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Abstract—TheUCLA SurfaceMeteorologyandOzoneGeneration(SMOG)model hasbeenappliedto
simulateandanalyzethe distributionsof ozonein the LosAngelesbasinon 27 and23 August 1987,during
theSouthernCaliforniaAir QualityStudy (SCAQS).SMOG is anintegratedair pollution modelingsystem
that includesthe coupledeffectsof meteorology,pollutant sourcesanddispersion,photochemistryand
aerosolmicrophysics.andradiativeprocesses.High surfaceozoneconcentrationsarepredictedalongthe
slopesof thesurroundingmountainbarriersand in theeasternbasin,asobserved.Thepatternof surface
ozoneconcentrationsis shown to be influenced by the evolution of oxidants within the temperature
inversion that typically blanketsthe Los Angeles basin. In the past, dense layers of ozone havebeen
observedto be embeddedwithin thetemperatureinversion,but their origin hasremainedunexplained.The
presentmodel simulationsreproducetheseandotherthree-dimensionalstructuresin the ozonedistribu-
tion, as documentedby meosurementsin thebasin.Thehigh concentrationsof oxidantsaloft areexplained
througha detaileddynamical/chemicalmechanism.High mountainssurroundingthe Los Angelesbasin
block thedispersionof ozoneandotherpollutantsandgenerallycontainthemwithin thebasin.At thesame
time, verticalcirculationsassociatedwith theinteractionof thesea-breezeandmountainslopewinds inject
pollutantsinto the baseof theinversionandcreatehigh concentrationsofozone.PAN. nitric acid, organic
nitratesandavarietyof otherpollutants.includingaerosols.Thecontrastbetweenozoneconcentrationsat
the surfaceand in theseelevatedlayers canbe enhancedin the eveningby NO emissions,which titrate
ozone near the surface.The elevatedlayersact as a reservoirfor agedpollutants,which can be mixed
downwardonsubsequentdaysto enhancesurfaceconcentrations.Therecirculationofpollutantsin theLos
Angelesbasinis thus reinforcedby thepresenceoftheseoxidnntlayers,andmayberesponsiblefor therapid
increasein surfaceozoneconcentrationsoften seenin themorning,particularlyin theeasternbasinwhere
emissionsof primary pollutants are relatively small. The impact on surfaceozoneconcentrationsof
recirculatedphotochemicallyagedair is estimatedto be as high as S pphmv in the easternLos Angeles
basin.Thesesimulationsrepresentthefirst quantitativedescriptionof theroleofpollutantsaloft on surface
air quality. Copyright © 1996 Elsevier ScienceLtd

Keyword index: Urbanair qunlity, photochemistry.ozone,troposphericozone,air pollution.Los Angeles
smog,mesoscalemeteorology.

1. INTRODUCTION interactionsof coastalair flow with complexterrain

(LuandTurco. 1995).Nevertheless,thechemicalcorn-
For morethanfive decades,theLos Angelesbasinhas positionof theselayers,andtherecirculationofozone
sufferedfrom severephotochemicalair pollution, and from thelayersbackto the surface, haveneverbeen
remainsoneof themostpollutedregionsin theworld. quantitativelydescribed.
The photochemicalsmogproblemin Los Angelesis Episodesof ozone pollution in the Los Angeles
associatedwith specific factors, including: (1) large basin are usually associatedwith the Pacific high
emissionsof primary pollutants such as NO, and pressuresystem that controlsSouthernCalifornia’s
non-methanehydrocarbon(NMHC)within thebasin: weathermuchof the year.Light synopticwinds and
(2) amplesunlight to drive the photochemicalpro- clear skies are typical of conditions that prevail at
cessesthat generatesmogfrom theseemissions:and thesetimes.Connectedwith the descendingbranchof
(3) meteorologicalconditions and local topography the Hadley circulation, subsidencewithin the high
suitablefor the accumulationof air pollution. The pressurecell generatesa strongelevatedtemperature
observeddistributions of pollutantsin the basinin- inversion over the entire region. The subsidence
eludedistinct elevatedlayersof ozone,aerosolsand inversionlayeris presentalmost continuouslyduring
other compounds(e.g. Edinger et a?., 1972). Such the summerhalf of the year and occurs frequently
distributions have been shown to result from the during thewinter-halfaswell. Theinversionprevents
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materialsemitted near the surface from being ven-
tilated into the free troposphere.thus trapping pri-
maryandsecondaryairpollutantsnearthesurfacein
theboundarylayer. The topographyof the Southern
California coastalregionis illustrated in Fig. 1. The
Los Angelesbasinis surroundedby hirh mountains
on threesidesandopensto the Pacific Oceanto the
west and southwest. Becauseof the westerly sea
breeze. this topographicconfiguration lends to the
accumulationof airbornepollutants within the basin,
particularly in the east. Topographyalso steersair
currentsthat control the transportandeventualdis-
persionof pollutants throughoutthe bSn (Lu and
Turco, 1994). Coastal breezesand mountainwinds
are generatedby strong daytime heating of land
surfacescontrastedagainstthe cool oceansurface
nearby;theselandseacirculationsplay animportant
role in determiningthe transportanddistribution of
pollutants.

Pollutantconcentrationsin the Los Angelesbasin
varysignificantly with location.Althoughalargefrac-
tion of the total inventory of primary pollutants is
emittedin thewesternregionof thebasin,the highest
surfaceozoneconcentrationsarecommonlydetected
in the eastern basin (usually in the afternoon).
Measurementsof the ozone vertical concentration
profile oftenshowmaximumabundancesin thestable
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layer abovethe baseof the temperatureinversion
ratherthanat thesurface.Observationsof thevertical
distributions of other pollutants, including partic-
ulates.revealdistinctelevatedlayersabovetheinver-
sion basein both thewesternandeasternLos Angeles
basin(Edingerera?,. 1972;McElroy, 1982: Smith and
Edinger,1984). By lateafternoon,theselayersblanket
theentirewesternbasin(Edinger,1973:Blumenthaler
a?.. 1978), and in the evening, they extendover the
easternbasinaswell (WakimotoandMcElroy, 1986).
Similarpollutantstructureshavebeenobservedin the
southern and central California coastal regions
(McElroy andSmith. 1986, 1991).

