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B This analysisaddresseswhethernitrogenoxides (NO5)
emissionscontrolsshouldbeusedin additiontoreductions
of reactiveorganicgases(EgG),andwhatmeasuresof air
cual~tyshould beusedto evaluaff~±érnativestrategies.
The resultsof this studycall into questionthe adequacy
of controlstrate~~that rely exclusivelyon ~OG emissions
reductions. Easedon the predictionsof an Eulerian
photochemicalmodel for a 2-dayepisodein August1982,
distinctly different combinationsof NO5 andROG re-
ductionsappearto be most effectivein lowering photo-
chemicalpollutant levels at differentlocationswithin the
Los Angelesbasin. For example,while peakozonecon-
centrationsat somelocationswere predictedto increase
with reducedNO5 emissions,reductions in NO5 were
predictedto be requiredin order to meet the National
Ambient Air Quality Standard(NAAQS) for ozoneat
downwind locations. Similarly conflicting responseswere
predictedfor inorgañfànitrateandperoxyacety12~Fate
(PAN). As basecaseconcentrationsof radicalsandthe
ratio of BOG to NO5 increaseddownwind of strongsource
areas,theamountof improvementin air qualitythatcould
beachievedby reducingNO emissionsgenerallyincreased,
while the efficacy of HOG controlsdecreased.

1. Introduction
Morethanhalf of thepeopleliving in theUnited States

residein areaswhere ozoneconcentrationsexceedthe
NationalAmbientAir Quality Standard(NAAQS). Ad-
ditionally,someurbanareassuchasLos Angelesarealso
outof compliancewith standardsfor particulatematter
WM10). Giventhat thenationcurrentlyspendsmorethan
$30 billion peryearon air pollution controls,thereis an
urgentneedto identify new controlqp~ns(1). As the
currentwidesoreadlack of complianceis coupledwith the
prospectof an evenmorestringentstandardarisingfrom
recentstudiesthat suggestthat, as set at 0.12 ppm (1-h
average),the ozonestandardleaveslittle or no marginof
protectionagainsthumanhealtheffects (2—4), it is clear
that the challengefacingair pollution controlagenciesis
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particularlydifflcult. In fact,maiiy agenciesalreadyfeel
that they have exhaustedthe technical,political, and
economicallyfeasiblecontrolmeasuresavailableto address
theproblem (5, 6). To further complicatethe issue,it is
becomingincreasinglyapparentthat the oroblethof nho-
tochemicalair pollution extendsbeyondindividualcities.
Suburbanandruralareasarebeingimoactedby ozoneand
otherreaction p oductsproducedin upwind areasand
transportedover nun redsof kilometers(7). In addition
toEIh ozonelevels,therearealso cooccurringair nollution
problemsof toxic species,aciddeposition.andvisibility
degradation.In short,thetime hasarrivedfor a critical
reassessmentof presentapproachesto controlling photo-
chemicaloxidant air pollution.

Currentcontrol efforts arefocusedon ensuringthat the
highestozoneconcentrationsin urbanarethare belowthe
standard.Air quality objectivesrelatedto otherpollutants
or to ruralareasare presentlyassumedeitherto be rela-
tively unimportantor to be consistentwith the goal of
attaining the ozonestandard.Controls on emissionsof
reactiveorganicgases(ROG),ratherthannitrogenoxides
(NO~),havegenerallybeenrell~don to reducepeakozone
concentrations(8). In the caseof photochemicalair pol-
lution,_thequestionof whetherto reduceNO5 or HOG
emissions,or both, is greatlycomplicatedby thefact that
the impacts of the reductionsmight not be spatially
uniform. Forexample,NO5 emissionsma~~pressozone
formationin the immediatevicinity of a large_source,but
enE~&~own~ffiE6zoEflormation.Differencesin im-
pactsacrosslocationsandpollutantsare problematicbe-
causetheyprecludethe identificationof a single, “optimal”
controlstrategy. The mainpointof this paperis that if
progressis to be madein improving photochemica.lair
quality, thefollowing elementsmustbe consideredin the
planningprocess: (1) multiple air qualityobjectives,(2)
theeffectsof emissionscontrolson pollutantsother than
ozone,and (3) spatial patternsandoverall population
exposureto air pollution.
2. Traditional Methodsfor DesigningPhotochemical
Oxidant Control Strategies

The problemof determininglocal control requirements
to reducephotochemicalair pollution has usuallybeen
definedin tennsof establishingtheROGemissionscontrol
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level required to reducethe maximum observedozone
concentrationsto belowthe NAAQS. In this approach,
the objectiveis to minimize the cost of emissionscontrols
subjectto meetingan air qualitygoal. Statedas amath-
ematicalprogrammingproblem,the aesignproblembe-
comes

Mm cost [~EooG(x,t)] (1)
~E~00(x,t)}

• ~±ject to
Max [OS{ENO, E~00,x~tfl � 0.12 ppm (2)

where E~00and ENO are the emissionslevels corre-
spondingto the set of feasible control strategies,and
AEROG representsthe reductionof HOGemissionsfrom
thebasecase,and (2) representsthe constraintthat the
maximumozoneconcentrationanywhereinsidetheairshed
mustbe lessthanthestandard.A similarstatementcould
bedevelopedfor meetingotherair qualitystandards,such

as for NO, andPM,0. Although simoly stated,thefor-
mulation(1, 2) hidesa numberof difficulties includingthe
factthat theremay beno technicalor politically feasible

•~olutions. At_the_heartof the control strategydesign
problemis the needfor anaccurateemissions—airquality
relationshipthatcanbeusedto testtheproposedstrategies
againstconstraint2. The mostwidely usedapproachto
estimatingemissions’~dThtionrequirementsis the Em-
pirical Kinetics ModelingApnroach(EKMA) (9). Based
on a simplified, single-cej estg.7formulation the
EKMA model has5eendesi~~joredict peakozone
concentrationscorrespondingtoalargenumberof ROG
arid”NO.. reductioncoEbinations.The leyel of ROG re-
ductionsrequiredto move from the observedozonecon-
centrationto the standardis then estimatedfrom a re-
sponsesurfacediagramor isopleth developedfrom the

modeling results.
A,principaljustificationfor thetraditional focuson ROG

contr’~lrEi~Theenaconcern(consistentlysupportedby
experimentsandmodeling) that reducingNO5 emissions
could,undersomecircumstances,increaseozoneconcen-
trationsat somelocations (8). However,recentmeasure-
ments of HOG and NO5 concentrationsin anumberof
areas(10), newmodelinganalyses(11, 12), andnewesti-
matesof the impact of HOG emissionsfrom vegetation
(12—14) hayeled to the needto reassessthebasicapproach
for loweringozone. In fact, in itspost-1987policy proposal,
theU.S. EPA hassuggestedthat someareasmay bere-
quiredto considerNO5 in additionto ROGcontrols (15).

