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Urban ozone reduction strategies targeting volatile
organic compounds [VOCs) have focused primarily on
controlling the total mass of VOC emitted, neglecting
the variation in potential ozone formation by
individual species. This variation in ozone potential,
termed reactivity, is examined here using a three-
dimensional Eulerian photochemical airshed model with
a detailed chemical mechanism. Three metrics
were examined to quantify the impact of individual
VOCs on ozone levels; peak ozone, population-weighted
exposure, and spatial-weighted exposure. Reactivi-
ties were dependent on the metric used, although
the overall trendswere very similar. Reactivities differed
by over an order of magnitude between species.
The Eulerian modeling results are compared with those
of a similar study performed using a zero-dimensional
model, which is the basis for reactivity quantification
for alternative fuel regulations by the California Air
Resources. Board. The results were well correlated
between models for metrics calculated at similar
precursor ratios; however, notable differences in
reactivity were predicted for some important.spe-
cies, probably due to the multi-day simulation periods
and the inclusion of cloud cover by the airshed
model.

VOC specieshavesubstantiallydifferenteffectson ozone
formation (1, 2), a recent regulationin California incor-
poratesreactivityvaluesto try to focuscontroleffortsand
technology developmenton thosespecieswith thehighest
predicted ozone impacts. An additional incentive for
reactivity-basedregulationsis the potential economic
benefits(3).

Controversyhasarisenovertheapplicabilityofreactivity
quantificationfor regulatoryuse,especiallyon a national
level, in part becauseozoneformation is dependenton
local meteorology,precursorratios,andother dynamic
variables,andalsobecauseofuncertaintiesinthemethods
usedtopredictozonebehavior. In particular,thereactivity
scaleadoptedfor use in the California regulationswas
developedby applyingazero-dirnensionalmodeltoawide
varietyof urbanconditions. Whilecapturingawide range
of atmosphericconditionsand chemicaldetail, thereis
someconcernoverthe level of physicaldetail accounted
for by this modelandthesuitabilityofthis scaleto specific
airsheds.

Thestudypresentedhereaddressessomeoftheseissues
throughtheapplicationof athree-dimensional,chemically
detailed airshedmodel to the Los Angeles air basin.
ReactivitieswereestimatedforselectedVOCs usingseveral
different measuresof their impacts on basin-wideair
quality. The resultsare comparedto the previouszero-
dimensionalair qualitymodel study (4) usedto develop
theregulatoryreactivityscale.

Application of Reactivity-Based Information
A recentregulation, which is part of the Low Emission
Vehicle andCleanFuelsprogramdevelopedby theCali-
forniaAirResourcesBoard(5,6),arosefrominterestin the
use of reformulatedgasoline and alternativefuels as a
measureto reduceozonein urbanareasandhasfocused
attentiononattemptsto quantifythereactivityofvarious
organiccompounds.This regulatoryapplication is pre-
sentedhereasa specific motivationfor the development
of a reactivityscalefor mobilesourceVOC emissionsand
also as a generalexampleof the utilization of reactivity
values. Thequantificationof reactivityadjustmentfactors
(RAPs) for alternativefuels is mandatedby this regulation,
wherean RAP is definedas

N

EFARi

RAP= (1)

Introduction
Troposphericozonecontrol efforts relyon reducingemis-
sions of nitrogenoxides (NOX) andvolatile organiccom-
pounds(VOCs), thetwo primaryclassesof ozoneprecursors.
MostcurrentVOC-basedozonecontrolstrategiesfocuson
reducing total mass of VOC emissions,regardlessof
chemical compositionexcept for the most tmreactive
species.Basedon pastresearchshowingthat individual
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whereFA isthemassfractionof compoundi in thetestfuel
exhaust(alternative fuel); F

5
, is the mass fraction of

compoundtin thebasefuel exhaust(conventionalgaso-
line); andR1isthereactivityofspeciesI (g ofozoneforrned/g
of compoundi emitted). An RAP is theamountof ozone
formedfrom a unit massemissionfrom an alternatively
fueledvehiclecomparedto the amountof ozoneformed
from anequalmassof VOC emittedby a conventionally-
fueledvehicle. RAPs aredesignedto provideanaccurate
comparisonof the potential ozone formation of the
combustionexhaustof alternativefuels andreformulated
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gasolinewith respectto conventionalgasoline.Without
this typeof adjustment,alow massemissionrateof highly
reactiveexhaustwould appearpreferableto ahighermass
emissionof a muchlessreactivesetof species.As is seen
below, speciesreactivities canvary by over an order of
magnitude,so thepotential to misjudgetheatmospheric
impactissignificantifthesedifferencesarenotconsidered.

