uncertainties in the initial condi-
tions.

Since a detailed evaluation of the performance of the
mode} in predicting Oa, NO,, HNO,;, NH,NO;, and PAN
concentrations during this 2-day pericd is available in ref

23, it will not De repeated here. In summary, however, it
was found that O, and PAN concentration predictions were
in excellent agreement with observations and that NO,
predictions were substantially better than had been
achieved in previous studies. Figure 3 shows the maximum
1-h average ozone concentrations across the Los Angeles
basin on August 31, as predicted for the base case.
Throughout the airshed, peak ozone concentrations exceed
0.08 ppm, with eoncentrations over areas east of downtown
Los Angeles well above the national standard of 0.12 ppm.
Peak ozone levels are highest well downwind of the dom-
inant emissions area, consistent with observed trends. The
time at which the peaks are predicted to occur shifts from
midday at downtown Los Angeles to late afternoon as the
main urban plume travels east across the airshed. Con-
cenirations exceeding 0.17 ppm develop ~50 km east of
downtown: Los Angeles, and also ~100 km east-northeast
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Figure 4. Predicted response of peak czone concentrations (ppm) at locations across the Los Angeles basin, to spatially uniform NC, and RCG
emissions reductions. The upper right-hand comer of each response diagram correspends to the base case. (a) Downtown Los Angelas; (b)

Pasadena; (c) San Bernarding; (d} Chine; () Rubidou)_:.

of downtown. The highest ozone concentration is 0.20
Ppm, predicted to occur at 2 p-m., near San Bernardine.
The peak HNO;, NHNOQ,, and PAN concentrations are
distributed over the airshed in a pattern roughly similar
to that of ozone, generally increasing downwind of down-
town Los Angeles. The highest concentrations of HNG;;
NH,NO,, and PAN predicted were 18, 27, and 14 ppb,
respectively. Both the gas-phase and particulate predic-
tions are in excellent agreement with cbservations. The
excellent performance of the model in reproducing the base
case conditions provides a viable base from which to

" proceed with the control sirategy calculations.

5. Construction of Spatially Resolved Pollutant -
Isopleths '

Given satisfactory performance for the base case, the
next siep was to determine the effects of differing levels
of precursor controls. The objective was to develop a set

of “EKMA-like” control isopleths for different locations
within the airshed. The data needed to develop the con-
centration contours were derived from many individual
caiculations, each corresponding to one of the control
combinations shown In Figure 1. Emissions controls were
modeled as uniform percentage recuctions applied to all
sources and ranged from O to 100% of the base-line
emissions levels. Although it IS easv to construct the
emissions reductions, one of the major difficulties In using
airshed models to test the air quality impacts of alternative
control strategies is chocsing appropriate initial and
boundary conditions. Under conditions of drastically re-
duced emissions, the original ambient air quality mea-
surements will no longer be appropriate. In this study, the
initial concentrations of emitted species within the mod-
eling region were derived by scaling the base case moni-
toring values in direct proportion to the emissions re-
ductions.

Inflow concentratiens along the boundary of the region

Environ, Sci. Technal., Vol. 23, No. 10. 1989 1293
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were not scaled. There were several reasons for this de-
cision. " As shown in the last section, the oceanic inflow
boundary had a negligible effect on downwind air quality.
In addition, 1t Is not clear that future controls will have
a major impact on upwind air quality. As a iest of the
effzct of the inflow assumption, fwe control runs were

carried out, both corresponding to 50% reductions of NQ,

and ROG. In one case the inflow concentratiop was the
same as tpat shown in Table I and in the other the ROG
level was lowered to 10 ppb C. Under these conditions the
peak ozone on the second dav was only lowered by 0.1%.
The fact that a 15-fold reduction in the inflow cceanic
boundary condition led to such 2 syall change in predicted
alr quality is a testimony to the efficacy of the procedures
used to locate the computational boundaries. The more
difficult decision was the treatment of inflow through the
northern, land-based, boundary. At present there is no
truly defensible procedure, since even under conditions of

- very stringent controls in the Los Angeles basin there is
no guarantee that areas to the north of the region will
- adopt similar measures. (This probler is even more se-

rious for eastern cities where transport tirnes and distances
between cities are very short.) In either case, for the
particular conditions of this study, the peak ozone values
under condizions of almost 100% control cecurred on the
far eastern boundary. This effect could be minimized in
future studies by extending the modeling region even
further to capture the flow reversals at night.