Furthermore,it is no! clearwhet,~L2~kozonecon-
• centrationsobserved~ithinthe urbanareaare thebest

measuresof air quality for usein designingcontrol stra-
tegies (8). If the controlstrategydesignformulation (1,

2) is extendedToincludegas-phasepollutantsotherthan
ozone,and key componentsof PM10 (the ambientair
quality standardfor particulatematterless than 10 jim
indiameter)like aerosolnitrate,thentheEKMA approach
is clearlynotadequate.With its simplified treatmentof
theunderlying physical~Edchemical_processes,EKMA
is not capableof correctlyaccounting_forpollutant car-

• i-yover duringmultidaypollution episodes,or beingtested
• againstobservedair quality. Froma control stra~gyde-

sign point of view, EKMA is unfortunatelyextremely
• sensitiveto initial andboundaryconditions(16). Finally,

a majorflaw in the traditional approachis the implicit
assumptionthat controls developedto reducethe peak
ozoneto belowthe standardaresufficientto ensurecom-
pliance over the whole airshed. Numerous modeling
studieshaveshownhow the effectsof emissionscontrols
canvarywithin an airshed(17—19). In fact, this compli-
cationhasbeena major rationalefor the developmentand
useof Eulerianmodelscapableofpredictingtheair quality
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FIgure 1. SOG and NO5 emissionsreductioncombinations(•) for
which air quality calculations were performed. The upper right-hand
cornerof the diagram corresponds to the 1982 base-line emissions
of SOG and NO5.

distributionover urbanairsheds(20).

3. Use of AirshedModels To DesignEmissions
Control Strategies

Currentphotochemicalairshedmodelsare capableof
calculatingtheevolutionof pollutantsin the atmosphere
by accuratelydescribingthe ~bysical andchemicalpro-
cessesresponsiblefor chemicaltransformation,transport,
andfate. In the past,becauseof the high aomputational
costsassociatedwith thesemodels,mostannlicationswere
confinedto a limited numberof timeperiodsandcontrol
scenarios.Advancesin computationaltechnologynow,
however,enablethedirectcomputationof control isopleths
using comprehensive,spatially resolvedphotochemical
d~Versionmodels.Thispaperexamines,for the first time,
the effectsof a comprehensivesetof reductionsin emis-
sionsof HOG and NO5 on theconcentrationdistributions
of ozone,peroxyacetvlnitrate(PAN), andinorganicnitrate
(NO3-, the sum of nitric acid and ammoniumnitrate)
concentrationsover a major metropolitanarea.

More than45 differentcombinationsof control levels
(shownin Figure 1) were usedto developconcentration
isoplethsfor locationsacrossa20O-~-wideportionof the
LosAngelesbasin. Althoughemissionsreductionsg~~ter
than80% wereevaluated,by far the largestnumberof
caseswere concentratedat control levels that might be
expectedover the next 10 years. Each2-daysimulation
usingthe model describedin (21—23) requiredapproxi-
mately40 mm of computertime on a CRAY X-MP/48.
The model usedto perform the analysishasemissions,
pollutantconcentrations,surfacefeatures,andmeteoro-
logical parametersresolvedinto five verticalsegmentsand
25-lan2horizontalgridsquares.Meteorologicalparameters,
photolysis rates,andemissionsvary both spatiallyand
diurnally. Detaileddescriptionsof the model and the
chemicalreactionmechanismit containsandresults of
evaluationsare given in (17, 21—24). While the specific
calculationsapplyto Los Angelç~theissuesandmethods
of this analysisare likely to be applicableto many other
urban locations. For, example, the time required to
transportozoneand its precursorsfrom downtownLos
Angelesto the easternedgeof the basinis comparableto
thescaleof intercityandurban-to-ruraltransportof con-
cern in the easternUnited States. Furthermore,the
variation in ROG and NO. emissionslevels acrossthe
regionspansthelevels found in otherurbanareas.The
resultspMsentedherearethusexpectedto providegeneral
•insight into the implicationsof differentair quality metrim
andthe relativeeffectivenessof HOG andNO5 controls.
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Table I. Boundary Conditions for Inflow from the Pacific
Ocean

Os
NO

inflow concn, ppm

species surface aloft

NO2ROG(ppm C)

0.04
0.01
0.01
0.15

0.06
0.00
0.00
0.15

4. BaseCasePredictions

Beforea model canbe usedfor control strategycalcu-
lationsit is critically importantto demonstratethat it has
thecapability to accuratelyreproducehistorical events.
TEe South CoastAir Basin (SoCAB) surroundinLLos
Angeles,CA, wasselectedfor this study becauseof the
severityof the photochemicalair pollution problemthere
aswell as theavailability of an extensiveaerometricdata
base. The SoCAB experiencesozoneconcentrationsin
excessof 3 timesthe nationalstandard,andphotochem-
ically derivedaerosolscontributeto PM10 levels of 2—3
timesthestandard.The areaencompassesmajorportions
of Ventura,Los Angeles,San Bernardino,Orange,and
RiversideCountiesin SouthernCalifornia. The modeling
region extendsover 200 km east-to-westand 100 km
north-to-south.For this study,calculationswerecarried
outover48 h, withmeteorologicalconditionsandbasecase
emissionscorrespondingto the periodAugust30—31, 1982.
Thereareseveralreasonsfor selectingthesedays. Thefirst
is that moderatelyhighphotochemicalsmoglevels were
experiencedthroughoutthe Los Angeles basinover the
2-dayperiod. On August31, the maximum ozonecon-
centrationobservedin the airshedwas0.23 ppm.recorded
at theRiversidemonitoringsite. In fact, the Augustep-
isodewas recentlyclassifiedasoneof the two mostcom-
montypes of high-ozoneperiodsin the Los Angelesarea
(25). Themeteorologicalconditionswereconduciveto the
formationof hijh oxidant levels sincethe temperatures
in the areareached37 °Candthe low averagewind ve-
locityacrossthebasinfrom westto eastallowedovernight
accumulationof pollutants. Sinceozoneis not theonly
determinantof urbanair quality, and thereis considerable
currentinterestin issuesassociatedwith PM00,theprimary
reasonfor choosingthe1982 episodewasbecauseit cor-
resnondedto the only time periodduring which a com-
prehensiveprogramwasmountedto characterizepartic-
ulateair quality (23).