To calculatea fuel RAP, a reliablereactivityvalue, R
1

,
must be determinedfor the importantreactiveorganic
speciespresentin fuel combustionexhaust. Thereactivity
scalepresentlyselectedfor theregulationis themaximum
incrementalreactivity(MIR) scale,developedbyCarter(4).
Thisscalewasselectedbecauseit incorporatesawidevariety
of environmentalconditionsandtendsto representVOC
behaviorin highly polluted,urbanareasrepresentedby
low VOC to NO1 ratios whereVOC control and reactivity
weightingaremosteffective. TheMIR scalewasdeveloped
usinga zero-dimensional,photochemicalmodel with a
detailedchemical mechanism,Statewide Air Pollution
ResearchCenter1990 (SAPRC9O) (7). Ten-hourepisodes
weresimulatedfor 39 meteorologicalenvironmentsrep-
resentingcities or ~trajectories”.Eachtrajectoryspecifies
thepollutantemissionsandtime-varyinginversionheights,
photolyticparameters,temperature,andhumidityrepre-
sentativeof a highozoneepisodefor acity. A speciesMIR
valueis theaveragefor the39trajectoriesof themaximum
increasein ozoneformationover a largeNO1 range,due
toanincreasein thatspecies.TheMIR valuewasobtained
by adjustingNO~inputs to wherethe baseVOC mixture
hadthehighestincrementalreactivity.

A similar scale,developedusingthe sameair quality
modelastheMIR scale,is themaximumozoneincremental
reactivity(MOIR) scale(4). MOIR valuesaredefinedasthe
differencein peakozoneobtainedthroughoutthesimula-
tionswith baseand increasedVOC emissionsat theNO1
conditionsleadingto the highestpeakozone.

TheMIR andMOIR scalesareofinterestfor comparison
to theairshedmodelresultsbecauseof therangeofVOC/
NO1ratiosandmeteorologicaltrajectoriesincorporatedby
thesemetrics aswell as theregulatoryapplicationof the
MIR scale. Oneof the meteorologicaltrajectoriesincor-
poratedby thesescalesrepresentsLos Angeles,which is
the modelingdomainfor this study. Forthis reason,the
MIR resultsfor theLosAngelestrajectory,referredto asthe
LA MIR scale,are also includedfor comparison.

Issues in Reactivity fluantitication
Atmosphericmodels of varying complexity are usedto
predict the nonlinearinteractionsof ozoneprecursors,
whichare dependenton meteorology,ambientprecursor

ratios, andotherdynamicvariables. Model complexity is
weighedagainstcomputationaland input requirements.
Zero-dimensionalmodels,orbox models,havealow level
of physicaldetail andso areusefulinstudiesthat require
largenumbersof simulations,suchasthatusedtoquantify
theMIR scaleandfor statisticalstudies. Studiesrequiring
high levels of physical detail are performedwith three-
dimensionalair quality models, which can more fully
capturecomplexbehaviorssuchas ozoneformation.

The effectsof uncertainty,while notaddressedin this
paper,are importantto considerwhenevaluatingmodel
predictions.A numberofstudieshavebeenperformedon
themostlikely sourcesof uncertainty,suchastheemissions
ijiventories and the chemical mechanism,for bothbox
todels(8, 9) and three-dimensionalmodels(9—12) and

foundthe levelsof uncertaintytobeacceptable.However,
evenwhena high correlationis shownto existbetween
predictionsand measurements,thereis a potential for
compensatingerrorsto beaffectingthepredictions.Other
majorissuesof concernin the quantificationof reactivity
involve thereliability of thepredictionof ozoneformation
sensitivityto local meteorology,precursorconcentration
ratios,andatmosphericvariability. Someof theseissues
havealso beenaddressedin avarietyof studiesusingbox
models(2, 4, 8, 9) anda three-dimensionalmodel(9—14).

An importantissueaddressedby thisstudyis theeffects
of the levelof physicalandchemicaldetail accountedfor
by theair qualitymodelandincorporatedinto thereactivity
quantificationmetric. Box models,suchas the oneused
to calculatethe MIR scale,thoughvaluablein examining
a wide rangeof precursorratios andnumberof chemical
species,do notaccountfor carryovereffectsduringmulti-
dayepisodesorvariationsaffectingpopulationandspatial
exposures.Thisstudyalsoaddresseshowreactivitymetrics
are affected by the geographicdistribution of precursor
ratios and how thesedifferencesaffect the prediction
agreementbetweenvariousreactivity scales.

To addresstheseissues,theSAPRC9Ochemicalmech-
anismwasintegratedinto theCarnegie/CaliforniaInstitute
of Technology(Cr1’) airshedmodeLa physicallydetailed,
three-dimensional,Eulerian, photochemicalair quality
modeL Thismodelwasthenusedto calculateavarietyof
measuresof the reactivity of individual VOCs in the Los
Angelesairbasin. A similarstudyusingtheCIT airquality
modelwas previouslyperformedfor 11 lumpedspecies
(13) usingthe LCC mechanism(15), a less detailed,older
chemicalmechanism.Onelimitation of thatstudyis that
lumpedVOC specieswereprimarilyconsidered.Also, the
resultsof that studywerenot directly comparableto the
regulatory MIR scalebecauseof the use of a different
chemical mechanism. The reactivity scaleschosenfor
presentationhere,fromsimulationwiththeCIT modeland
the SAPRC9Omechanism,are comprisedof threeozone
impactmeasures.Thesemeasures,ormetrics,aredefined
below. Thethreeboxmodelmeasuresdescribedpreviously
(MIR, MOIR, and IA MIR) arealsopresentedfor compari-
son.