For each control combination hourly average pollutant
concentraiions were computed for each grid point in the
modeling region. lsopieths were drawn for Oy, PAN, and
NQ, (HNO, + NH,NO.) at selected receptor sites across
the basin by determining, for each location and control
combination, the maximum concentration of each species
predicted over the sécond 24-h period. Since the problems
associated with inflow boundary conditions only became
apparent af very high and currently technically infeasible
control levels, we decided to present ihe concentration

1294 Enviren. Sci. Technol,, Vol 23, No. 10, 1988

contours for emissions reductions in the range (~80% . As
an illustration of the resulis, Figure 4 presents predicted
responses of peak ozone concentrations to NO, and ROG
emissions reductions for selected monitoring sites. The
effects of both ROG and NO, reductions, as well as the
hase-Iine ozone concentrations, differ significantly beiween
locations. An overall trend Is apparent. Moving west to
gast, the sensitivity of O, to NO, emissions increases and
the sensitivity of Os to ROG emissions decreases. As
shown in Figure &, base-line peak ozone congentrations also
increase across the modeling region. At downtown Los
Anceles and Pasadena, the ozone concentrations increase
with Initial NO, reduction steps, In the absence of con-
current ROG reductions. The effect is esvecially strong
at Pasadena, where, for example, a 16% increase in Oy is
predicted to result from a 36% reduction in NO, emissions.
At other locations, especially those southeast of downtown,
NO, controls appear to be mors effective in reducing czone
than equivalent percentage ROG controls. Among the
isopleths presented, Rubidoux provides the most extreme
example, with a 35% reduction in NO, approximately
twice as effective in reducing Oj as a similar level of ROG
control. The mode!l predicts that an 80% reduction in
ROG emissions 1s insufficient to reduce the maximum
ozone concentrations to 0.12 ppm at locations such as
Chino and Rubidoux. With or without ROG reductions,
it appears that significant NO, reductions are required to
achieve the NAAQS under the conditions medeled.

6. Interpretciion of Spatial Patterns in Response to
Emissions Reductions

The isopleths presented in Figure 4 exhibit separate
regimes of relative insensitivity to NO,; and ROG reduc-
tions that are characteristic of czone isopleths (26). Figure
5 shows the interaction between the NO, and ROG reac-
tion eyeles that account for this behavior. The buildup
of ozone concentrations that occurs in urban areas resuits
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from enhancement of the rate of ozone production by
photolysis of NO, over the rate of ozone consumption by
its reaction with NO. This enhancement occurs when
peroxy radicals, rather than ozone, oxidize NO to NO..
The peroxy radical RCQO,, ROy, HO,) + NO reactions link
the NO. cycle with the ROG cycle. Reactive organics
produce peroxy radicals via reaction with hydroxyl radieals,
and by photolysis, in the case of aldehydes.

The upper left portions of ozone isopleths correspond
to NO_-rich systems, in which peak ozone concentrations
may decrease if NO, emissions increase. In such systems,
radical and ozone concentrations are suppressed by the
addition of NO,.. The dominant loss mechanism for rad-
icals under NO,-rich conditions is the reaction of OH
radicals and NO, to produce HINO;. This loss of hydroxyl
radicals reduces ROG oxidation. ROG concentrations are
t00 low In these systems to propagate radicals through the
cycle by competing against the HNO; formation reaction.
The decrease in percxy radical production that occurs
when NO, is added results in lower ozone concentrations

as less NO is oxidized by reaction with peroxy radicals’

rather than ozone. In NO_-rich systems, reducing ROG
emissions reduces radical generation by aldehyde photo-
lysis as well as radical cyeling, resulting in decreased peroxy
radical production and consequently lower ozone concen-
trations.

In the ROG-rich systems represented by the lower right
portions of typical isopleths, reductions in NO, emissions
decrease net ozone production, while little change s ef-
fected by ROG emissions reductions. In this case con-

centrations of ROG are high enough to produce a relative
excess of peroxy radicals. It is the NO concentration that
Bimits the rate of the peroxy radical-NO reactions, thus
limiting ozone production as well as further cycling of
radicals. While high peroxy radical concentrations could
potentially deplete ozone through the reaction of HO, with
0s, the effect of this reaction is limited zs it competes with
termination reactions between peroxy radicals, such as the
rezction of two hydroperoxy radicals to form hydrogen
peroxide. Finally, as ROG concentrations increase relative
to NO, levels, the balance between peroxy and hydroxyl
radicals is shifted in favor of peroxy radicals, and conse-
quently PAN production increases in importance relative
to HNO; production.