Spatially and temporally resolvedestimatesof sum-
mertime,weekdayHOG, N0, and CO emissionswere
developedfor the region. The baseestimateswereaug-
mentedwith day-specificemissionsdatafrom majorpoint
sources.Total emissionsof ROGandNO5 in the modeling
regionwere estimatedat 1260 X i0~and1120 )< io~kg
day’, respectively.While mostemissionsare concentrated
in the centralLos AngelesCounty area,lower but still
substantiAl levels of ROG and NO are emitted to the
southandeastinto SanBernardino,Orange,andRiverside
Counties. Apartfrom theemissionsandmeteorology,the
othermajordeterminantsof the concentrationdynamics
in an urbanairshedare the choicesmadefor initial and
boundaryconditions. For the basecasethe neededdata
were interpolateddirectly from availablefield measure-
ments. TableI prSnts the valuesadoptedfor theocean
boundary. Locatingthe computationalboundarieswell
awayfromthe extentof land—seabreezereversalsprovides
a waytominimize theeffectsdf uncertaintiesin the values
adoptedfor theinflow boundaryconditions (22). Figure
2 illustratesthe extentof penetrationof air from the ocean
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Figure 2. Schematicrepresentationof the extent of Oceanic air
penet-ation into the airshed modeling domain. The average position
of the front wasderived from the full three-dimensional flow field. After
36 h the front is still more than 50 km from the location of the highest
obseived ozcne levels. (The vertical scale and inte5rity of the sthace
mixed layer has been exaggerated for clarity,)

FIgure 3. Distribution of predicted peak ozcne concenfrations (ppm)
for August 31, 1982, base case.

after 36 h. The position of the front at the end of each
12-h periodwasderivedfrom trajectoryanalysesof the
underlyingflow field. Oneparticularlyimportantfeature
to noteis that after36h thefront is still morethan50km
from theregionof highestozoneconcentrations.In other
words, the choice of inflow boundaryconditionshas a
negligible effecton the peakozonelevels. Similarly, by
running themodel for 2 days it is possibleto significantly
reducetheinfluenceof uncertaintiesin the initial condi-
tions.

Sincea detailedevaluationof the performanceof the
modelin predictipg03, NO2,I-1N03, NH4NO3, andPAN
concentrationsduring this 2-dayperiod is availablein ref
28, it will notbe repeatedhere. In summary,however,it
wasfoundthatO~andPAN concentration_predictionswere
in excellent agreementwith observationsandthat NO2
predictions were substantiallybetter than had been
achievedin previousstudies.Figure 3 showsthemaximum
1-h averageozoneconcentrationsacrossthe Los Angeles
basin on August 31, as predicted for the base case.
Throughouttheairshed,peakozoneconcentrationsexceed
0.08ppm,with concentrationsover areaseastof downtown
Los Angeleswell abovethenationalstandardof 0.12ppm.
Peakozonelevels arehighestwell downwind of thedom-
inantemissionsarea,consistentwith observedtrends.The
timeat which thepeaksarepredictedto occurshiftsfrom
midday at downtownLos Angelesto late afternoonas the
mainurbanplume travelseastacrossthe airshed. Con-
centrationsexceeding0.17 ppmdevelop‘-~50km eastof
downtownLos Angeles,andalso —400 km east-northeast
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Figure4. Predictedresponseof peak ozoneconcentrations(ppm) at locations across theLos Angeles basin, to spatial~’uniform NO~and floG
emissionsreductions. The upper right-hand corner of each response diagram corresponds to the base case. (a) Downtown Los Angeles; (b)
Pasadena;(c) San Bernardino;(d) China; (e) Rubidoux.

of downtown. The highestozoneconcentrationis 0.20
ppm, predictedto occurat 3 p.m.,nearSanBernardino.
The peakHNO3, NH4NO3, andPAN concentrationsare
distributedoverthe airshedin a patternroughlysimilar
to thatof ozone,generallyincreasingdownwindof down-
town Los Angeles. The highestconcentrationsof HNO3
NH4NO3, and PAN predictedwere18, 27, and 14 ppb,
respectively.Boththegas-phaseandparticulatepredic-
tions are in excellentagreementwith observations.The
excellentperformanceof the modelin reproducingthebase
case conditions provides a viable basefrom which to
proceedwith the controlstrategycalculations.

5. Constructionof SpatiallyResolvedPollutant’
Isopleths

Given satisfactoryperformancefor the basecase,the
next stepwasto determinethe effectsof differing levels
of precursorcontrols. The objectivewasto developa set

of “EKMA-like” control isoplethsfor different locations
within the airshed.Thedataneededto developthe con-
centi-ationcontourswerederivedfrom many individual
calculations,each correspondingto one of the control
combinationsshownin Figure 1. Emissionscontrolswere
modeledasuniform percentagereductionsappliedto all
sourcesand rangedfrom 0 to 100% of the base-line
emissionslevels. Although it is easyto construct,the
emissionsreductions,oneof the major difficulties in ush~g
airshedmodelstotestthe air quality impactsof alternative
control strategiesis choosingappropriateinitial and
boundaryconditions. Underconditionsof drasticallyre-
ducedemissions,the original ambientair quality mea-
surementswill no longerbeappropriate.In thisstudy,the
initial concentrationsof emittedspecieswithin themod-
eling regionwere derivedby scalingthe basecasemoni-
toring values in direct proportion to the emissionsre-
ductions.

Inflow concentrationsalongthe boundaryof the region
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t
Radical Production

FIgure5. Sdien,aticrepresentathnof the NO, andradicalreaction cyclesinvo~edin theproduc~onandccnsumpt!cnof ozone.Diarr~cndsindicate
emissions;circles indicate chemicalsinks.

werenotscaled. Therewereseveralreasonsfor this de-
cision. As shownin the lastsection,the oceanicinflow
boundaryhada negligibleeffecton downwindair quality.
In addition,it is not clearthat futurecontrolswill have
a major impact on upwind air quality. As a test of the
effect of the inflow assumption,two control runswere
carriedout, bothcorrespondingto 50% reductionsof NO,
andROG. In onecasethe inflow concentrationwas the
sameasthat shown1nTi5liY~TaE�~lZ~TfheROG
level wasloweredto 10 ppb C. Undertheseconditionsthe
peakozoneon the seconddaywasonly loweredby 0.1%.
The factthat a 15-fold reductionin the inflow oceanic
boundaryconditionledto sucha smallchangein predicted
air quality is a testimonyto the efflcacyof the procedures
usedto locate thecomputationalboundaries.Themore
difficult decisionwas the treatmentof inflow throughthe
northern,land-based,bound,ajy. At presentthereis no
truly defensibleprocedure,sinceevenunderconditionsof
verystringentcontrolsin the Los Angelesbasinthereis
no guaranteethat areasto the north of the regionwill
adoptsimilarmeasures.(This problemis evenmorese-
rious for easterncities wheretransporttimesanddistances
betweencities are very short.) In either case,for the
particularconditionsof thisstudy,the peakozonevalues
underconditionsof almost100% control occurredon the
far easternboundary. This effectcould beminimized in
future studiesby extendingthe modeling region even
further to capturetheflow reversalsat night.