Application of the CIT Airshed Model
The CIT airshedmodelsolvestheatmosphericadvection,
dispersion,and reaction equation throughouta three-
dimensionalgrid to predictthe resultingpollutantcon-
centrationsboth spatiallyand temporallyand also how
thoseconcentrationsrespondto emissionschanges(9). A
chemical reaction mechanismprovides the information
neededto calculatethe productionand destructionof
species.An extendedchemicalmechanisth,SAPRC9O,was
integratedinto theCIT modeltoobtainthechemicaldetail
necessaryfor specificreactivitycalculations.Thisversion
of the CIT model is identicalto that discussedby Harley
er al. (12), with the exceptionof the chemistry-related
parametersand model inputs. SAPRC9O was chosen
becauseit canbe madechemicallyexplicit for the initial
oxidationreactionsofalargenumberof organicsandallows
direct comparisonwith previouszero-dimensionalbox
modelstudies,particularlythe MIR scalespecifiedby the
RAP regulations.Table 1 shows characteristicsof this
mechanismas implemented. -
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SAPRC9U Mechanism Characteristics, As
Implemented with CIT Model for Reactivity Studies

The chemical mechanismdescribesa set of stiff,
simultaneousdifferential equationsdependenton tem-
perature,pressure,phorolytic conditions, and ambient
speciesconcentrations.The solution of theseequations
accountsfor approximately80% of the total CPU time
requiredby themodel,eventhoughthesolverusedmakes
assumptionsbasedon thedestructionrateof eachspecies
to increasethe speedof the solution. Integrationof
SAPRC9Ointo the CIT modelrequiredaverificationofthe
differentialequationsolverusedin themodel,Hybrid (1~.
The Hybrid solution comparedvery well (9) to a highly
accurate,but slower, Gearmethodsolver, the Livermore
solverof ordinarydifferentialequations(LSODE) (1?).

After testingthesolver, a comparisonwasmadeof the
CIT predictionswith SAPRCSOto Cr1 predictionswith the
LCC mechanism,whichhadpreviouslybeenevaluated(10,
11). In thesestudieswith the LCC mechanism,model
predictionswerefound to be acceptablycorrelatedwith
observedconcentrations.ThepredictionsofCIT usingthe
SAPRC9Omechanismcomparedvery favorablytothoseof
theLCC-basedversionof the model(9), althoughmodel
CPU requirementsalmostdoubledwith the largermech-
anism. Theseresultssupporttheuse of a more lumped
mechanismwith the model whenpossible.

After integratingthemechanism,27 VOC specieswere
chosenforexaminationbasedon anexpectedhighreactMty
or abundancein alternativeor conventionalfuel combus-
tion exhaust.Thesespeciesare listed in thefirst column
of Table2. Ozoneformationin theLos Angelesair basin
waschosenas theinitial applicationfor this studybecause
it is a seriousair qualityproblem,reliableinputdataare
availablefor thearea,andreactivity-basedregulationsare
being initiated in California. Also, as mentionedbefore,
theapplicationoftheCIT modelto theLosAnglesairbasin
hasbeenevaluatedinpreviousstudies(10, 11). Chemical
speciesconcentrationsareinputto themodelthroughboth
initial andboundaryconditionsandgroundlevelandpoint
sourceemissionsinventories. Sourceemissionsarespeci-
fiedbythetemporalandspatialreleaseofchemicalspecies
into the modelingdomain. The emissioninventoriesas
well as otherdatainputswere derivedfrom an intensive
datacollectionperiodin California,August27—29, 1987,
during the SouthCoastAir Quality Study (SCAQS) (10),
which is the simulationperiod for this study.

Two issuesin theSCAQS inventorieseffectthis study.
First, it is generallyacknowledgedthattheVOC inventories
wereunderpredicted.The inventory was not enhanced
for this study;however,the effect of the VOC inventory
underestin-iationon reactivity quantificationhas been
studied(14), andit wasfoundthattheuseof two inventories
withverydifferentlevelsofVOC andNO~ledtoverysimilar
results. Second,manyspeciesin theemissionsinventories

axe lumpedaccordingto similar molecularstructureor
chemical behavior. For example,in the CIT version of
SAPRC9O, the label RCHO representsa lumped higher
aldehyde class including propionaldehydeand higher
aldehydes.To allow theuseof the SAPRC9Omechanism
with theSCAQSinventories,emissionfluxeswerecalculated
to representSAPRC9Ospeciesclassifications.

TheCIT modelwasthenappliedto southernCalifornia
conditionsusingthe SCAQS baseemissionsinventoryto
obtain basecaseozonepredictions. Speciesreactivities
weredevelopedbyfindingtheresponseinozoneformation
generatedby usingthe samemodel with an alternative
emissionsinventory,whichwascreatedforeachindividual
organicspeciestested.Alternativeemissionsinventories
were createdby first separatingthe testspeciesfrom its
lumped classification(if not alreadyexplicit) and then
increasingthe emissionsof thetestspeciesproportionally
to thespatialandtemporaldistributionof thebaseorganic
speciesemissions.In otherwords,theratesof all organic
species emissions in each modeling cell are used to
determinetherateof thetestspeciesemissionsin thatcell.
A similarperturbationmethodwasusedby McNair et al.
(13). Themathematicaldefinitionis shownbyeq2, where,
attime tin modelcell x,y, andz, theperturbedemission
(F) of testspeciesi is calculatedasthe baseemissionof
thatspecies(E~b)plusa fraction, a,of thesumof thetotal
reactiveorganicgasesbaselevel emission:

E~~(x,y,z,t)= E5b(x,y,z,t)÷a~Hb(xyzt) (2)