Figure 62 shows the ROG/NQ, ratios predicted across
the airsheqd for the base case at 8 a.m., indicating the
distribution prior to extensive reaction and downwind
transport. NO. has been calculated as the sum of NO and
NO, to represent the component of total NO, that is active
in the production and consumption of czone. The values
shown are thus noet sirictly comparable to NO_ measure-
ments, which can include significant contributions from
PAN and HNO;. (The distinction is expected to be neg-
Hgible early in the day, but to increase in importance as
concentrations of HNQ; and PAN build up while these of
NO, and NO decline.) The NO, concentrations predicted
for 9 a.m. rangs from ~0.2 ppom over the center of Los
Angeles County o less than 0.02 ppm at the eastern edge
of the modeling region. ROG concentrations range from
about 2-0.3 pom C over the same area. The ratios of ROG
to NOQ, predicted for 9 a.m. fall between 5 and 10 ppm
C/ppm over most of Los Angeles County and range to
higher than 30 ppm C/ppm over San Bernardine and
Riverside Counties. By comparison, the measured values
of ROG/NOQ, were approximately 3 ppm C/ppm within
~30 km of downtown Los Angeles at 9 a.m. on August 31,
in close agreement with predictions. By ncon, when ele-
vated concentrations of Oy, PAN, and NO;~ have devel-
oped, the predicted ROG to NO, ratios have approximately
doubled at most locations, due primarily to reduced NO
and NO, concentrations. As shown in Figure 6, parts b
and ¢, and as might be expected from the discussion of
radical cycling, the contours of predicted hydroxyl and
hydroperoxyl radicals generally follow the ROG/NO,
ratios.

The differences in the shapes of the isopleth diagrams
in Figure 4 follow from the distributions of ROG, NO,, and
radical species. As suggested by the concentrations of ROG
and NQ, in the area at 9 am., Pasadena is within the
region of high emissions. At noon, the predicted value of
ROG/NO, is only 5.0 ppm C/ppm, further suggesting that
the site is strongly infiuenced by NO.-rich local emissions.
Concentrations of HQ, and OH radicals at Pasadena at
noon are predicted to be among the lowest in the basin.
Here, NO, is depleting radicals. The isopleth for Pasadena
shows an increase in peak ozone in response to decreased
NO, emissions over the widest range of control levels of
any of the isopleths. The sensitivity to initial reductions
in ROG is higher at Pasadena than at any of the other
locations for which isopleths are shown. The ozone iso-
pleth for downtown Los Angeles shows both 2 smaller
increase with initial NO, reductions and a smaller decrease
with initial ROG reductions than the isopleth for Pasa-
dena. Although like Pasadena, high concentrations of NO,
and ROG at 9 a.m. reflect strong local emissions at
downtown Los Angeles, the value of ROG/NO, predicted
for downtown at noon is 21 ppm C/ppm. HO, and OH
concentrations are zlso predicted to be higher downtown
than at Pasadena. '
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Figure 7. Spatial distribution of the predicted reduction in peak ozone
concentrations (ppm) resulting from (2) a 35% reduction in ROG
emissions and {b) a 35% reduction in NO, emissions. Areas where
ozoneé concentrations wera predicted to increase with emissions re-
ductions are cross-hatched; the associated concentration changes are
shown as negative values.

Moving east out of Los Angeles County, the level of local
emissions decreases and the influence of transported

precursors becomes significant. ROG to NO, ratios at noon
at Chino, Rubidoux, and San Bernardino are predicted to
exceed 25 ppm C/ppm. HO, concentrations predicted for
the same time and locations are about an order of mag-
nitude higher than those predicted for Pasadena. The
corresponding difference in OH concentrations is a factor
of ~2. A progression from the significant negative sen-
sitivity of ozone to NO, emissions at Pasadena to the high
positive sensitivity to NO, at Rubidoux and San Bernadino
is shown in the isopleths for these locations. The availa-
bility of NO, is increasingly limiting ozone production.
Consistent with higher radical levels in the air parcels
‘passing over Rubidoux, the isopleth diagram constructed
for that location displays less sensitivity to ROG emissions
than those for San Bernardine and Chino.