The characteristicsof tracer transportin the Los
Angelesair-shedhavebeenstudiedby Lu andTuroo
(1994, 1995) usingamesoscalemeteorologicalmodel,
In thatwork,apassivetracerwasemployedasa sur-
rogatefor secondarypollutantssuchasozone,mainly
to investigate their dispersionproperties. It was
shownthat interactionsbetweenthe seabreezeand
mountain-inducedflows control the distribution of
tracerconstituentsovertheLos Angelesbasin.Pollut-
antsfoundin theboundarylayerin theafternoonare
dispersed in three different ways: by advection
throughmountainpassesinto the high desertto the
eastand north of the basin;by venting into the free-
troposphereabove the temperatureinversion layer;

Fig. I. Themodelcomputationaldomainandtopographyareillustrated.The largermapdefinesthearea
over whichmesoscaledynamicalcalculationsarecarriedout. The inner perimeterindicatesthedomain
usedfor theair quality (chemistryandmicrophysics)simulations.Heavysolidlines indicate thecoastline.
Contourlines correspondto terrainelevations;thecontourintervalsare200 m. Thelines AA’, BB’. CC’,

DD andEE’ give the locationsof the vertical cross-sectionsdiscussedin thetext.
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andby injection into the temperatureinversionlayer
itself. The elevated layers of pollution mentioned
above,which are seen to be embeddedwithin the
inversion layer, are themselvescreatedby several
mechanisms,including: local surface convergence
forcing vertical pumping; coupledsea-breeze/moun-
tain-slopewinds that divert air into the inversion
layer: and boundary layer stabilization during the
early evening hours that isolates pollutants aloft.
Materials trapped in the inversion layer by these
mechanismsmay later act as a source of oxidants
for processesoccurring near the surface,and may
contributeto extremeozoneconcentrationsmeasured
at the ground after several days of stagnantair
conditions.

Becausemanyfactorsinfluencethe concentrations
of ozonein the Los An2elesbasin,modeling studies
areneededto determinethe causesof the observed
ozonedistributionandto evaluateits environmental
impacts.Traditionally, two primaryapproachesto air
pollution modeling have beentaken. On the one
hand, meteorology-basedstudies have emphasized
thephysicalpropertiesof theboundarylayerandthe
pathwaysfor pollutant transportover complex re-
gional terrain(e.g. SchultzandWarner,1982;Ulrick-
son and Mass, 199Gb; Lu and Turco, 1994, 1995).
However,suchan approachis not capableof quan-
tifying the concentrationsof the most important
pollutants, becausechemical transformationsare
ignored. On the other hand, chemistry-based“aim
quality” models, such as the urban airshedmodels
(McReaat a?., 1982 a,b; Russellat at.. 1988; Harleyor
a?., 1993; ScheffeandMorris, 1993),havefocusedon
thepredictionofsurfaceconcentrationsof ozone(and
other pollutants) using simplified representationsof
boundarylayer physics and regional transport.Al-
though,in this lattercase,the estimatederror in the
predictionsof hourly-averagedsurfaceozoneconcen-
trations often falls in an acceptablerange of 35%
(CARD, 1992), the “meteorological” parametersad-
optedin thesemodelsarerepresentedas a numberof
inputparametersthatcan beadjustedto improvethe
agreementwith observations.In a comparisonof the
predicted vertical ozone profile to measurements,
RobertsandMain (1992) found that the03 concen-
trations aloft from their Urban Airshed Model
(UAM) simulationswere under-predictedby 50—150
ppbv. The UAM predictionsshowedlargeerrors in
the westernLos Angeles basin and offshore in the
morninghours.andby midday andafternoonin the
centralandeasternbasinaswell.

Clearly, ozoneconcentrationsarecontrolledboth
by meteorologicalfactors that determinepollutant
dispersionandby chemicaltransformationsthatgen-
erateozone from primary pollutants. Accordingly,
acoupledtreatmentof meteorology,tracerdispersion,
and photochemistryis essentialfor comprehensive
air quality modeling. With appropriateboundary
conditions,and rigorous validation basedon local
observations,sucha modelingsystemcan be useful in

studyingthe behaviorof pollution in urbanairsheds
throughoutthe world.

Lu er a?. (1995b) applied such an air pollution
model(SMOG,seebelow)to carryout simulationsof
the 27—28 August 1987 air pollution episodeduring
the SouthernCaliforniaAir Quality Study(SCAQS)
in theLos Angelesbasin.By comparingSMOG pre-
dictionsto avarietyof meteorologicalandinert tracer
observations,Lu or a?. demonstratethat the model
quite accuratelyrepresentsthe complexthree-dimen-
sional dispersivefields of that period. In the present
work, correspondingsimulations of the chemical
evolution of the regional atmosphereare used to
analyze the generationand dispersalof ozone and
other pollutantsacrosstheLos Angelesbasin.Distinct
elevatedlayers of pollution were measuredduring
SCAQS, and these featuresare reproducedin the
simulations,as discussedbelow. Although the results
presentedherecorrespondto two specificdaysof the
SCAQS field program, the generalstructureof the
three-dimensionaldistributionsof variouspollutants
shouldapplyto manytypical summerdaysin theLos
Angelesbasin.

In Sections2and3, respectively,theelementsof the
SMQG modelingsystem,andtheproceduresadopted
to carryout numericalsimulationsareoutlined.Sec-
tion 4 presentsmodel predictions;first, ozonenear-
surfacedistributionsarediscussedin Section4.1;next,
the vertical structure of the ozone distribution in
differentareasof the basinis explainedin Section4.2;
finally, thecontrastsbetweenthe compositionof pol-
luted air aloft and nearthe surfaceare discussedin
Section4.3. In Section5, theimpact of elevatedpollu-
tion layerson surfaceozoneconcentrationsin theLos
Angelesbasinis quantifiedfor the first time. Section
6 summarizesour majorresults.