Indexj refersto eachemittedVOC species. Theconstant
fraction,a,wassetat20%of totalemittedVOC, on amolar
basis, for all organic speciesexcept carbon monoxide.
Carbonmonoxideemissionswere increasedby 100% of
the total molesof 1/OC to accountfor its low reactivity.
Thesefractionswere selectedbecausetheycausea quan-
tifiable,approximatelylineareffectontheozoneformation
dueto eachspecies,withoutoverwhelmingtheresults.All
othermodelingfactorswereunchangedbetweensimula-
tions. Analysiswasperformedon thepredictionsfor the
third dayofthesimulationperiod,minimizingtheresidual
effectsof initial conditionsandmaximizingthe ability to
fully capturemulti-dayimpacts of pollutantemissions.

Analysis Metric Definitions -

Onemajoradvantageof the three-dimensionalCIT model
overzero-dimensionalmodelsis thatavarietyof airquality
impactscanbe definedto accountfor thetemporaland
spatial distribution of ozone,and theseimpactscanbe
combinedwith the humanpopulationdistribution asa
measureof exposureimpact. Simulationresultsfrom the
CIT modelstudywereexaminedusingvariousmethodsto
quanti~’how the emissionincreasesimpactedozone
formation. Thereactivityquantificationmeasuresconsider
the impacton peakozoneandon population-weighted
andspatial exposureto ozonelevels over 0.12 and 0.09
ppm. An averagedexposuremetricis also introduced.

Peakozoneis definedsimply as themaximumozone
concentration(ppm) predictedin the modelingdomain
usingeachemissionsinventory. Thepredictedpeakozone
formsrelativelyfar downwindofLos Angelesin anareaof
a relativelyhighratio ofVOC toNO2 concentrations,which
is thereforenot assensitiveto VOC emissionsas is most-

of theurbanbasin.
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1:
- TABLE2 335 TSpecies List, Normalizing Composition, and Predicted Normalized Reactivities

compositenormalizedreactivity

CIT model results

carbonmonoxide’ 1 0.000
ethane 2 0.126
benzene - 6 0.000
methyl tert-butyl ether 5 0.052
2,24-trirnethylpentane 8 0.000
butane 4 0.003
methanol 1 0.000
methyl ethyl ketone 4 0.004
2-methylpentane 6 0.000
ethanol 2 0.056
ethyl tert-butyl ether 6 0.010
ethylbenzene 8 0.047
toluene 7 0.060
methylcyclopentane 6 0.141
2-methyl-1-butene 5 0.009
o-xylene 8 0.039
2-methyl-2-butene 5 0.065
3-methylcyclopentene 6 0.001
m,p-xylene - 8 0.121
ethene 2 0.109
1,2,44riniethylbenzene 9 0.035
acetaldehyde 2 0.012
isoprene 5 0.000
propionaldehyde + higher aldehydes 3 0.006
propene 3 0.009
1,3-butadiene 4 0.096
formaldehyde 1 0.011

‘These calculations account for the higher incremental addition of carbon monoxide.

no. of composite fraction peak population spatial box model results (6)

carbonatoms (ppm of C/ppm of C) ozone exposure exposure MIR I_A MIR MUIR

0.05 0.03 0.03 0.02 0.02 0.04
0.21 0.04 0.06 0.05 0.04 0.10
0.10 0.14 0.14 0.08 0.08 0.07
0.38 0.18 0.22 0.16 0.14 0.23
0.46 0.18 0.23 0.19 0.15 0.30
0.60 0.21 0.23 0.22 0.17 0.37
0.54 0.32 0.30 0.26 0.23 0.34
0.58 0.28 0.37 0.31 0.27 0.38
0.75 0.32 0.40 0.32 0.25 0.50
0.98 0.39 0.51 0.45 0.36 0.65
0.90 0.54 0.54 0.49 0.46 0.68

-0.15 0.23 0.23 0.52 0.51 0.32
-015 0.29 0.22 0.53 0.51 0.32
1.24 0.58 0.74 0.58 0.48 0.84
1.09 1.36 1.23 1.00 1.03 1.03
0.44 0.81 0.81 1.25 1.31 1.00
1.29 1.61 1.52 1.31 1.27 1.25
1.75 1.73 1.70 1.37 1.30 1.36
0.52 1.06 0.99 1.43 1.54 1.14
1.84 1.50 1.64 1.49 1.51 1.71
0.81 1.78 1.42 1.72 1.93 1.38
2.46 1.54 1.98 1.77 1.75 1.85
2.22 2.62 2.30 1.81 1.82 1.80
3.03 1.75 2.26 1.85 1.79 1.87
2.18 2.13 2.18 1.93 1.93 2.05
2.68 2.93 2.66 2.15 2.12 2.18
1.38 2.56 2.69 3.13 3.55 2.41
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Population-weightedexposure,PB, is calculatedas

PE= ~ (Cgj,Pgt) - (3)
hour h cell g

where,summedover each hour h and grid cell g, the
populationP is multiplied by the ozoneconcentrationC
andtime t, where

h ltCg.h>Cth
L° fCgh�Cn,

andCth is a thresholdozoneconcentration.The unitsof
PB areppmperson-h. This is a potentialexposuremetric
that doesnot accountfor personalactivities,particularly
timespentindoors. Thismetricmaybesensitiveto small
concentrationshifts in heavilypopulatedgrid cells.