Figure 7a shows the spatial distribution of the change
in peak ozone concentration that results from a wniformly
applied 35% reduction in ROG emissions, with NO,
emissions fixed at the base-line level. Figure 7b shows
analogous results for a 36% reduction in NO. emissions
with no change in ROG. Comparison of the spatial pat-
terns in Figure 7, parts a and b, with those of the param-
eters plotted iIn Figure 6 shows the correspondence of the
peak ozone response to the balance that developed between
ROG or radicals and NO,. The change in Oy predicted to
result from a 35% change in ROG is above 0.02 ppm
throughout mest of Los Angeles County, where base case
HO, concentrations were below 0.1 X 10~ ppm at noon and
OH concentrations were less than 0.12 X 107 ppm. The
predicted change in O, with ROG falls below 0.01 ppm over
Riverside County, where HO, concentrations exceeded 0.5
X 107 pprm.

The trend among the isopleths of generally increasing
sensitivity to NO, emissions, moving away from the high
etnissions area, corresponds to trends in the base case as
well. In Los Angeles County, where base case HO, and OH
concentrations were less than 0.1 X 107 and 0.1 X 107
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Figure 3. Spatial distribution of the predicted reduction in peak PAN
concentrations (pph) to (a) a 35% reduction in ROG emissions and (b)
a 35% reducticn in NQ, emissions, and of peak NO;~ concentrations
(ppb) to (¢} a 35% reducton in ROG emissions and {d) 2 35% reduction
in NO, ermissions. Areas where product concentrations were predicted
to increase with emissions reductions are cross-hatched; the asso-
ciated concentration changes are shown as negative values.

prm, and ROG/NQ, values remained beiow_ ~25 ppm
C/ppm until noorn, peak ozone concentrations are pre-
dicted to increase up to ~0.02 ppm in response to NO,

controls. East of there, radical concentrations and

ROG/NOQ, ratios in the base case were higher, and re-

ductions in ozone concentration up to 0.025 ppm are

predicted to result from a 35% decrease in NO, emissions.

In summary, our analysis indicates that for the partic-
ular episode and for locations more than ~4 h travel time
downwind of downtown Los Angeles, reducing NO,
emissions also reducas O, concentrations. For locations
beyond ~8 h downwind, where the highest ozone con-
centrations were observed, NO, controls are more effective
than ROG reductiond. These results follow from the
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Figure §. Predicted response to emissions reductions of peak PAN
concantrations (ppb) at (2} downtown Los Angeles and (b) Rubidoux,

and of peak NC,~ concentraticns {ppb) at (¢) downtown Los Angeles

and (d) Rubidoux.

chemistry of the NQ, and ROG ¢ycles, and the fact that
NO. is rernoved from the system more rapidly than ROG.
Since downtown Los Angeles has a lower typical ROG/
NO. ratio than most cities, the results suggest that NO,
control may generally be more effective than previcusly
aszsumed.

7. Spatial Patterns in PAN and NO; Response

PAN, nitric acid, and aerosol nitrate concentrations are
critical aspects of overall air quality in the Los Angeles arsd
(27). Aerosol nitrate, in particular, has become more im-
portant from 2 regulatory point of view since the intro-
duction of federal and state standards for PM, Like
ozone, concentrations of these species in polluted atme-
spheres are modulated by NO, and ROG emissions. The
spatial distributions of the responses of PAN and NO;™ to

38% changes in NO, and ROG emissions are shown in .

Pigure 8. For these species, as for ozone, the comparative
effectiveness of NO, and ROG reductions differs signifi-
cantly acress the airshed.

The response patterns for PAN and ozone are guite
similar, except that the area where NO. reductions result
in increased peak concentrations is larger for PAN than
for ozone. As with ozone, when NQ, emissions are reduced
by 35%, the resulting reductions predicted for PAN at the
eastern portion of the basin are comparable in magnitude
to the predicted increases in the high emissions area.
Again like the Og response, PAN levels are most sensitive
to ROG reductions in northarn Los Angeles and western
San Bernardino Counties. The similarity follows from
their chemistry, since both PAN and O depend on the
availability of peroxy radicals and NO, for their produe-
tion. PAN concentrations can be reduced by increasing
NOQ. emissions, leading to an enhanced rate at which
peroxy radicals are reduced to hydroxyl radicals (via NO
oxidation), an effect that favors HENO, production over
PAN production. The variation between the spatial
patterns of PAN and ozone results from a difference In the
level of depletion of NO, relative to ROG that is required
before production of the respective species becomes
NO.-limited.
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Figure 10. Response of the peak czone concantration {ppm) at Ru-
bidoux predicted with the trajeciory formulation of the model with (=)
the default chemical mechanism and (---) the "condensed” chemical
mechanism of Lurmann et ai. (28).