Foreachcontrolcombinationhourly averagepollutant
concentrationswerecomputedfor eachgrid point in the
‘modeling region. Isoplethsweredrawnfor 03,PAN, and
N03 (HNO3 + NB4NO3) at selectedreceptorsitesacross
the basinby determining,for eachlocation and control
cdthbination,themaximumconcentrationof eachspecies
predictedoverthesecond24-hperiod. Sincetheproblems

.—~ associatedwith inflow boundaryconditionsonly became
apparentat veryhighandcurrentlytechnicallyinfeasible
control levels,we decidedto presentthe concentration

contoursfor emissionsreductionsin therange0—80% - As
an illustrationof the results,Figure4 presentspredicted
responsesof peakozoneconcentrationsto NO.. andROG
emissionsreductionsfor selectedmonitoringsites. The
effectsof bothROG andNO, reductions,as well as the
base—lineozoneconcentrations,differ significantlybetween
locations. An overalltrendis apparent.Moving westto
east,the sensitivity of 0, to NO,emissionsinc±easesand
the sensitivity of O~~oROGemissionsdecreases.As

skown~ Figure 3, base-linepeakozoneconcentrationsalso
increaseacrossthe modeling~g~on. At downtownLos
AngelesandPasadena,theozoneconcentrationsincrease
with initial NO.reductionsteps,in theabsenceof con-
currentROGreductions. The effect is esneciallvstrong
at Pasadena,where,for example,a 16% increasein 03 is
predictedto resultfrom a 35% reductionin NO, emissions.
At otherlocations,especiallythosesoutheastof downtown,
NO,controlsappearto bemoreeffectivein reducingozone
than equivalentpercentageRUG controls. Among the
isoplethspresented,Rubidouxprovidesthe mostextreme
example,with a 35% reductionin NO, approximately
twice as effectivein reducing0~asasimilar level of BOG
control. The model predictsthat an 80% reductionin
ROG emissionsis insufficient to reducethe maximum
ozoneconôentrationsto 0.12 ppm at locationssuch as
ChinoandRubidoux. With or without RUG reductions.,
it appearsthatsignificantNO,reductionsarerequiredto
achievethe NAAQS undertheconditionsmodeled.

6. Interpretation of SpatialPatternsin Responseto
EmissionsReductions

The isoplethspresentedin Figure 4 exhibit separate
regimesof relativeinsensitivityto NO, andROGreduc-
tionsthat arecharacteristicof ozoneisopleths(26). Figure
5 showsthe interactionbetweentheNO,andRUG reac-
tion cyclesthat accountfor thisbehavior. The buildup
of ozoneconcentrationsthat occursin urbanareasresults
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FIgure6. Disthbutcnover themodeling regionof predictedbasecase
valuesof (a) ROG/No,(ppmc/ppm) at 9 am., (b) HO

2
X 1O~(ppm)

at noon,and (c) OH X
10

a (ppm) at noon.

from enhancementof the rate of ozone production by
photolysisof NO, overthe rateof ozoneconsumptionby
its reactionwith NO. This enhancementoccurs when
peroxyradicals,rather than ozone,oxidize NO to NO2.
Theperoxyradical (RCO3,RU,, HO,) ±NO reactionslink
the NO. cycle with the ROG cycle. Reactiveorganics
produceperoxyradicalsvia reactionwithhydroxyl radicals,
andby photolysis,in the caseof aldehydes.

The upperleft portionsof ozoneisoplethscorrespond
to NO,-richsystems,in whichpeakozoneconcentrations
maydecreaseif NO,emissionsincrease.In suchsystems,
radical and ozoneconcentrationsare suppressedby the
additionof NO,. The dominantlossmechanismfor rad-
icals under NO,-rich conditions is the reactionof OH
radicalsandNO,toproduceHNO3. Thislossof hydroxyl
radicalsreducesRUG oxidation. ROGconcentrationsare
too low in thesesystemsto propagateradicalsthroughthe
cycle by competingagainstthe HNO, formation reaction.
The decreasein peroxy radical production that occurs
whenNO, is addedresultsin lower ozoneconcentrations
as lessNO is oxidized by reactionwith peroxyradicals
rather thanozone. In NO,-rich systems,reducingROG
emissionsreducesradical generationby aldehydephoto-
lysis aswell as radicalcycling, resultingin decreasedperoxy
radicalproductionandconsequentlylower ozoneconcen-
trations.

In the ROG-richsystemsrepresentedby thelowerright
portionsof typical isopleths,reductionsin NO, emissions
decreasenetozoneproduction,while little changeis ef-
fected by ROG emissionsreductions. In this casecon-

centrationsof RUG arehighenoughto producea relative
excessof peroxyradicals. It is theNO concentrationthat
limits the rateof the peroxyradical—NOreactions,thus
limiting ozoneproductionas well as further cycling of
radicals. While highperoxyradical concentrationscould
potentiallydepleteozonethroughthe reactionof HO0 with
03, theeffectof this reactionis limited asit competeswith
terminationreactionsbetweenperoxyradicals,suchasthe
reactionof two hydroperoxyradicals to form hydrogen
peroxide. Finally, asROG concentrationsincreaserelative
to NO, levels,the balancebetweenperoxyandhydroxyl
radicalsis shiftedin favor of peroxyradicals,andconse-
quentlyPAN productionincreasesin importancerelative
to HNO, production.

Figure 6ashowsthe ROG/NO,ratios predictedacross
the airshedfor the basecaseat 9 a.m., indicating the
distribution prior to extensivereactionanddownwind
~ansport. NO, hasbeencalculatedasthesumof NO and
NO, to representthe componentof totalNO.. thatis active
in the productionandconsumptionof ozone. The values
shown are thusnotstrictly comparableto NO,measure-
ments,whichcanincludesignificant contributionsfrom
~ andHNO,. (Thedistinction is expectedto beneg-
ligible early in the day,but to increasein importanceas
concentrationsof HNO, andPAN build up while thoseof
NO, andNO decline.) TheNO,concentrationspredicted
for 9 am. rangefrom —02 ppmover the centerof Los
AngelesCounty toless than 002ppmat the easternedge
of the modelingregion. RUG concentrationsrangefrom
about2—O.3 ppmCoverthe samearea Theratiosof RUG
to NO: predictedfor 9 a.m. fall between5 and 10 ppm
C/ppm overmost of Los AngelesCounty andrange to
higher than SO ptrn C/ppm over San Bernardinoand
RiversideCounties. By comparison,the measuredvalues
of ROG/NO,wereapproximately5 ppmC/ppm within
—30 ic of downtownLos Angelesat9 am.on August31,
in closeagreementwith predictions.By noon,whenele-
vatedconcentrationsof 03, PAN, andNO, havedevel-
oped,thepredictedROGto NO,ratioshaveapproximately
doubledat most locations,dueprimarily to reducedNO
andNO, concentrations.As shown in Figure 6, partsb
and c, andas might be expectedfrom the discussionof
radical cycling, the contoursof predictedhydroxyl and
hydroperoxyl radicals generally follow the RUG/NO,
ratios.