Spatialexposurewas defined in a similar mannerto
population exposure,only with a spatial rather than a
populationmultiplier, leadingto unitsof ppm grid-h, or
ppm krn2-h (one model grid cell represents25 kin2).
Exposuremetricswerecalculatedfor two thresholds,0.09
and 0.12 ppm 03, representingthe California stateand
nationalozonestandards,respectively.

Theindividualpopulationmetrics aresusceptibleto a
thresholdproblem when the perturbationin emission
causesthe ozoneconcentrationin a cell to go from just
underto just overthethreshold,andif thatcell hasalarge
population, the impact on the resultswill be largeeven
thoughtheactualchangein concentrationmayhavebeen
small. For example,if two specieshaveslightly different
reactivities(or the spatial impactsare slightly different),
andif for onespeciestheozonein a highlypopulatedgrid

cell just breaks the threshold, the population-weighted
exposureabovethe thresholdincreasessignificantly. On
the otherhand, if the other speciesis just slightly less
reactive,theozonein that celldoesnotbrealcthethreshold.
Also, ozonelevels at or nearone thresholdvalue may
responddifferentlythanozonelevels at anotherlocation.

Theconcentration-shifteffectsaswell as effectscaused
by changesin ozonebehaviornearthe thresholdconcen-
trations are diminished by averagingthe two different
thresholdmetrics. Thisis shownby eq4 usingpopulation
exposureasanexample(it alsoappliesto spatialexposure),
resultingin the averagethresholdpopulationexposure,
PE1vr:

PEqh=o.09±PEqh=o.12PEAT = 2

Further,averagingthethresholdmetricstakesinto account
bothozonestandards,emphasizesthe morepollutedgrid
cells,and is a morecompactmeasure.Forthesereasons,
theavengedmetric is usedfor thepopulatedandspatial
exposuremeasuresin this studyratherthantheindividual
threshoidresults,althoughthenonaveragedVOC threshold
metrics and other more detailedresults are presented
elsewhere(9).

Theabsolutereactivitiescalculatedwith box models(~
of Os/gof VOC) are not directly comparableto the more
complexmetrics usedhere (13, 18). Therefore,the air
quality metricsfrom both studieswerenormalizedand
expressedincomparableunits.Thereactivitiesarereported
on a percarbonratherthanmassbasisto betterrepresent
theenergyavailablefrom themolecules. Carbonmonoxide
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FIGURE 1. Metric comparison for CIT model results.

was used in the previous studies as the normalizing
compound,suchthat the reactivity of eachspecieswas
calculatedwith respectto CO. In this study, a suite of
speciesrepresentingthecompositionofautomobileexhaust
wasusedfor normalizing,reducingthepossiblebiasthat
can result if the normalizing speciesresponseis not
representativeof the majority of the compounds.It also
reducesuncertainty in the calculation of the relative
reactivities(3) andallows directcomparisonofthereactivity
ofeachcompoundto emissionsfroma majorsource,such
as automobiles.Thenormalizingcomposition,shownin
Table2, is comprisedof the fraction of eachcompound
presentin industryaveragegasolinecombustionexhaust
(19). Speciesthat. were nOt examinedhere were not
includedin the normalizationcomposite,thoughsmall
amountsmayhavebeenpresentin the exhaust.

Finally, the normalizedreactivity of the 27 organic
specieswas calculatedfor thethreeCIT metricsas

(P~— Pb~e)/no.of G1NR1= = (5)
Rcotnposite

no. of ~ ~base
1

whereNR1is thenormalizedreactivityof speciesi, B is the
carbon basedreactivity of speciesi or the normalizing
composite,P is theairqualitymetricof interest(e.g., peak
ozoneor anozoneexposure)correspondingto emissions
ofspeciesi, compositespecies],or thebasecase,no. of C
is the numberof carbonatomsin a moleculeof speciesI
•or], andJ5 is the carbonfractionof compositespecies].

Thebox modelreactivitymeasuresaredefinedaseither
the differencein peakozone (MOIR) or the maximum
changein ozoneconcentrations(MIR and LA lAIR) as
discussedpreviously. These metrics were normalized

similarly

B1
NR1= (6)

As shown,the normalizedreactivityof species1, NR1, is a
functionofthecarbon-basedabsolutereactivityRofspecies
land compositespecies]andthe carbonfractionfofthe
compositespecies].Thecalculatedvaluesfor all normal-
izedreactivitiesare shown in Table2.

Results and Discussion
Resultsfor the 27 compoundsfor the threeCIT model
metricsaregraphicallypresentedinFigure1. It isapparent
that forsomespeciesthe peakozonereactivityis signifi-
cantlydifferent than the exposure-relatedmetrics. For
example,thechangeinpeakozonepredictedfor propene
is higherthanthat for formaldehyde,while theexposure
metricsbothshowa greaterozoneimpact due to form-
aldehydethantopropene.Thisholdswhetherconsidering
a 0.09 or 0.12 ppmthresholdanda spatialor population
exposuremetric.

Another interestingfeaturehighlightedby this com-
parisonis that thepeakozonegenerallypredictsa higher
normalizedreactivitythantheexposuremetrics,particularly
for the lessreactivespecies,andthat,in general,thespatial
exposurefalls betweenthepeakozoneand thepopulation
exposurevalues.Thephotolyticandhigblyreacrivespecies
are themain exceptionsto this ranking.