2. AN INTEGRATEDMODELING SYSTEM:SMOG

A fully integratedaim pollution modeling system—
the Surface Meteorology and Ozone Generation
(SMOG) model—hasbeendevelopedspecifically for
studying air pollution on urban and regionalscales
(Lu, 1994; Lu or a?., 1995a;Jacobson,1994; Jacobson
of aL, 1995). SMOG includesdetailed treatmentsof
mesoscalemeteorology, boundary layer physics,
tracer advection, convection and diffusion, photo-
chemistry,aerosolmicrophysicsand chemistry,and
solarand terrestrial radiative transfer. All of these
critical processesarecoupledin asinglemodel,result-
ing in a powerful tool for studying the chemicalori-
gins of andcontrolstrategiesfor urbanandregional
air pollution. The performanceof the SMOG model
hasbeenevaluatedusing field datasuchas that col-
lectedduring the SouthernCalifornia Air Quality
Study (SCAQS) (Lu or a?.. 1995b).Comparisonsbe-
tween simulations and observations show that
the model is capableof reproducing,simultaneously,
the principal features of local and regional scale
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meteorology,tracerdispersionover complexterrain,
andthephotochemicaltransformationsof knownpri-
mary pollutants.

The mesoscalemeteorologicalcode utilized in
SMOG is a three-dimensionalhydrostaticprimitive
equationcode(Lu, 1988. 1994) that predictsthedy-
namical and thermodynamicstructureof the atmo-
sphere—e.g.winds,turbulence,temperature.humidity
andcloud fields. Previously,this model ‘vas success-
fully applied to forecastregional mesoscalerainfall
(Lu andCheng,1989),aswell as to investigatebound-
ary layerbehaviorin acoastalregionwith mountain-
ous barriers(Lu andTurco, 1994, 1995). The model
incorporatesphysicalprocessessuchas turbulentdif-
fusionandconvectivetransport,watervaporconden-
sationandprecipitation,solarandinfrared radiation
transfer,and groundenergy andwaterbalance.

Thetracertransportcodethat comprisesthechem-
ical, microph~sical.radiative and dispersion algo-
rithms for SMOG oriniaatedfrom researchin the
middle atmosphere and planetary atmospheres
(Turco or a?.. 1977, 1979a.b,l982a; Toon or a?., 1979,
1988). Previously, the tracercode was usedto carry
out anumberof regionalandglobalscalesimulations
(e.g.Turco or a?., l982b: Malone or a?., 1986:Toonat
a?., 1987, 1988, 1989a;Westphalor a?.. 1988. 1991). In
the tracercode,a time splitting algorithm is usedto
calculateseparatelythe effects on speciesconcentra-
tions of advectiveanddiffusive transport,chemistry,
andmicrophysics.A finite-elementmethodis adopted
for horizontal advection and a finite-difference
schemefor vertical transportand diffusion. This ap-
proachleadsto efficient andaccuratedispersionsolu-
tions with minimal computermemorydemands.

The gas-phasechemistry algorithm is based on
a modified version of the carbon-bond-extended
mechanism(CBM-EX) (Geryor a?.. 1989).The photo-
chemical schemeconsists of 100 species and 223
chemical reactionsandphotoprocesses.The concen-
trations of 95 active speciesare predictedin each
model cell.To overcometheextreme“stiffness” in the
equationsof chemicalkinetics,solutionsareobtained
usingan acceleratedversionof the well-kno~vnGear
solver(SMVGEAR) (JacobsonandTurco, 1994).The
basic Gear algorithm is a multistep. variable-order
predictor—correctorschemethat is known to provide
robust and accuratesolutions for reactivechemical
systems(Gear.1969, 1971).Comparedto the original
Gearcode,SMVGEAR providesequivalentsolutions
with anincreasein computationalspeedof afactorof
100 or more for three-dimensionalproblems(Jacob-
son andTurco, 1994).

An efficient two-streamradiativetransfermodelde-
velopedby Toon or a?. (1989b) for vertically inhomo-
geneous multiple-scattering turbid atmospheres,
is employedto calculatesolar and infrared heating
ratesandphotodissociationrates.The scatteringand
absorptionby aerosolsandcloudsarecomputedwith
a fast Mie code (Toon and Ackerman, 1981).
The accuracyof the radiative transfersolutions for

photodissociationratesandheatingratesis typically
betterthan 90%.

The presenttracer code also includes all of the
important processesthat control aerosolbehavior—
nucleation,coagulation.condensationalgrowth and
evaporation,sedimentation,dry andwet deposition,
chemicalequilibrium,andaqueouschemistry(Jacob-
son,1994). However,aerosoltracersarenot treatedin
the presentwork.

3. SIMULATIONS FOR SCAQS

Most previousanalysesof the SCAQS data and
other measurementshavefocusedon surfacecondi-
tions: the general morphology of surface ozone,
ground-leveldistributionsof otherpollutantsinclud-
ing NON, andthe dispersionof inert tracersreleased
andmeasuredat theground.By contrast,thesimula-
tions performedhere addressthe full three-dimen-
sional distributions of ozone during the Southern
California Air Quality Study (SCAQS) of 27—28 Au-
gust1987. The overallmodel computationaldomains
andtopographicalrelief for this regionareillustrated
in Fig. 1. The meteorologicalcomponentof the
SMOG model employs an $5 x 55 horizontal grid
systemwith grid spacingof 0.05 longitude (46 km)
by 0.045’ latitude (5 km). The domain for the tracer
chemistry simulations contains 51 x 34 grid cells
coveringthe Los Angeles basin and adjacentareas
nestedwithin the meteorologicaldomain. Twenty
non-uniformvertical layers,with the highest resolu-
tion in the lowertroposphere,areusedfor both mod-
els in the coupled system. The correspondingsigma
levelsare0,0.19,0.342,0.462,0.557,0.633,0.693,0.74.
0.778, 0.808, 0.831. 0.85, 0.869. 0.888, 0.906. 0.925,
0.943, 0.959, 0.974,0.988,and 1.