Thedifferencesin theshapesof the isoplethdiagrams
inFigure4 follow from the distributionsof ROG,NO,, and
radicalspecies.As suggestedby theconcentrationsof ROG
andNO, in the areaat 9 am, Pasadenais within the
regionof highemissions.At noon,th.e predictedvalueof
ROG/NO,is only 90 ppmC/ppm,furthersuggestingthat
thesiteis stronglyinfluencedby NO,-richlocal emissions.
Concentrationsof HO, andOH radicalsat Pasadenaat
noonare predictedto be amongthelowest in thebasin.
Here,NO, is depletingradicals.Theisoplethfor Pasadena
showsanincreasein peakozonein responseto decreased
NO,emissionsover the widest rangeof control levelsof
anyof the isopleths. The sensitivityto i~titiaireductions
in ROG is higherat Pasadenathan at any of the other
locationsfor which isoplethsare shown. The ozoneiso-
pleth for downtown Los Angelesshows both a smaller
increasewith initial NO,reductionsandasmallerdecrease
with initial RUG reductionsthan the isoplethfor Pasa-
dena. Althoughlike Pasadena,highconcentrationsof NOr
and RUG at 9 a-m. reflect strong local emissions at
downtownLos Angeles,thevalueof RUG/NO,predicted
for downtown at noon is 21 ppmC/ppm. HO, andOH
concentrationsare alsopredictedto be higherdowntown
thanat Pasadena.
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FIgure7. Spatialdistributionof the predictedreductionin peakozone
concentrations(ppm) resulting from (a) a 35% reduction in ROG
emissionsand(b) a 35% reductionin NO, emissions. Areaswhere
ozoneconcentttionswere predictedto increasewith emissionsre-
ductionsarecross-hatched;the associatedconcentrationchangesare
shownasnegathevalues.

Moving eastoutof Los AngelesCounty,thelevel of local
emissionsdecreasesand the influence of transported
precursorsbecomessignificant. RUG to NO.ratios at nobn
at Chino,Rubidoux,andSt Bernardinoare predictedto
exceed25 ppmC/ppm. HO,concentrationspredictedfor
the sametime andlocationsareaboutan orderof mag-
nitude higher than thosepredictedfor Pasadena.The
correspondingdifferencein OH concentrationsis a factor
of —2. A progressionfrom the significantnegativesen-
sitivity of ozoneto NO, emissionsat Pasadenato thehigh
positivesensitivityto NO, atRubidouxandSanBernadino
is shownin the isoplethsfor theselocations. Theavaila-
bility of NO, is increasinglylimiting ozoneproduction.
Consistentwith higher radical levels in the air parcels
passingover Rubidoux,the isoplethdiagramconstructed
for that locationdisplaysless sensitivityto RUG emissions
than those for SanBernardinoandChino.

Figure 7ashowsthe spatialdistribution of the change
in peakozoneconcentrationthat resultsfrom a uniformly
applied 35% reduction in RUG emissions,with NO,
emissionsfixed at the base-linelevel. Figure 7b shows
analogousresultsfor a 35% reductionin NO,emissions
with no changein RUG. Comparisonof the spatialpat-
ternsin Figure 7, partsaandb, with thoseof theparam-
etersplottedin Figure 6 showsthecorrespondenceof the
peakozoneresponseto thebalancethatdevelopedbetween
HOG orradicalsandNO,. The changein 03 predictedto
result from a 35% changein RUG is above0.02 ppm
throughoutmostof Los AngelesCounty,wherebasecase
HO,concentrationswerebelow0.1 x 10~ppmat noonand
OH concentrationswere leesthan 0.12 X l0~ppm. The
predictedchangein 03 withRUG fallsbelow0.01 ppmover
RiversideCounty,whereHO,concentrationsexceeded0-5
X l0~ppm.

The trendamongthe isoplethsof generallyincreasing
sensitivity to NO, emissions,moving away from the high
emissionsarea,correspondsto trendsin thebasecaseas
well. In Los AngelesCounty,wherebasecaseHO,andOH
concentrationswere less than 0.1 X io-~and 0.1 X l0~

ppm,and ROG/NO,valuesremainedbelow• —25 ppm
C/ppm until noon, peakozoneconcentrationsarepre-
dicted to increaseup to —0.02 ppmin responseto NO,
controls. East of there, radical concentrationsand
ROG/NO,ratios in the basecasewere higher, andre-
ductionsin ozoneconcentrationup to 0025 ppm are
predictedto resultfrom a 35% deci-easein NQ emissions.

In summary,our analysisindicatesthat for the partic-
ular episodeandfor locationsmorethan —4 h travel time
downwind of downtown Los Angeles, reducing NO,
emissionsalso reduces03 concentrations.For locations
beyond—S h downwind, wherethe highestozonecon-
centrationswere observed,NO,controlsaremoreeffective
than ROG reductione, Theseresults follow from the
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FIgure 8. Spatial distribution of the predicted reduction in peak PAN
concentrations(ppb) to (a) a 35%reductionin ROC emissionsand(b)
a 35% reductionin No,emissions,andof peakN03 concentrations
(ppb) to (0) a 35% reduction in ROG emissionsand (d) a35%reduction
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to inoreatewith emissionsreductionsare cross-hatched;theasso-
ciatedconcentrationchangesare shown as negativevalues.
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FIgure9. Predictedresponseto emissionsreductionsof peakPAN
concentrations(ppb) at (a) downtownLos Angelesand(b) Rubidoux,
and of peakNO~concentrations(ppb) at (o) downtownLos Angeles
and (d) Rubidoux.

chemistryof the NO, andRUG cycles,andthe factthat
NO, is removedfrom thesystemmorerapidly thanRUG.
Sincedowntown Los Angeleshas a lower typical RUG/
NO~ratio thanmostcities, the resultssuggestthatNO,
control may generallybe more effectivethan previously
assumed.

7. Spatial Patterns in PAN and NO3-Response

PAN, nitric acid, andaerosolnitrateconcentrationsare
critical aspectsof overall air qualityin the Los Angelesare~
(27). Aerosolnitrate,in particular,hasbecomemoreim-
portantfrom a regulatorypoint of view sincethe intro-
duction of federaland statestandardsfor PM10. Like
ozone,concentrationsof thesespeciesin pollutedatmo-
spheresaremodulatedby NO, andRUG emissions.The
spatialdistributionsof the responsesof PAN andNOj to
35% changesin NO, and RUG emissionsare shown in
Figure 8. Forthesespecies,asfor ozone,the comparative
effectivenessof NO,and HOG reductionsdiffers signifi-
cantly acrossthe airshed.