Onelikely majorcauseof thesemetricdifferencesis the
geographicpatternof precursorratiosin theLos Angeles
basinandthesensitivityof eachmetricto precursorratios.
Peakozoneis a localizedmeasureoccurringin onecell,
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TABLE 3

Normalized Bias and Standard Deviation between
Metrics for Each Model

norm bias SD

TABLE 4

Normalized Bias and Standard Deviation between
Metrics and Models

- CIT model

CIT model
population, spatial —0.09 0.15
peak, spatial 0.18 0.48
peak, population 0.26 0.59

box model
MIS, LA MIS 0.07 0.12
MIS, MOIR —0.15 0.27
MOIR, LA MIS 0.22 0.37

whereasthe exposuremeasurescontaina larger number
of cells,therebycapturiñgawiderrangeofVOC/NO~ratios.
The largestreactivity differencesare found betweenthe
peakozoneand the populationexposuremetrics. The
highlypopulatedareasarelocatedin theNOR-richregions
oftheSouthCoastairbasin(12,20),incontrastto thepeak
ozoneconcentrationswhich occurdownwind of the core
Los Angelesareaand,while still VOC sensitive,is a more
NO.~leanenvironmentthan the wider Los Angelesarea.
The spatialexposuremeasuregenerallyfalls betweenthe
othermetrics,accountingfor ozoneconcentrationsthrough-
outa largeportionof the domain.

A reversein metric rankingis foundfor the photolytic
species,likelybecauseofthedifferenteffectsof cloudcover
on eachmetric. The peakozone predictedreactivity is
significantly lower thantheexposure-relatedpredictions,
indicatingahighersensitivitytotheattenuationofincident
radiation. Cloudcovereffectsarediscussedinmoredetail
below.

Also observedin Figure 1 are theslightly negativepeak
ozonereactivities of ethylbenzeneand toluene. These.
speciesare precursorsto PAN, PPN, and other organIc
nitrates,which actasNO~sinks. Sincethepeaksoccurin
a region sensitiveto bothVOCs and NON, conversionof
NO~into anorganicnitrate tendsto reducepeaklevels of
ozonein the modelingdomaln, in contrastwith species
that do not leadto thefortationof suchcompounds.In
the box model study, negativeMIR or MOIR valueswere
not observedfor thesespecies;however,the box model
basepeakscale(i.e., withoutNO~adjustment)doesshow
negativereactivitiesfortolueneinsomescenarios(21).Also,
anegativetolueneMOIR wascalculatedwhenthe carbon
bond4 chemicalmechanismwasusedwith theboxmodel
(21).

To quantitativelyexaminetheagreementbetweenthe
reactivity scales,the normalizedbias betweenmetricsx
andy (from eithermodel), ~ was calculatedas

25 25 —

NB~~= —ERR~ = —~2 (7)25~ 25~~R1~+

Here,P1R~,,thereactivityratio, is afunctionof thepredicted
reactivity, R, for speciesi from themetricsx andy. ~
is the averageof thesereactivity ratios predictedby the
metricsfor 25 ofthe27species.Ethylbenzeneandtoluene
valuesareomittedin thiscomparisonbecausethenegative
resultsfrom theCIT peakozonemetricledto thedenomi-
nator approachingzero. The standarddeviationof the
normalizedbias was also calculatedfor the25 species.

Table 3 shows the normalizedbias and its standard
deviationforcomparisonof metricscalculatedfrom either
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population exposure spatial exposure peak ozone
box model norm bias SD norm bias SO norm bias sn
MIS 0.04 0.22 0.13 0.25 0.30 0.60
LA MIS 0.11 0.25 0.20 0.35 0.36 0.68
MOIR —0.11 0.35 —0.03 0.21 0.17 0.40

theCIT or box model,while Table4 showsthesamevalues
for comparisonof metrics between the models. The
normalizedbias and standarddeviation rangesare very
similar within models, with slightly higher deviations
betweenCIT scales. The closestagreementfor the CIT
predictionsis foundbetweenthe exposure-basedmetrics
and for thebox model is foundbetweenthe incremental
scales.

Overall, asshown in Table4, the normalizedbiasand
standarddeviationrangesbetweentheboxmodelandCIT
modelresultswerenotmuchgreaterthantherangesarising
from themetricscalculatedwithin theCIT model. Across
models,the populationexposureresultsagreebestwith
theMIR scale,while thespatialexposureresulthagreebest
with the MOIR scale,supportingthe apparentSensitivity
of themetricstoozoneprecursorratios.Theaverageinitial
VOC/NOXratio was5.8 for thebox modelMIR results,and
theLA trajectotyhadaVOC/NO~ratio of 7.6. On theother
hand,the peakozoneresults,which agreebestwith the
MO~scale,are foundwell downwindof LosAngeles,and
while still in a VOC-sensitivelocationit is muchlessNO1-
rich, moresimilar to the conditionsleadingto theMOIR.
The spatialexposuremetric also includes this less NOR-
rich, high ozoneregion,leadingto closeragreementwith
the MOIR scalethan theMIR or LA MIR scales.