In the presentsimulations,boundary layer fluxes
of sensibleandlatent heatandwatervapor arecal-
culatedusing a multi-layer hybrid boundarylayer
model(Lu andTurco. 1994).A 10-layersoil model is
includedin the computationof thesurfacefluxes.The
thickness of the soil layers are 0.005, 0.008, 0.013,
0.021. 0.034, 0.056, 0.090, 0.146, 0.237,and 0.390m.
respectively,from the surfaceto a depthof 1 m. The
surfaceandsoil parameterscan bevariable,but were
assumedto beuniformoverlandsurfacesin the pres-
entsimulation(referto Table 1 for theadoptedpara-
meters). Initially, the soil temperatureis thesameas
the initial surfacetemperatureto a depthof 1 m, and
the soil moisturecontent is 0.16m3 per m3 to that
depth.
• Themeteorologicalmodel is initialized eachdayat
4:00 n.m. PSTandrun for 24 h. Upperair soundings
taken around4:00 PST areused to interpolatethe
initial meteorologicalconditionsover the entire re-
gional grid. First, the meteorologicaldataare ana-
lyzed on horizontalsurfaces.The wind components.
temperature.andrelativehumidity areinterpolatedto
the horizontal grid points specified in the model
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Table I. Surfaceandsoil parametersusedin themodelsimulations

4159

Surfaceroughnessover land (r0) 0.75 m
SurfaceroughnessOver ocean(Zn) 0.001 m
Surfacealbedo(.1) 0.2
SeasurfacetemperatureT~) • ICC
Surfaceernissivity 8,) 0.95
Soil saturatedmoisturecontent W.,~,) 0.435 m3 per m3

Soil saturatedmoisturepotentialPK~) —0.21$ ci
Soil saturatedhydraulicconductivity K,~,) 3.41 x i0~’ms
Dimensionlessexponentfor soil b) 4.90
Volumetric heatcapacityfor dry soil (p,cj
Volumetricheatcapacityfor water(p,,c.j

1.34 x tO’ I m
3 K —

4.186x 10’ 3 m
3 K

domain,usinga weighting function that variesasthe
inversesquareof the distance betweenthe station
point and the grid point. The weighting function is
furtheradjustedaccordingto themaximumheightof
the terrain betweenthe station point and the ~id
point; hence, the presenceof topographicalbarriers
arerecognizedin theschemeto reducetheinfluenceof
measurementsat stations lying on the far side of
a mountain range. Finally, the analyzedfields on
horizontal surfacesare interpolatedonto the model
a layers using a cubic spline method. In this study,
meteorological data measuredat surface stations
havenot beenused in the analysisof model initial
conditions.

The lateral boundaryconditions for themeteoro-
logical model are open boundaries(Lu. 1994). To
include the effectsof largerscaleforcing, the model
predictions•are nudgedtoward prescribed(observed
large-scale)valuesin a narrowzonealongeachlateral
boundary.The boundaryzonehasa thicknessofthree
grid intervals. The prescribedboundaryparameter
valuesare the initial valuesinterpolatedwithin the
boundaryzone.Thegeostrophicwinds in thesimula-
tion arethewinds at 4:00am. PSTaveragedoverall
stationsin the region.Neitherthe prescribedbound-
ary valuesnor the geostrophicwinds are changed
duringa24 hsimulationperiod.Therefore,the synop-
tic conditions in the early morning hours hasbeen
assumedto be representativefor that day. For the
chemicaltracersin theSMOGmodel,constantinflow
andopen outflow boundaryconditionsare adopted.
consistentwith the boundary velocity fields deter-
minedabove.To calculatethetracerinflow fluxes, the
background concentrationsgiven in Table 2 are
assumed.

The air quality simulationsdescribedherebeginat
4:00 PST on 26 August 1987 andcontinuefor three
daysuntil 4:00 PSTon 29 August. During this three-
day period. the meteorologicalfields were re-initi-
alizedonceeach dayat 4:00 PST ~i.e.on 27 and 28
August). To initialize the three-dimensionaldistribu-
tionsof theprincipalchemicaltracers,surfaceconcen-
trations of 03, NO,NO-. CO.SO-, andnon-methane
hydrocarbons(NMHC5) were interpolatedonto the
SMOG grid from surface measurementsover the
SCAQMD networkat4:00 PSTon 26August. Since

Table 2. The gas-phasespeciesconcentrationsused for
backgroundvalues andlateralboundaryconditionsin the

simulations

Speciesname Concentrations(ppbv)

CO 110
NO aOl
NO- 1
HONO 0.01
03 40
CH3CO3NO- 0.05
HCHO I
C2Ei~ I
PAR • 10
OLE 0.1 .

ALD2 3
TOL LI
XYL 0.6
CH3OH 0.1
CH3CH3OH 0.01
ISOP 0.01
CH~ 1650

only three NMHC measurementsare available for
this time, NMI-IC concentrationsat other station
points were estimatedfrom NO~concentrationsun-
derthe assumptionthat the NMF{C to NO~concen~
tration ratio is 8.8 moleC permole-NOr in early
morning ambientair (Fujita era?., 1990).Theinterpo-
latedsurfacetracerconcentrationswerethen extrapo-
lated from the surfaceupward to 970mb (about
350 m abovethe sealevel) to representambientcon-
centrationsbeneaththe pre-existingtemperaturein-
version. Theseinitial conditions, particularly above
the surface,arequite uncertain.In fact, as this study
later emphasizes,high concentrationsof ozoneand
othercompoundsareusually foundin distinct layers
abovethe surfacein the morninghours.Our simula-
tions show, however,that the initial conditionsonly
significantly influence the model results during the
first day. Accordingly, our analysis focuseson the
predictionsfrom the secondand third days of the
simulation period.