The NO;™ response contours follow the base case con-
centrations of OH and NO, closely and differ somewhat
from those for Oy and PAN. The sensitivity of NO;~ to
ROG is highest where NO, concentrations are highest, in
Los Angeles County and western San Bernardine County,
The patterns of sensitivity of NO;~ to NO, follow the
contours of OH conceniration, consistently increasing east
across the basin. These resuits follow simply from the
nitric acid formation reaction, with enhanced dependence
on ROG for radical production where NO, concentrations
are high, and enhanced demand for NO, where OH radical
concentrations are elevated. .

Figure 9 shows response surface isopleths for PAN and
NO;~ constructed for both downtown Los Angeles and
Rubidoux. Peak base-fine concentrations of both PAN and
NO;~ are predicted to be approximately tiice as high at
Rubidoux as at downtown. These two locations were se-
lected so that both NO,- and ROC-rich areas would be
represented. As shown in Figure 9, parts a and b, the peak
concentration of PAN would apparently be reduced more
effectively by ROG than by NO, reductions at both sites.
As Rubidoux, however, the most effective means of re-
ducing PAN may be a combination of NO, and ROG re-
ductions. NO, and ROG reductions appear to be com-
parably effective in reducing NO,™ at downtown Los An-
geles (Figure 9¢). At Rubidoux, NO, emiszions reductions
are predicted to be significantly more effective in reducing
NOjg", as shown in Figure §d.

8. Effect of Model Formulation

Since the chemical mechanism used in the airshed model
was developed several years ago, it is of interest to compare
the results presented above with results generated with a
more recent mechanisre. As it was not feasible to perform
the comparison with the full, Eulerian formulation, a

trajectory version of the model was used. Since generating

pollutant isopleths with an airshed model is not always
practical due to computational requirements, it is also of
interest to compare the Eulerian and Lagrangian results.

The isopleths presented in Figure 10 show the response
of the Q3 concentration predicted at Rubidousx to reduc-
tions in ROG and NO, emissions. The isopleths were
generated by two different mechanisms: the mechanism
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Figure 11. Response to erissions reductions as measured by the
maximum peak ozone ¢oncentration (ppm) over the airshed.

employed in the calculations discussed previously, and the
“condensed” chemical mechanism presented in Lurmann
et al. (28}. With each mechanism, the Lagrangian for-
mulation of the model of McRae et al. (21-23) was used
to follow a 2-day irajectory that passed through Rubidoux
at 3 p.m. on August 31. Rubidoux was selected as the
trajectory end point because it was near the location at
which the airshed maxzimum O, concentration was ob-
served on August 31. The trajectory was developed from
surface wind velocities measured at 39 sites, interpolated
. to 10-min time steps by the method of Goodin et al. (29).
The initial conditions used are those given in Tabie L
Wind shear was not significant during the pericd (30). The
response surfaces developed with the two mechanisms are
quite simitar, differing primarily at very large (greater than
75% ) reductions in ROG emissions.” A detailed comparison
of the two reaction schemes is presented elsewhers (31).

The trajectory-generated isopleths presented in Figurs
10 can be compared to the airshed resuits presenied in
Figure 4 for Rubidoux. Predicted O, concentrations at
varying ROG and NO, levels agree closely between the
airgshed model and both trajectory formulations, with the
airshed model generally predicting concentrations that are
~5% lower. Although the trajectory-generated isopleths
show a small but distinct region of insensitivity to NO,
emissions levels, the major conclusion is confirmed: on the
basis of equivalent fractional reductions, NO, controls are
predicted to be much more effective than ROG coatrols.
The resulis further suggest that Lagrangian trajectory
formulations can give results that are consistent with those
of an Bulerian grid model. However, Eulerian and La-
grangian models can only be expected to agree under
conditions of low wind shear, and if sufficient vertical
resolution is included in the trajectory model to realistically
{reat deposition at the surface and entrainment of pollu-
tants carried aloft above the morning inversion layer. A
disadvantage of using a trajectory formulation is that if
the location of the ozone pezk shifts, as is likely with large
emission changes, no indication is given of the shift, or of
the location of the new maximum,