Bettercorrelationmayhavebeenexpectedwith the LA
MIR scalethanwith thegeneralMIR scalebecausetheCIT
applicationwasalsofor LA conditions;however,this isnot
thecasebecausetheboxmodel-calculatedreactivityscales
alsoexhibit sensitivitytoprecursorratios. The•CITmodel
metricscapturea wide variety of precursorratios in the
modeling domain,while theLA MIR has only one ratio,
andthe generallAIR is averagedover 39 ratios. Probably
for this reason,all the CiT resultsshowbetteragreement
with thebox modelMIR scalethanwith theLA MIR scale,
althoughthepopulationexposureshowsbetteragreement
with theLA MIR than thespatialexposureshowswith the
MIR.

Intheinterestsofbrevity,thispaperfocusesonthebetter
correlatedmeasuresbetweenthemodels. However, it 15
importantto notethatbecauseof differencesin behavior
of variousmetrics,potentiallimitations existin theuseof
anyonereactivityscale.In supportofapreviousboxmOdel
studyconclusion (4), it is also noted here that a more
completeunderstandingarisesfrom theexaminationof a
numberof metrics.

Figures2—4 showmore detailedcomparisonsfor the
bettercorrelatedmetrics acrossmodels, i.e., the MIR to
exposureand MOIR to spatialexposureandpeakozone
scalerelations. The LA MIR scaleis also includedwit!
Figure 4. Figure 2 shows the relationshipbetweenthe
predictedreactlvitiesfor 25 species,definedasRR~.1,~meq
7, for five metricpairs.
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TABLE 5

Regression Results for Exposure vs MIR and Peak
Ozone vs MOIR Measures

R2 slope intercept

populationto MIS 0.86 1.02 0.00
MIS to population 0.86 0.12
spatial to MIS 0.91 1.02 0.03
MIR to spatial 0.89 • 0.07
peakto MOIR 0.74 1.06 0.03
MOIR to peak 0.71 0.23
spatial to MOIR
MOIR to spatial

0.97 1.18
0.82

—0.12
0.13

FIGURE 2. Normalizedbias betweenreactivity metrics.

The outliers observedin Figure 2 all include a peak
ozone-basedmetricinthecalculation,i.e., theoutlier pairs
are{CIT Peak-MIR}, {CIT Peak-MOIR}, and {CIT Spatial-
MOIR}. Thethreepairsall showthe leastagreementatthe
lower end of the reactivity scale,with the {CIT Spatial-
MOIR} pairoppositein sign. All threeshowa clear trend
of reachingbetteragreementat the higher end of the
reactivityscale,wheretheyarefairlywell groupedandshow
little bias. Theexceptions,particularlyfor {CIT Peak-MIR}
and [CIT Peak-MOIR}, are the photolyticspecies,a- and
m,p-xvlene,l,2,4-trimethylbenzene,andformaldehyde.The
xylenesand 1,2,4-trimethylbenzeneaxeconsideredpho-
tolytic becausetheintermediatesintheoxidationpathways
undergophotolysis.

The exposureto MIR comparisonsare moreclosely
grouped near zero bias and show better agreement
throughoutthescale,althoughthe{CIT Spatial-MIR} bias
is usuallypositive (negativeif the orderof metricswere
reversed).Theextremesfor thesetwo ratiosareobserved
for benzene,which is lessreactivein the box model,and
the samephotolyticspeciesmentionedabove,which are
morereactivein theboxmodel.Ethylbenzeneandtoluene
werenotincludedin this figurefor the reasonsdiscussed
previously.

The{CIT PopuL-MIR} pair showsthegreatestagreement
for incrementalmetrics acrossmodels, while the {CIT
Spatial-MOIR} pair showsthegreatestagreementforpeak
metric scales. {CIT Spatial-MO1R} also showsthe least
changein biasfor the photolyticspecies. Theserelations
are clear from Table 4; however,Figure 2 exposesthe
systematictrendin the{CIT Spatial-MOIR} pair.

To furtherexaminethequantitativerelationshipbetween
scales,regressionanalysiswasalsoconducted.Thisanalysis
includesall ofthe27 species.Theseresults,whichreinforce
the previousconclusionsas to the agreementbetween
scales,are shown in Table5.

A comparisonoftheMOIR scalewith theCITpeakozone
andspatialexposurescalesis shown in Figure3, with the
speciesarrangedin order of ascendingCIT peakozone
reactivityvalues.Thiscomparisonshowsveryclosescaled
agreement,with theexceptionsof photolyticspeciesand
certainaromaticsfor peakozone. Thephotolyticspecies,
particularlyo-andm,p-xylene,1,2,4-trimethylbenzene,and
formaldehyde,agreeverywell for the MOIR andspatial
exposuremetrics, although the predicted peakozone
reactivity is lower. Ethylbenzeneand toluenehave a
negativepeakozonemetricreactivity.