The initialization of the highly reactive tracersin
the SMOG chemistry occurs automaticallyas the
model is spun-upduring the first morning when the
photochemicalprocessesthat pro•videsourcesof rad-
icalsare activated.
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Thedynamicalandchemicalevolutionof thetracer
distributions depends critically on the continuing
emissionsof primarypollutantsoverthestudyperiod.
In the presentwork, the California Air Resources
Board(CARB) emissioninventory for 26—28 August
1987 was utilized (Allen and Wagner, 1992). For
gaseousspecies,the emissioninventoryprovidesgrid-
ded hourly emission rates of CO. NO, (NO. NO,
and HONO), SQ (SOfl and SO3), and reactive
organic gases(ROG5) for both distributed surface
and point stack emissions.However, it has been
found that the ROGsand CO emissionsaresignifi-
cantly underestimatedin this inventory (e.g. Ingalls
er al., 1989; Piersonor a/., 1992 Fujita or al,, 1992),
which can lead to seriousunder-predictionof ozone
concentrationsin theLos Angelesbasin(Harleyor a!.,
1993; Jacobsonet a!,, 1995). Fujita or a?. (1992)
comparedthe ratiosof CO and NMHCs to NO, in
the emission inventory and in ambient air in the
Los Angeles basin. The ambient CO/NO, and
NMHC/NO, ratios in the early morning are
about 1.5 and2—2.5 times, respectively,higherthan
the correspondingratios in the emissioninventory.
It is reasonableto assumethatthe NO, emissionsin
theinventoryarefairly accurate;moreover,measured
ambient concentration ratios, particularly for
CO/NOV and NMHCNO, in the morning,approx-
imately representthe actualratios in emissions.Ac-
cordingly, the CO and NMHC emissions in the
CARB inventorymaybecorrectedusingappropriate-
ly measuredconcentrationratios. In this study, the
emissionsare adjustedupward based on ambient
NMHC/NOXratiosreportedby Fujita era!, (1992)for
theSCAQS period(Lu, 1994:Lu nat., 1995b).In this
case, the mobile hot-exhaustemissionsof organic
gasesareincreasedby afactor of 3 andthe total CO
emissionis increasedby a factor of 1.6. Further,the
total emissionsof organicgasesarescaledby asecond
factor to bring the ratio of NMHC/NO, in the
total daily inventory integrated over the entire
Los Angelesdomainto avalueof 8.8inoleCpermole-
NO, (Fujita or a?,, 1990). Obviously, this adjusted
emission profile representsa first approximation,
until preciseanalysis can reducethe uncertaintiesin
emissions.

4. SIMULATED OZONE DISTRIBUTIONS

Three-dimensionalozone distributions over the
Los Angelesbasinweresimulatedfor the periodfrom
4:00PST26 Augustto 4:00 PST29 August1987.The
results for 27 August are discussedin this section
inasmuchas the predicted ozone distributions are
very similar on 27 and28 August.

4.1. Surfaceozonedisrriburions

Figure 2a—c shows the predicteddistributions of
ozonein thesurfacelayerof the SMOG modelfor 27
August 1987 at 10:00,14:00 and 18:00 PST. In the

Los Angeles basin, a large portion of NMHC and
NO, areemitted in the westernregion of the basin
(Los AngelesCounty).However,throughoutthe day
ozoneconcentrationsin theeasternbasin, in the San
Femandovalley andnearhigh mountainsaremuch
higher than thosein the westernbasin, Analysis of
three-dimensionalozone distributions in the basin
cart yield a betterunderstandingof theevolution of
surfaceozoneconcentrations.

In theearlymorning,surfaceozoneabundanceslie
below I pphmv(part-per-hundred-millionby volume)
everywherein the basin excepton somemountain
slopesandaearthecoast.The low concentrationsof
03 nearthesurfacearecausedin partby NO titration
in the stableboundarylayerat night. After sunrise,
ozoneconcentrationsincreaseover the entire basin.
In the early morning hours, light winds within the
boundarylayerarenoteffective in dispersingemitted
pollutants from their sourceregions. However, by
10:00PST,asthemixedlayerbeginsto deepen,ozone
concentrationsriseto 8 pphmvandabovein the east-
ern basin and in the San Fernandovalley, where
emissionsof primary pollutants remain relatively
small. In theseregions,our simulationssuggestthat
rapid increasesin ozonesurfaceconcentrationsare
relatedto downwardmixing of agedpollutedair aloft
(seeSection5).

As theseabreezedevelopslater in the day, pollut-
antsarecarriedinlandfrom thewesternbasintoward
theeastandup themountainslopes.At thesametime,
ozoneis copiously generatedby photochemicalpro-
cessesdriven by NO,andNMHC emissions.A sharp
gradientin the ozoneconcentrationfrom thecoastal
regiontowardtheinland mountainsis evidentby the
afternoon(Fig. 2b). The regional mountainsact as
a barrier,confining polluted air within the extended
coastalplain. Becauseof thestrengtheningseabreeze,
the largestozoneconcentrationsdevelopin theeast-
ern basin and San Fernandovalley and along the
southernslopesof the SanGabrielMountains(in the
SanGabrielvalley).

Thephotochemicalgenerationof ozonediminishes
in the late afternoon.During the early evening,on-
shorebreezess\veepthe westernbasinclean(Fig. 2c).
Moreover, continuing surface emissions of NO~
titrate ozone near the ground (producing nitrogen
dioxide), thus further reducing local ozone densit-
ies. Accordingly, themaximumozoneconcentrations
drift toward the slopes of the surroundingmoun-
tains. Throughout the afternoon and evening,
pollutedair is transportedupslo~ethroughmountain
passesinto the desertregions beyond, while some
is ventedinto the free troposphere.Later at night,
ozone concentrations near the surface are low
throughout the coastalbasin. However, along the
mountain slopes, high ozone concentrations can
still befound.which arerelatedto theelevatedlayers
of pollution formed over the basin during theafter-
noon and stabilized in the thermal inversion layer
at night.
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Fig. 2. Simulateddistribution of ozonenearthesurfaceon 27 August 1987 (solid contours).The ozone
contourintervalsare 4 pphmv. Dashedlines indicate terrainelevationwith a contour interval of 400m.