The responsepatternsfor PAN and ozoneare quite
similar, exceptthat the areawhereNO, reductionsresult
in increasedpeakconcentrationsis larger for PAN than
for ozone.As with ozone,whenNO, emissionsarereduced
by 35%,the resultingreductionspredictedfor PAN at the
easternportionof the basinare comparablein magnitude
to the predictedincreasesin the high emissionsarea.
Again like the 03 response,PAN levels are mostsensitive
to ROGreductionsin northernLos Angelesandwestern
San BernardinoCounties. The similarity follows from
their chemistry,sinceboth PAN andO~dependon the
availability of peroxyradicalsandNO, for their produc-
tion. PAN concentrationscanbe reducedby increasing
NO, emissions,leading to an enhancedrate at which
peroxyradicalsarereducedto hydroxylradicals (via NO
oxidation), an effectthat favors HNO3productionover
PAN production. The variation betweenthe spatial
patternsof PAN andozoneresultsfrom a differencein the
level of depletionof NO, relativeto RUG that is required
before production of the respectivespeciesbecomes
NU,-lirnited.
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FIgure tO. Responseof the peakozoneconcentration(ppm)atRu-
bidoux predictedwith thetrajectoryformulation of themodel with H-)
thedefaultchemicalmechanismand (---) the “Condensed”chemical
mechanismof Lurrnann et al. (28).

The NU3 responsecontoursfollow the basecasecon-
centrationsof OH andNO,closelyanddiffer somewhat
from thosefor 03 andPAN. The sensitivityof NO3- to
RUG is highestwhereNO,concentrationsarehighest,in
Los AngelesCountyandwesternSanBernardinoCounty.
The patternsof sensitivity of NO3— to NO, follow the
contoursof OH concentration,consistentlyincreasingeast
acrossthe basin. Theseresults follow simply from the
nitric acidformationreaction,with enhanceddependence
on RUG for radical productionwhereNO,concentrations
arehigh,andenhanceddemandfor NO,whereOH radical
concentrationsare elevated. -

Figure 9 showsresponsesurfaceisoplethsfor PAN and
NU3 constructedfor both downtown Los Angelesand
Rubidoux.Peakbase-lineconcentrationsof bothPAN and
NOçarepredictedto be approximatelyt~viceashighat
Rubidouxas at downtown. Thesetwo locationswerese-
lectedso that bothNO,- and RQG-richareaswould be
represented.As shown in Figure9, partsa andb, thepeak
concentrationof PAN would apparentlybereducedmore
effectivelyby RUG thanby NO,reductionsat bothsites.
As Rubidoux,however,the mosteffectivemeansof re-
ducing PAN may bea combinationof NO,andRUG re-
ductions. NO, and RUG reductionsappearto be com-
parablyeffectivein reducingNO3-at downtownLos An-
geles(Figure 9c). At Rubidoux,NO,emissionsreductions
arepredictedto besignificantlymoreeffectivein reducing
NO3-, as shownin Figure 9d.

8. Effect of ModelFormulation

Sincethe chemicalmechanismusedin the airshedmodel
wasdevelopedseveralyearsago,it is of interestto cothpare
theresultspresentedabovewith resultsgeneratedwith a
morerecentmechanism.As it wasnotfeasibleto perform
the comparisonwith the full, Eulerian formulation, a
trajectoryversionof the modelwasused.Sincegenerating
pollutant isoplethswith an airshedmodel is not always
practicaldue to computationalrequirements,it is also df
interestto comparethe EulerianandLagrangianresults.

The isoplethspresentedin Figure 10 showtheresponse
of the O~concentrationpredictedat Rubidouxto reduc-
tions in RUG andNO, emissions. The isopleths were
generatedby two different mechanisms:the mechanism
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FIgure11. Responseto emissionsreductionsas measuredby the
maximum peakozone concentration(ppm) overthe airshed.

employedin thecalculationsdiscussedpreviously,andthe
“condensed”chemicalmechanismpresentedin Lurmann
et al. (28). With eachmechanism,the Lagrangianfor-
mulationof the modelof McRaeet al. (21—23)wasused
to follow a 2-daytrajectorythatpassedthroughRubidoux
at 3 pm. on August 31. Rubidoux wasselectedas the
trajectory endpoint becauseit was nearthe location at
which the airshedmaximum 03 concentrationwas ob-
servedonAugust31. The trajectorywasdevelopedfrom
surfacewind velocitiesmeasuredat39 sites,interpolated
to 10-mm time stepsby themethod of Goodin et al. (29).
The initial conditionsusedare thosegiven in TableI.
Wind shearwasnotsignificantduringthe period (30). The
responsesurfacesdevelopedwith the two mechanismsare
quite similar, differingprimarily at verylarge(greaterthan
75%) reductionsin RUG emissions A detailedcomparison
of the two reactionschemesis presentedelsewhere(31).

Thetrajectory-generatedisoplethspresentedin Figure
10 can be comparedto the airshedresultspresentedin
Figure 4 for Rubidoux. PredictedU3 concentrationsat
varying RUG andNO, levels agreeclosely betweenthe
airshedmodelarid bothtthjectoryformulations,with the
airshedmodelgenerallypredictingconcentrationsthatare

5% lower. Althoughthe trajectory-generatedisopleths
show asmall but distinct regionof insensitivityto NU,
emissionslevels,the majorconclusionis confirmed: on the
basisof equivalentfractionalreductions,NO,controlsare
predictedto be much moreeffectivethanRUG controls.
The results further suggestthat Lagrangiantrajectory
formulationscangive resultsthat areconsistentwith those
of an Euleriangrid model. However,EulerianandLa-
grangianmodelscan only be expectedto agreeunder
conditionsof low wind shear,andif sufficient vertical
resolutionis includedin thetrajectorymodelto realistically
treatdepositionat the surfaceandentrainmentof pollu-
tantscarriedaloft abovethe morninginversionlayer. A
disadvantageof using a trajectoryformulation is that if
thelocationof theozonepeakshifts, as is likely with large
emissionchanges,no indication is givenof the shift, orof
the location of the new maximum.

9. Implications for Control Strategies

The resultspresentedin the previous sectionsshow
mixed responsesto bothNO, andRUG controls. NO,
emissionsreductionsup to —50% are predictedto lead
to increasedpeakozoneandPAN concentrationsoverpart
of Los AngelesCounty,while RUG emissionsreductions
leadto decreasedU~andPAN concentrationsacrossthe
region. The resultsfor ozoneare consistentwith previous
modelingstudiesthathaveconsideredthe impactof rel-
atively modestreductionsin NU, and RUG emissions

(17—19). The presentanalysisfurther indicatesthatNO,
reductionsare necessary,aloneor in combinationwith
RUG controls, in order to reduceHNU3 and inorganic
nitrateconcentrationsacrossthe airshed.