Thedifferencesin thephotolytic speciesare likely due
to the assumptionof a clear-skyconditionwith thebox
model,while cloudcovermeasurementsareusedwith the
CIT airshedmodel. Within thescalespredictedusingthe
CIT model, the peak ozone reactivity metric is more
attenuatedfor thesespeciesthantheexposuremetrics,as
canbeseenin Figure 1. Thiscreatesa larger discrepancy
from theboxmodelscalesfor thepeakozonepredictions.
With lessincidentsunlight,photosensitivespeciesexhibit
lower ozoneimpacts. Thereductionin photolysisis taken
directlyfromobservationsandishigblyvariablethroughout
the basin,rangingfrom 0 to 70%. An interestingfuture
studywouldbeto removecloudcoverfrom themodeland

VOL. 29. NO. 12, 1995 / ENVIRONMENTAL scIENcE & TECHNOLOGY • 3035



375 _________________________ ~ Anotherme

3.25

‘~2.25

1.75
N

Ct

z0.75

0.25

-0.25

FIGURE 3. MOIR, peak ozone, and spatial exposure results.

repeatthereactivitysimulationsfor thephotolyticspecies.
In a study of reactivity sensitivities and uncertainties,
calculatedreactivitieswere investigatedby varying the
photolysisrateofthealdehydesandthephotolyticaromatic
reactionproducts. Thereactivitiesof thesespecieswere
showntobeverysensitiveto thephotolysisparameters(9).

The two negativereactivities mentionedabove, for
ethylbenzeneandtoluene,are not predictedby the box
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FIGURE 4. Incremental and exposure metric comparison.
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model,probablybecausethebox model doesnotaccount
for multi-day transport, leading to relatively lower NO1
levels. However,asmentionedpreviously,thebox model
did predictanegativeMOIR whenappliedwith adifferent
chemical mechanism. The otherwiseclose agreement
betweentheCIT peakozoneandtheMOW scalesin Figure
3 may indicatea low environmentalvariability for peak
ozoneresponse.
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Anothermeasureof interest is the three-dimensional
surface defined by ozone concentrationsexceedinga
specified threshold, representedby the CIT exposure
metncs~ Figure4isacomparisonoftheCIT exposureresults
with theMIR and LA MIR scales. The samespeciesthat
weremoreor lessreactivein thepeakcomparisontoMOIR
are againmoreor less reactivein the exposureto MIR
comparison. This consistencyis importantfor consider-
ationof strategiestoreduceexposureaswell asforreducing
peakozone.

While theoverall correlationof theMI’Rs andexposure
reactlvitiesis quite good,the sameexceptionsstandout.
Toluene, ethylbenzene,and the two xylene specieshad
lower reactivities as found by the airshed model in
comparison to the box model MIlls. Likewise, some
aldehydeswerealsolessreactive. Thealdehydesundergo
direct photolysis, and the fragmentationproducts of
aromaticoxidationreactionsarehighlyphotolytic. Aswith
the peakmetric scales,thesediscrepanciescan probably
be linked to the useof a reducedphotolysisrate in the
airshedmodelto accountfor cloudcover,as opposedto
the clear-skyconditionsin thebox model.

Summarizingfor all metrics,someapparentdifferences
betweenthebox modelandCIT modelresultsarenotable,
despitethe high overall correlation. The two xylenes,
toluene,andethylbenzenehaverelativelyhigh reactivities
according to the box model results. Thesestand out
becausexylenescontributesubstantiallyto the reactivity
of exhaustfrom gasoline-fueledvehicles. Formaldehyde,
which also had somewhathigherreactivities in thebox
model calculationsthan the airshedcalculations,is im-
portantdueto itshighreactivityandpresencein M85-and
conventionallyfueledautomobileexhaust. Thesediffer-
encesare apparentlydue in part to the use of different
photolysis ratesby the two models. The sensitivity of
calculatedreactivitiesto the chemicalmechanismpho-
tolytic parametersis consequentlyanimportantinteraction
to be considered.

The degreeof agreementbetweenscalesis generally
responsivetotheozoneprecursorratios.Fortheboxmodel,
theMOW occursat ahigherVOC:NQr ratio thantheMIll,
and for the CIT model, thepeakozoneoccursdownwind
from thepopulatedregion,atahigherVOC:NO5ratio.Most
likely for this reason,the CIT peakozonescaleagreesbest
with the MOIR scale,while the CIT populationexposure
scaleagreesbestwith theMIR scale. Thespatialexposure
metric captures the entire domain but is somewhat
dominatedby thehigherozoneconcentrationsdownwind
of themostheavilypopulatedregionand, consequently,
agreesbestwith the MOIR scale.

In summary,reactivitieswere foundto differ between
speciesby overanorderof magnitude,as in previousstudies
conductedwith airshedmodelsaswell asbox models.The
correlationbetweenthe box modelreactivitiesandthose

calculatedwiththeairshedmodel forexposuremetricswas
high. Airshed reactivities basedon peak ozone were
significantlydifferentfromthosebasedonexposuremetrics
and from the box model MIRs; however, with a few
exceptions,the peak ozone-basedreactivities were well
correlated with box model MOIRs. This is most likely
becausea largefraction of the populationresidesin the
westernhalf of thebasin,whereconditionsarerelatively
NO~rich,while thepredictedpeakozoneconcentrations
occur further east, whereconditionsare richer in VOCs.
The spatialexposurepredictionsgenerallyfell betweenthe
two box model values. Box model-calculatedMIlls cor-
respond well to the South Coast Air Basin population
exposurereactivitymeasuresfor thesamereason.Overall,
the resultswere surprisinglyconsistentbetweenmodels

andmetrics, suggestingthatreactivityadjustmentscanbe

utilized in ozonecontrol strategydecisions.
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