(a) tO:0O PST; (b) 14:00 PST; (c) 18:00PST.
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4.2. Verrical ozonedistributionsandelevatedpollution August 1987.The measurementswere takenfrom an
layers

Surfaceozoneconcentrationsare,of course,merely
the lower boundaryvaluesof the full three-dimea-
sionalozonedistribution. Figure 3 illustratesseveral
predictedandmeasuredvertical ozoneprofflesfor 27

‘C

‘C

E 1000
C

‘0

500

aircraft platform during the SouthernCalifornia Air
Quality Study(SCAQS),in whichspiralpatternswere
flown to obtain vertical profiles (Anderson or a?.,
1989). TheSMOG modelresultscorrespondto ozone
profiles at grid points closestto the aircraftsampling

Fig. 3. Comparisonof measuredandpredictedvertical profiles of ozone on 27 August 1987. Solid lines
representtheSMOG modelpredictionscarriedout for this study.Dashedlines representaircraftmeasure-
ments,whilethedottedlines arepredictionsfrom theUrbanAirshedModel (UAM). Theaircraftdataand
UAM predictionswere obtainedfrom Robertsand Main (1992).Thecomparisonsare for: (a) a location
15 km southof Long Beachover water,wherethemeasurementsweretakenfrom 11:24to 11:30PST,the
SMOG model resultsare at 12:00 PST,and the UAM predictionsrepresentan averagefor the period
11:00—12:00PST; (b) Hawthorne,with measurementsfrom 11:08to 11:15, SMOG at 11:00,andUAM
from 11:00 to 12:00; (c) Riverside,with measurementsfrom 11:58 to 12:05.SMOG at 12:00,andUAM
from 12:00to 13:00; (d) CableAirport, with measurementsfrom 13:59 to 14:05,SMOG at 14:00, and

UAM from 14:00 to 15:00.
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(d) CableAirport
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sitesin spaceandtime. Figure3 also displaysmodel
simulationscarriedout for the final Air Quality Man-
agement Plan (AQMP) using the Urban Airshed
Model (UAM) (SCAQMD, 1990. 1991: Robertsand
Main, 1992). In theUAM simulation,wind fieldswere
obtainedfrom the ColoradoState University Meso-
scaleModel (Ulrickson and Mass. l990a) with sub-
sequentpost-processingfor usein UAM. Themixing
height fields were calculated by the Holzworth
method(CassmassiandDurlcee.1990),whichis based
on upper-airtemperaturesoundingdataandsurface
temperaturemeasurements.The emission inventory
usedin the UAM predictionsis similar to the CARB
inventory, but without adjustments.Wagneret al.
(1992) found that the under-predictionof surface
ozoneconcentrationsby UAM couldbecompensated
by adjusting the ROG emissionsupward relative to
theCARB inventory.In this study,however,we focus
on thevertical structureof the ozonedistribution.

Vertical ozoneprofiles at midday in the \vestera
Los Angelesbasinat the sites designated~‘Paddr”(a
flight pathintersectionover theocean15 km southof
LongBeach)and“Hawthorne” areshownin Fig. 3a
andb. The measuredozoneconcentrationsnearthe
surfaceand above 1000 m arearound50—60 ppbv at
bothsites. Very highozoneconcentrationsof 120—150
ppbv were detectedbetween300 and700 m at Paddr.
andmore than 160 ppbv between500 and600m at
Hawthorne,Similar vertical structuresarepredicted
by the SMOG model(Fig. 3), althoughthemaximum
ozoneconcentrationsin theselayersare40—50 ppbv
lower than measuredvalues.This observedstratified
verticalstructureis suggestedin theUAM simulation
for Hawthorne.but not for Paddr.

At two sitesin theeasternLos Angelesbasin,high
ozoneconcentrationswere measuredin the mixed
layer at midday andin theafternoon(Fig. 3c andd,
respectively).Abovethe top of the mixedlayer.ozone
concentrationsdecreasedSharplyto about60 ppbv at
both sites. SMOG reproducesthe observedvertical
ozoneprofile at Riversidequite accurately.At Cable
Airport, which is located on the steep southern
slopesof the San Gabriel mountains,the predicted

mixed-layer ozoneabundanceis about 20% lower
than themeasurements.This under-predictionis ap-
parently related to the over-predictionof the mixed
layer depthat this site. At both sites, the upper-level
ozoneconcentrationsarealso accuratelysimulatedin
the SMOG model.By contrast,theUAM modelfails
to predicttheverticalstructureateither of thesesites,
which might be. a result of the meteorologicaldata
usedto force themodel,or thecoarservertical resolu-
tion in that model. Neither surfacenor upper-level
ozoneabundancesarecorrectlyforecastby UAM.

Thefull pictureof ozoneandotherpollutantdistri-
butionsin acomplexgeographicalsettingsuchas Los
Angelesbasincannotbeobtainedfrom alimitednum-
ber of aircraft sampling flights. Hence. simulations
with acomprehensiveair quality modelingsystemlike
SMOG can moreclearly delineatethe evolution and
patternsof regional pollution. Lu andTurco (1995)
investigatedthe characteristicsof inert-tracer trans—
portia theLos Aagelesareaandquantifiedthemech-
anismsthat lead to the formation of contaminated
layersoverthebasin.In thepresentwork, the explicit
inclusionof chemicalprocessesleadsto theprediction
of distinct ozonelayers—throughsimilar dynamical
mechanisms—ashavebeenobserved.The impactof
thesepolluted layerson surfaceconditionsis quanti-
fied in Section 5. In the following subsections.the
verticalandhorizontalstructureof theseozonedistri-
butionsaredescribed.

4.2.1. Layers covering the western coastal re-
gions. Ozoneconcentrationsprojectedonto avertical
plane bisecting the Los Angeles basin from Santa
MonicaBay to the SanGabrielMountains(pathAK
in Fig. 1) are illustrated at two times of the day in
Fig. 4a andb. In the morning hours.residual layers
of ozone createdthe previousday are seen at an
altitude of about700 m (Fig. 4a). These layers are
embeddedwithin thestabilizedtemperatureinversion
blanketing the region at this time; hence, they are
effectively decoupledfrom the surface. Such layers
wereoriginally createdoverthecoastalregionsduring
theafternoonhours(Fig. 4b) throughtheintrusionof

2000

500

0
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Fig. 4. Calculatedozoneooncentrations(contours,in intervalsof 2 pphmv)for averticalcross~sectionthat
extendsfrom SaataMonica Bay to theSanGabriel Mountains(AN in Fig. 1) on 27 August 1987. The

topographyis highlightedby striping. (a) 10:00 PST;(b) 14:00 PST.

seabreezesonto the coastalplain (Lu and Turco,
1995). As a result, adense ozonelayer is createdat
about800 m by 14:00 PST (Fig. 4b), coveringmost
part of the westernbasin.