8. Implicetions for Control Strategies

The results presented in the previcus sections show
mixed responses to both NO. and ROG controls. NO,
emissions reductions up to ~50% are predicted to lead
to increased peak ozone and PAN concentrations over part
of Los Angeles County, while ROG emissions reductions
lead to decrsased Oy and PAN concentrations across the
region. The resulis for ozone are consistent with previcus
modeling studies that have considered the impact of rel-
atively modest reductions in NO, and ROG emissions
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(17-19). The present analysis further indicates that NO,
reductions are necessary, alone or in combination with
ROG controls, in order to reduce HNO, and inorganic
nitrate concentrations across the airshed.

The isopleth diagram presented in Figure 11 shows the
airshed maximum 1-h average ozone concentrations cor-
responding to NO. and ROG emissicns reductions. Unlike
an EXMA diagram, the airshed response surface reflects
changes in the location of the maximum concentration, as
emissions are recuced. Use of an airshed model allows this
shift tc be predicted and incorporated into the design of
control strategies. As stated above, the highest 1-h ozone
concentration predicted in the base case run is 0.20 ppm,
predicted to occur at 3 p.m. near San Bernardino. With
25% reductions in NO, or ROG or 15% reductions in both,
the location at which the maximum is predicted to occur
moves to the Chino area. This latter area is the location
of the maximum concentrations predicted for the re-
mainder of the model runs, except for these conducted for
conirol combinations consisting of very large NO. and
small ROG reductions. For these cases, the airshed
maxima are predicted to cccur at the eastern edge of the
modeling region and are influenced by flow reversals at
night.

Following the standard EXMA approach, the control
requirement for the Los Angeles area would be determined
by moving from the base case emissions point (the upper
right corner of the diagram) lefi along the upper edge of
the diagram to the isopleth corresponding to the NAAQS
of 0.12 ppm. In Figure 11, however, reductions in ROG
emissions of up to 80% do not intersect the isopleth cor-
responding to 0.12 ppm. For the episode simulated, it
appears impossible toreduce the airshed maximum czone
concentration below ihe standard by reducing ROG
emissions, without substantial concurrent reductions in
NO.. This is due to the influx of organics from the
northern and eastern boundaries. Inclusion of biogenic

" emissions would decrease the apparent effectiveness of

ROG control further..

In addition to the need to consider NO, control measures
along with ROG controls, the response of the airshed
maximum ozone concentratiop illustrates the probable
infeasibility of the control problem (1, 2) presented above.
In Los Angeles, for example, the 1982 Air Quality Main-
tenance Plan (AQMP) (19) identified available control
steps that were expected by 1987 to reduce ROG emissions

by 195 tons per day, at a cost approaching $500 000 per

day. The projected emissions reductions totaled only ~
25% of the amount estimated to be required to achieve
the NAAQS. The existence of such a shortfall suggests
a cost effectiveness forrmulation of the control problem:

Max
{Eroc(®, 1), Egog(x, t}]

Air Quality [Erog(x, ¢), Eno,(x, ¢)] (3)
subject to
Cost{dEng, ABpog(x, ¢)} = Budget (4)

where Alr Quality (3) is, in general, a vector of objective
functions associated with different pollutant species or
receptor areas. Analysis of the multiobjective control
problem requires either a priori specification of weights
or priorities among the objectives, or selection on the basis
of caleulated tradecffs between alternative solutions.
The utility of focusing the analysis of control options
on the airshed maximum ozore concentration is that it
provides a single measure of the air quslity in the basin
on which decisions can be based. Especially when re-
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Flgure 12. Ozone, PAN, and lnorganic nitrate concentrations resuiting
from contrelling ROG and NO, emissions to the levels indicated.

sources are limited, however, it is not clear that decisions
should be made without ccnsidering changes in air quality
at locations other than the location at which the maximum
s observed. For example, under some control strategies
she extent of the area aver which concentrations exceed
the NAAQS might increase, even as the value of the
mazimum concentration in the airshed is reduced. Fur-
thermore, it may be beneficial to consider the impact .of
controls on concentrations of other pollutant species of
concern, in addition to ozone. None of these issues can
be addressed with the conventional EKMA methodology.