The isoplethdiagrampresentedin Figure 11 showsthe
airshedmaximum 1-h averageozoneconcentrationscor-
respondingto NO,andRUG emissionsreductions.Unlike
anEKMA diagram,the airshedresponsesurfacereflects
changesin thelocationof the maximumconcentration,as
emissionsarereduced.Use of anairshedmodelallows this
shift to bepredictedand incorporatedinto thedesignof
controlstrategies.Asstatedabove,the highest1-h ozone
concentrationpredictedin the basecaserun is 0.20ppm,
predictedto occurat 3 p.m. nearSanBernardino.With
25% reductionsin NO,orRUG or 15% reductionsin both,
the locationat which themaximumis predictedto occur
movesto the Chino area. This latterareais the location
of the maximum concentrationspredictedfor the re-
mainderof themodelruns,exceptfor thoseconductedfor
control combinationsconsistingof very large NO, arid
small RUG reductions. For thesecases,the airshed
maximaare predictedto occur at the easternedgeof the
modelingregionandare influencedby flow reversalsat
night.

Following thestandardEKMA approach,the control
requirementfor theLos Angelesareawould bedetermined
by movingfrom the basecaseemissionspoint (theupper
right cornerof the diagram) left alongthe upperedgeof
the diagramto the isoplethcorrespondingto theNAAQS
of 0.12 ppm. In Figure 11,however,reductionsin RUG
emissionsof up to 80% do not intersectthe isoplethcor-
respondingto 0.12 ppm. For the episodesimulated,it
appearsimpossibleto~reducetheairshedmaximumozone
concentrationbelow the standardby reducingRUG
emissions,without substantialconcurrentreductionsin
NO,. This is due to the influx of organics from the
northernandeasternboundaries.Inclusion of biogenic
emissionswould decreasethe apparenteffectivenessof
RUG control further.

In additionto theneedto considerNU, controlmeasures
along with RUG controls, the responseof the alrshed
maximum ozoneconcentrationillustratesthe probable
infeasibilityof the controlproblem(1, 2) presentedabove.
In Los Angeles,for example,the 1982Air Quality Main-
tenancePlan (AQMP) (19) identified availablecontrol
stepsthatwereexpectedby 1987to reduceRUG emissions
by 195 tonsper day,at a cost approaching$500000 per
day. The projectedemissionsreductionstotaledonly -—

25% of the amountestimatedto be requiredto achieve
the NAAQS. The existenceof sucha shortfall suggests
a cost effectivenessformulation of the control problem:

subjectto

Max
tEROG(X, t), EROG(x, t)~

Air Quali~’[Eaoo(x,t), ENO(X, t)] (3)

Cost~ENo,~Ego0(x, t)j � Budget (4)

whereAir Quality (3) is, in general,a vectorof objective
functionsassociatedwith different pollutantspeciesor
receptorareas. Analysis of the multiobjective control
problemrequireseitherapriori specificationof weights
or prioritiesamongthe objectives,or selectionon thebasis
of calculatedtradeoffsbetweenalternativesolutions.

The utility of focusingthe analysisof dontrol options
on the airshedmaximumozoneconcentrationis that it
providesa singlemeasureof the air quality in thebasin
on which decisionscanbe based. Especiallywhen re-
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FIgure 12. Ozone. PAN, and incrganicnitrateooncenbafionsresulting
from controlling ROG and NO~emissions to the levels indicated.

sourcesare limited, however,it is not dear thatdecisions
shouldbemadewithout consideringchangesin air quality
atlocationsotherthanthe locationat whichthemaximum
s observed.For example,undersomecontrolstrategies
the extentof the areaover which concentrationsexceed
the NAAQS might increase,even as the value of the
maximum concentrationin the airshedis reduced.Fur-
thermore,it maybe beneficialto considerthe impactof
controlson concentrationsof otherpollutantspeciesof
concern,in additionto ozone. Noneof theseissuescan
beaddressedwith theconventionalEKMA methodology.

Figure 12 illustratesthe tradeoffspredictedto exist
betweenthe level of reductionof PAN, NU3, and03 con-
centrationsthat canbe achievedby usingvariouscom-
binationsof NO, andRUG emissionscontrols. ForPAN
andinorganicnitrate,the concentrationsplottedin Figure
12 werepredictedfor Rubidouxandarefrom Figure9. In
thebasecase,concentrationsof thesespeciesat Rubidoux
approachedthehighestpredictedto occuranywherein the
airshed. Theozoneconcentrationsplottedin Figure 12
arethe airshedmaximafor the control combinationsin-
dicated. Estimatespresentedin the 1982 AQ~vIPfor Los
Angelesindicatethat thecostsof proportionatereductions
in NO, andRUG emissionsare comparable(e.g.,the cost
of a 10% reductionin NU, emissionsis approximately
equalto the cost of a 10% reductionin RUG emissions)
andthat costs increaseroughly as the squareof the re-
duction level (19). The control combinationsfor which
reductionsare showninFigure 12 havethusbeenchosen
to be roughly equalin cost to 50% reductionsin either
RUG or NO, emissionsalone.

Clearly,thecontrol combinationspredictedto yield the
largestreductionsfor each of the threepollutantsare
different. A striking aspectof Figure12 is the flatnessof
theozonecurve,which contrastswith significanttradeoffs
shownfor PAN andinorganicnitrate. NU3- is mostef-
fectively controlledby apureNO, strategy. In contrast,
concentrationsof PAN canmosteffectively be reduced
with a balancedcombinationof RUG andNO,controls.
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FIgure 13. Responseto emissionsreductionsas measuredby the
averagepeakozoneconcentration(ppm) over theairshed.
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FIgure 14. Response to emissions reductionsas measuredby the
percentof the populationwithin themodeiingregion exposedto ozone
concentrationsabove0.120 ppm.

With no basis for disregardingeither pollutant, the
questionthat still remainsis how to tradeoff thereduc-
tionsthat couldbeobtainedfor inorganicnitrateandPAN.

The precedingexamplehighlights apotentialproblem
with U.S. EPA’s current policy on photochemicalair
pollutants. On the basis of studiesthat examinedthe
responseof ozone,PAN, nitric acid, and other related
pollutantsto RUG reductions(32), U.S. EPA concluded
that ozoneis an adequatesurrogatefor the other photo-
chemicalpollutantsof concern,i.e., that the otherpollu-
tantsdo not needto betreatedexplicitly (27). When both
RUG andNO, controlsareunderconsideration,however,
U.S. EPA’s assumptionmay not be adequate.