Over the coastal plain, nitric oxide emitted into
theboundarylayer partially titrates ozonenear the
surface (by the reaction, NO ±O~—~NO, ÷
leavingthe ozonealoft unaffected.Therefore,surface

o 10 20 30 40 50 6070 80 90100110120130140150160.1’70

Distancealongthecross-section(km)(a)

(b)
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ozoneconcentrationis relativelylow overthewestern
coastal region. This mechanismcan enhancethe
layeredstructure,however,is not responsiblefor the
layeredstructure.To see this. the concentrationsof
“total oxidaats” (that is, 03 ±NO.) on the cross
sectionAN areillustrated in Fig. 5 (comparethis to
Fig. 4b). A similar “plume” signatureis notedin the
distributionof total oxidants.indicatingthat titration
alonecannotexplain the vertical structureobserved
for ozone.Titration by NO mayintensify the existing
vertical structure,however.

Similarpollution layersarepredictedfor 28 August
1987 as well (Fig. 6). In this instance,high ozone
concentrationsextendfarwestwardovertheoceanby
16:00 PST.In fact, most of the time during the two
days of this simulated event, ozone achievedmax-
imum concentrationsin theseelevatedlayers.

4.2.2. Layersinjectedinto thefreetToposphere.An-
otherimportant featureof the ozonedistributions in
Figs4—6 is thepresenceof distinct layersof ozonein
the free troposphereabove the mountain ridge line,
Normally, the strongtemperatureinversionblanket-
ing the Los Angeles basin would preventboundary
layer pollutants from entering the free atmosphere.
However, forced by intensesolar heating, upslope
mountainthermal windscreateachimney effect that
injects pollutants directly into the free troposphere
(Lu and Turco, 1995). In Figs 4—6, the ventilating
effect of the San Gabriel mountains results in the
formationof ozoneplumes betweenroughly 2—5 km
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altitudeoverthe Los Angelesbasin(alsoseemany of
the figures following). This mountainventing is an
importantsink for pollutantswithin the Los Angeles
basin. Importantly, these contaminatedplumes in-
jected into the free tropospherecontribute to the
long-rangeeffectsof Los Angeles air pollution.

4.2.3. Layers created by near-coastal mountains.
Lu and Turco (1995) found that the combinedsea
breezeandmountainflow circulation associatedwith
terrainadjacentto thecoastlinecanproduceextensive
layersof pollution offshore abovethe oceansurface.
Inducedseabreezescarryrelativelycleanaironshore.
At the sametime, air flowing up warm mountain
slopescirculatespollutantsfrom theboundarylayer
into the cappinginversionlayerand transportsthe
pollutantsoffshorein a re-circulationpattern.Figure
7 givespredicted ozonedistributions on a vertical
cross-sectionbisectingthe coastalSantaAna moun-
tains (path BB’ in Fig. 1) at 14:00 PST.The layerof
pollution,generatedby verticalmotions,extendsfrom
thewesternslopesof the mountainsfar offshore.The
layer containsnot only ozone,but other secondary
and primary pollutantssuch as nitric acid (HNO,),
peroxyacetyl nitrate (PAN), organic nitrates and
carbon monoxide,Thus, as an example,the carbon
moaoxidedistribution is illustrated in Fig. 8.

4.2.4. Layers associatedwith surface convergenc.e
zones, In regionswheresurfaceair currentsconverge,
pollutantscan be efficiently lifted from theboundary
layer into the inversion layer and free troposphere.

Distancealongthecross-section(km)

Fig. 5. Predicted“total”oxidant(O,±NO,) concentrations(contours,in intervalsof2 pphmv)for vertical
crosssectionAN (Fig. 1) fromSantaMonica Bayto theSanGabrielMountainsat 14:00PSTon 27 August

1987.
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Fig. 6. Simulatedozoneconcentrations(contours,in intervalsof 2 pphmv)for verticalcross-sectionAN
(Fig. 1) extendingfrom SantaMonica Baytc theSanGabrielMountainsat 16:00PSTon 28 August 1987.
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Fig. 7. Calculatedozoneconcentrations(contours.in intervalsof 2 pphmv) for verticalcross-sectionBW
(Fig. 1) bisectingtheSantaAnaMountains,at 14:00PST on 27 August 1987.

Denselayers of pollution are commonly observed
nearsuchconvergencezones(e.g. Smith andEdinger,
1984). Figure 9 shows the ozone distributions (on
averticalcross-sectionfollowing pathCC’ in Fig. I) in

thevicinity of theSanFernandoValleywhereeasterly
andwesterlyseabreezesconverge.Polluted air from
the Los Angeles basin is transportedto theconver-
gence by thermally-inducedeasterly flow, is lofted
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Fig. S. PredictedCO concentrations(contours,in intervals of 0.1 ppmv) for vertical cross-sectionBB’
(Fig. 1) bisectingthe SantaAna Mountains,at 14:00PSTon 27 August 1987.
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Fig. 9. Simulatedozoneconcentrations(contours,in intervalsof 2 pphmv) for vertical cross-sectionCC’
(Fig. 1) throughtheSan Fernandoconvergencezone at 14:00 PSTon 27 August 1987.

owing to the convergence,andis then carriedback
in thewesterlyreturncirculation.Accordingly,alayer
of ozone is formed aloft to theeast of the surface
convergence.

Another prominent surface convergenceoccurs
nearLake Elsinore, asillustrated in Fig. 10 (referto
path DD’ in Fig. 1). At 16:00 PST, a plume with a
peakozoneconcentrationof 21.5 pphmv is situated
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Fig. 10. Calculatedozoneconcentrations(contours,in intervalsof 2 pphmv)for verticalcross-sectionDD’
(Fig. 1) bisecting the£lsinoreconvergencezone, on 27 August 1957. (a) 16:00 PST; (b) 20:00 PSI.

above the surface convergence.This plume extends
southwardfrom the convergenceat an altitude of

1 kmfor a distanceof 50 km. By 20:00PSI,layers
ofhigh ozoneconcentrationblankettheentire region.
However, the ozonelayers to thenorth (lying in the

easternLos Angeles basin)are causedby processes
describedin Section4.2.5 below.