Figure 12 illustrates the tradeoffs predicted to exist
between the level of reduction of PAN, NO;, and 05 con-
centrations that can be achieved by using various com-
binations of NO, and ROG amissions controls. For PAN
and inorganic nitrate, the concenirations plotted in Figure
12 were predicted for Rubidoux and are from Figure 8. In
the base case, concentrations of these species at Rubidoux
approached the highest predicted to occur anywhere in the
airshed. The ozone concentrations plotted in Figure 12
are the airshed maxima for the control combinations in-
dicated. Estimates presented in the 1982 AQMP for Los
Angeles indicate that the costs of proportionate reductions
in NO, and ROG emissions are comparable (e.g., the cost
of a 10% reduction in NO. emissions is approximately
equal to the cost of a 10% reduction in ROG emissions)
anc that costs increase roughly as the square of the re-
duction level {19). The control combinations for which
reductions are shown in Figure 12 have thus been chosen
to be roughly equal in cost to 50% reductions in either
ROG or NO, emissions alone. '

Clearly, the control combinations predicted to yield the
largest reductions for sach of the three pollutants are
different. A striking aspect of Figure 12 is the flatness of
the ozone curve, which contrasts with significant tradeoffs
shown for PAN and inorganic nitrate. NO; is most ef-
fectively controlled by a pure NO, strategy. In contrast,
concentraticns of PAN can most effectively be reduced
with a balanced combination of ROG and NO, conirols.
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Flgure 13. Response to emissions reducticns as measured by the
average peak ozone concentration {ppm) over the airshed.
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Figure 14. Response to emissions reductions as measured by the
percent of the populaticn within the modeiing region axposed o ozone
concentrations above 0.120 ppm.

With no basis for disregarding either pollutant, the
question that still remains is how to trade off the reduc-
tions that could be obtained for inorganic nitrate and PAN.

The preceding example highlights a potential problem
with U.S. EPA’s current policy on photochemical air
pollutants. On the basis of studies that examined the
response of ozone, PAN, nitric acid, and other related
pollutants to ROG reductions (32), U.S. EPA concluded
that ozone is an adequate surrogate for the other photo-
chemical pollutants of concern, i.e., that the other poliu-
tants do not need to be treated expleitly (27). When both
ROG and NO, controls are under consideration, however,
U.5. EPA’s assumption may not be adequate.

Tradeoff curves could be generated for various receptor
locations as well as different pollutants. An alternative
appreach, which is especially useful when a single pollutant

- such as ozone is being considered, is to base control de-

cisions on an air guality metric that is integrated over the
region. Figures 13 and 14 present examples based re-
spectively on giving equal weight to all grid cells in the
modeling region and on the number of people residing in
each grid cell. The predicted response of the airshed av-
erage peak ozone concentration shown in Figure 13 was
estimated by

Air Quality = 5 ((maxiOs, 01da @)

with A dercting the modeling region. Figure 14 shows how
the fraction of the population potentially exposed to ozone
levels above the NAAQS changes with NO, and ROG
emissions, calculated as
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Alr Quality = fA pop(x) 3(max,[Oy(x, ) d4  (6)

where

1 if max COa(x, 73] 2 0.52 ppm

BlmaxlQ,lix 1) = { (7)
0 it max LO50x £33 < 092 pem

Expression 6 obviously gives only a rough estimate of the
fraction of people who would actually be exposed to am-
bient concentrations above the standard, sinee it ignores
the factors of population mokbility and indoor/outdoor
concentration differences.

For the base case, the airshed average peak ozone con-
centration predicted by the model was 0.12 ppm. Figure
13 shows that the spatially averaged peak concentration
is less sensitive to both NO, and ROG reduetions than
peak concentrations at most specific Jocations. Similar in
shape to the isopleths developed for San Bernardino and
Chino, the airshed average isopieth shows fairly symmetric
regions of relative insensitivity to NO, and to ROG.

For the day modeled, at the base-line emissions level,
almost 60% of the 10.8 million people living within the
modeling region are estimated to be “exposed” to ozone
concentrations above 0.12 ppm. As shown in Figure 14,
with 50% reductions in both NO, and ROG emissiens,
~40% of the populaticn is still predicted to be exposed.
The exposure isopleth of Figure 14 is similer to the con-
centration isopleths developed for downtown Los Angeles
and Pasadena, showing a significant region of the isopleth
where NO, reductions are predicted 1o increase the number
of pecple exposed. The influence of the large population
in the high emissions area is clearly refiected in this result,
which is subject to change with the populaticn growth
projected to occur in the easiern SoCAR.