Tradeoffcurvescouldbegeneratedfor variousreceptor
locationsas well asdifferentpollutants. An alternative
approach,which is especiallyusefulwhena singlepollutant
suchas ozoneis being considered,is to base control de-
cisionson anair qualitymetricthat is integratedoverthe
region. Figures 13 and 14 presentexamplesbased re-
spectivelyon giving equalweight to all grid cells in the
modelingregionand on the numberof peopleresidingin
eachgrid cell. The predictedresponseof the airshedav-
eragepeakozone concentrationshown in Figure 13 was
estimatedby

Air Quality = ~ SAub3(~ t)] dA (5)

with A denotingthe modelingregion. Figure 14 showshow
thefractionof thepopulationpotentiallyexposedto ozone
levels abovethe NAAQS changeswith NO, and RUG
emissions,calculatedas
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where

Air Quality = $pop(x) o(max.[U3(x,t)]) dA (6)

3(maxCO3(x.£)]I =

1 [max cocx. 1)3 ~ 0.12 p~m

0 1 max tOa(X. t): c 012 ~pm

Expression6 obviouslygives only a roughestimateof the
fraction of peoplewho would actuallybe exposedto am-
bient concentrationsabovethe standard,sinceit ignores
the factors of populationmobility and indoor/outdoor
concentrationdifferences.

Forthe basecase,the airshedaveragepeakozonecon-
centrationpredictedby the modelwas0.12 ppm. Figure
13 showsthat the spatiallyaveragedpeakconcentration
is lesssensitiveto bothNO, and FOG reductionsthan
peakconcentrationsat mostspecificlocations. Similar in
shapeto the isoplethsdevelopedfor SanBernardinoand
Chino, theairshedaverageisopleth showsfairly symmetric
regionsof relative insensitivityto NO, and to ROG.

For the day modeled,at the base-lineemissionslevel,
almost 60% of the 10.8 million peopleliving within the
modelingregion are estimated to be “exposed”to ozone
concentrationsabove0.12 ppm. As shownin Figure 14,
with 50% reductionsin both NO, andRUG emissions,
~a4Ø%of the population is still predictedto be exposed.
The exposureisoplethof Figure 14 is similar to the con-
centration isoplethsdevelopedfor downtownLos Angeles
andPasadena,showinga significantregionof the isopleth
whereNO,reductionsarepredicted to increasethenumber
of peopleexposed.The influence of the largepopulation
in the high emissionsareais clearlyreflectedin this result,
which is subjectto changewith the populationgrowth
projected to occur in the easternSoCkS.

Numerousotherintegratedair qualitymetricscouldbe
derivedto indicatethe effectsof variouscontrol combi-
nationsfor humanhealthor agriculturalor environmental
damage. Which metrics are most appropriatefor ad-
dressingthe concernsand conditionsof a specific air
quality controlareais a difficult question.Theexamples
presentedin this sectionsuggest,on the basis of emis-
sions/airquality relationships,that the answerwill be a
significant factor in determiningwhich combinationof
ROG andNO. controlsappearsmosteffective. The ap-
parentefficacyof the control alternativesfurtherdepends
on the level of control assumedto be feasible. A control
strategydesignedto minimize the numberof peopleex-
posed to ozone concentrationsabove0.12ppmmight utilize
only RUG controlsbecausemoderatecontrolof NO, ap-
pearscounterproductive.In contrast, if theobjectiveis
to reducethe airshedmaximumconcentrationof ozone as
much as possible,within the limits of available control
measures,or to reducePM10, somedegreeof NO, control
might be desirable.Shortof attainingthe NAAQS, the
airshedmaximumozoneconcentrationpredictedto result
from alternativeequal-costcombinationsof ROG andNO,
reductionsaptearsrelativelyinsensitiveto thecombination
of HOGandNO, controlsused,for theepisodemodeled.
In sucha casetheresponsesof pollutantsotherthanozone
might be usedto selecta control strategy.

10. Summaryand Conclusions

This articlehas presentedthe results of a modeling
study of the responseof photcchemicalpollutantconcen-
trations to RUG andNO, emissionsreductions. Forthe
conditionsmodeled,the effects of RUG andNO,emissions
controls arepredictedto differ significantlyacrossreceptor
locations. Increasesin ozoneconcentration with NO,

emissionreductionsare predictedfor locations within the
high emissionsregionof the airshed. As receptor sites
further downwindareconsidered,basin-wideNO controls
appearmoreeffective. Reductions in NO,emissionsfrom
the baselevel increasepeakozoneconcentrations at lo-
cationswithin 3—4 h travel time downwind of downtown
Los Angeles,andlowerpeakozoneconcentrationsbeyond
that. RUG controlsare predictedtobe mosteffectivein
thoseareaswhere high NO. levels are maintainedand
radical concentrationssuppressedthroughmidday.

Predictedpatternsof responseof PAN concentrations
to NO, and RUG emissionreductionsover the airshed
approximatelyfollow the responsepatternsfor ozone.
N03 responsesfollow base-lineNO, and OH levels.
CombinedHOGandNO. controls yield the greatestre-
ductionsin PAN concentrations.NO, emissionscontrols
aremosteffectivein reducingNUj’ concentrations.For
theLos Angelesarea,the questionof whetheraparticular
combinationof RUG andNO. controlmeasuresis robust
over different types of meteorological conditions is an
importantareafor further analysis.Additionally, theim-
pactsof controlswould be expectedto be different if a
future-yearemissionsinventorywas used,or aspecificset
of control measuresanalyzed,rather than the uniform
reductionsconsideredhere.

Theresultspresentedherecall into questionthecom-
monly employedassumptionthatRUG emissionsreduc.
tions aremore effectivein reducingozoneconcentrations
than reducingNO,. Ouranalysisindicatesthat for the day
considered,theNAAQS for ozone couldnotbemetacross
theLos Angelesairshedwithoutsubstantialreductionsin
NO,. Moreover,theanalysisindicatesthatastrategyof
controlling NO. emissionsin combination with RUG
emissionswould help reduceozone,PAN, and inorganic
nitratesimultaneously.

This study has illustrated the importanceof clearly
defining the objectivesof a control program. Isopieths
depictingtheeffect of controlson theairshedmaximum
andspatiallyaveragedpeakozoneconcentrations,andon
the fraction of the population“exposed”to concentrations
abovethe standard,suggestcontrol strategiesthatdiffer
notonly in magnitudebutalsoin “direction”, in termsof
the combinationof ROG andNO,emissionsreductions
indicated. Althoughdifferentresponsesto RUG andNO,
controlswill beseenfor areasotherthan theLos Angeles
basin,the conclusion is expectedto holdelsewherethat
the control combinationjudged to bemostbeneficialcan
dependstrongly on the receptorlocations, pollutants,
measuresof effectiveness,anddegreeof control considered.
Guidanceis neededfrom policvmakerson how to make
tradeoffssuchas thoseillustratedhere.

RegistryNo. PAN,2278-22-0;NO,, 11104-93-1;O~10022-15-8;
HO.,, 3170-83-0;OH, 3352-57-6.
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