Numerous other integrated air quality metrics could be
derived to indicate the effects of various control corbi-
nations for human heslth or agricultural or environmental

damage. Which metrics are most appropriate for ad-

dressing the concerns and conditions of a specific air
quality cantrol area is a difficult question. The exampies
presented in this section suggest, on the basis of emis-
sions/air quality relationships, that the answer will be a
significant factor in determining which combination of
ROG and NO, controls appears most effective. The ap-
parent efficacy of the control alternatives further depends
on the level of control assumed to be feasible. A control
strategy designed to minimize the number of people ex-
posed to ozone concentrations above 0.12 ppm might utilize
only ROG controls because moderate control of NO, ap-
pears counterproductive. In contrast, if the objective is
to reduce the airshed maximum concentration of ozone as
much as possible, within the limits of available control
measures, or to reduce PM,y, some degree of NO_ control
might be desirable. Short of attaining the NAAQS, the
airshed maximum ozone concentration predicted to result
from alternative equal-cost combinations of ROG and NO,
reductions appears relatively insensitive to the combination
of ROG and NO; controls used, for the episcde modeled.
In such a case the responses of pollutants other than ozone
might be used to select a control strategy.

10. Summaery and Conclusions

This article has presented the results of 2 modeling
study of the response of photochemical pollutant concen-
trations to ROG and NO, smissions reductions. ¥or the
conditions modeled, the effects of ROG and NO, emissions
conirols are predicted to differ significantly across receptor

* locations. Increases in ozone concentration with NO,
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emission reductions are predicted for locations within the
high emissions region of the airshed. As receptor sites
further downwind are considerad, basin-wide NO. controls
appear more effective. Reductions in NO, emissions from
the base level increase peak ozone concentrations at lo-
cations within 3—¢ h trave!l time downwind of downtown
Los Angeles, and lower peak ozone concenirations bevond
that. ROG controls are predicted to be most effective in
those areas where high NO, levels are maintained and
radical concentrations suppressed through midday.

redicted patterns of response of PAN concentrations
to NO, and ROG emission reductions over the airshed
approximately follow the response patterns for czone.
NO;~ responses follow base-line NO, and OH levels.
Combined ROG and NO. controls yield the greatest re-
ductions in PAN concentrations. NO, emissions controls
are most effective in reducing NO;™ concentrations. For
the Los Angeles area, the question of whether a particular
combination of ROG and NO. conirel measures is robust
over different types of meteorolegical conditions is an
important area for further analysis. Additionally, the im-
pacts of controls would be axpected to be different if a
future-year emissions inventory was used, or a specific sat
of conirol measures analyzed, rather than the uniform
reductions considered here.

The resuits presenied here call into guestion the com-
monly employed assumption that ROG emissions redug-
tions are more effective in reducing ozone concentrations
than reducing NO.. Our anaiysis indicates that for the day
considered, the NAAQS for ozone could not be met across
the Los Angeles airshed without substantial reductions in
NO.. Moreover, the analysis indicates that 2 strategy of
controlling NO, emissions in combination with ROG
emissions would help reduce ozone, PAN, and inorganic
nitrate simultanecusly.

This study has illustrated the fmportance of clearly
defining the objectives of a control program. Isopleths
depicting the effect of controls on the airshed maximum
and spatially averaged peak ozone ¢oncentrations, and on
the fraction of the popuiation “axposed” to concentrations
above the standard, suggest control strategies that differ
not only in magnitude but also in “direction”, in terms of
the combination of ROG and NQ, emissions reductions
indicated. Although different responses to ROG and NO,
controls will be seen for areas other than the Los Angeles
basin, the conclusion is expected to hold elsewhere that
the control combination judged to be most beneficial can
depend strongly on the receptor locations, pollutants,
measures of effectiveness, and degree of control considered.
Guidance is needed from policymakers on how to make
tradeoffs such as those illustrated here.

Registry No. PAN, 2278-22-0; NO,, 13104-03-1; O, 10028-15-6;
HO,, 3170-83-0; OH, 3352-57-6.
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