4.2.5. Layers in theeasternLos Angelesbasin. The
evolutionof ozonedistributionsacrosstheentire Los
Angeles basin, extendingfrom the coastalregion to
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theeasternmountain barrier, is depictedfor 27 Au-
gustin Fig. 11 (theozoneconcentrationsaredisplayed
on averticalplaneextendingfrom SantaMonicaBay
to the San Bernardino Mountains).By 12:00 PSI
(Fig. ha), ozoneconcentrationsat the surfaceshow
asystematicincreasefrom the westerncoasttoward
theeasternmountains.The coastalzonelies beneath
adistinct layerof ozonesituatedat about600m (also
refer to Section 42.1). In the easternbasin, on the
other hand, ozone is confinedto the mixed layer in
modest abundances.During the afternoon, sea
breezestransport pollutants within the boundary
layer from sourceregions in the westernbasin to
regionsof accumulationin theeasternbasin.Ozoneis
continuouslyproducedfrom primary pollutantsover
this period.By 16:00 PST,veryhighozoneconcentra-
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tions are foundat the surfacein the easternregions
of the Los Angeles basin, and mountain venting is
forcing ozoneinto the free troposphere.In the early
eveninghours(Fig. tic), theboundarylayerhassta-
bilized and photochemically-agedair is insertedinto
thetemperatureinversion(Lu andlurco, 1994,1995),
Cooler marine air moves inland undercutting the
warmermixed-layerair, furtheremphasizingthecon-
trastbetweenozoneconcentrationsat thesurfaceand
aloft, Consequently,theentirebasinis soonblanketed
by ozonelayers(Fig. llc). Theseozonelayersremain
overthebasinduringthe night.Similar behaviorwas
seenin theSMOG simulationsfor 28 August(Fig. 12).

Implications. Human health and environmental
impactsof exposureto ozonearedirectly relatedto its

Fig. 11. Predictedozoneconcentrations(contours,in intervalsof2pphntv)in vertical cross-sectionEE’
(Fig. 1) bisectingthe Los Angelesbasin from SantaMonicaBay to the SanBernardinoMountains,on 27

August 1987. (a) 12:00 PSI: (b) 16:00 PSI; (c) 20:00 PSI.
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Fig. 12 Simulatedozoneconcentrations(contours,in intervalsof 2 pphmv) in verticalcross-sectionEE’
(Fig. 1) (from SantaMonicaBay to the San BernardinpMountains)at 20:00 PSIon 25 August 1987.

concentrationsat ground level. The three-dimen-
sional ozonedistributionsdescribedabovepoint to
the oricins of variationsin surfaceozoneabundances
around the Los Angeles basin. Early in the day,
ground-levelozoneconcentrationsaremodulatedby
the depthof the boundarylayer and induced sea
breezes.In coastalregions,whenmarineair is flowing
onshore,ozoneconcentrationsarelimited to about
10 pphmv or less.In geaeral,afternoonsurfaceozone

concentrationsincrease steadily from the western
coastalzone toward the eastern basinand inland
mountains,as agedpollutedair is drawneastwardby
sea-breezesand mountain flow. Accordingly, the
highest levels of ozoneusually occur in the eastern
basin and along the southernslopes of the San
GabrielMountains.

During the evening, the stabilizationof the mixed
layer traps photochemically-agedpollutants in the
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temperatureinversion aloft, forming elevatedlayers
with high concentrationsof pollutants.Below these
layers,relativelycleanmarineair pushesinlandin the
eveninghours. Further.emissionsof NO can reduce
ozone concentrationsaear the surface by titration.
Hence, nighttime surfaceozoneconcentrationsare
generally low across the basin. Nevertheless,high
concentrationsof ozone are seen along mountain
slopesthat intersectelevatedpollution layers.Night-
time drainageflows can also carryozonebackdown
themountainslopes.

The following morning, polluted air in elevated
layers can be entrained into the mixed layer as the
boundarylayer depthgrows. Ihis entrainmentpro-
cess can contribute to a rapid increase in surface
ozoneconcentrationsevenwhen winds arestagnaat,
particularlyin the easternbasin.Thepotentialozone
sourceis quantifiedin Section 5.

4.3. Chemistryof pollution layers

The pollution layersstabilizedwithin the temper-
ature inversion are composedof photochemically-
agedheavily contaminatedair. Secondarypollutants
comprise most of the trace componentsof these
layers.Isolatedfrom removalby dry depositionat the
surface,pollutantsin theseelevatedlayershavea long
lifetime; moreover,becausemixing is suppressedat
these heights, the residencetime aloft is greatly
enhanced.Thus, isolated from surfacesourcesand
deposition,photochemicalprocessingcan proceedto
completionin theselayers.
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A variety of secondarypollutants are generated
photochemicallyand accumulatein the polluted
layers.Ozoneandotheroxidantsarethemostimport-
ant of thesecompounds.Among the important sec-
ondary pollutants are peroxvacetyl nitrate (PAN),
otherorganicnitrates,nitricacid (HNO3), andavari-
ety of oxidized hydrocarbonsincluding acrolein.An
exampleof thepredictedvertical distribution of PAN
is shownin Fig. 13. Note that, during the evening
substantialquantities of PAN are found aloft this
materialis not subjectto surfaceremoval.Like ozoae.
PAN andthe other noxious photochemicalbyprod-
ucts in these layers can return to the surface the
following thy.

High concentrationsof nitrate radicals(NO3) and
dinitrogenpentoxide(N205) arealsofound in thepol-
luted layersat night. Isolatedfrom surfaceemissionsof
NO andNMHCs,NO3 is mainlyconvertedinto N205.
N205in turn mayundergoheterogeneousconversion
to HNO3 on aerosolsurfaces.inasmuchas thepol-
luted layerscontainheavyloadingsof particulates.

Low NO concentrationsappearin the elevated
layerswhere03 canmaintainrelativelyhigh concen-
trations.This situation is quite different from condi-
tions at the surface,wherecontinuingNO emissions
aretrappedbelow the nocturnal temperatureinver-
sion,allowing nitric oxide andnitrogen dioxide con-.
centratioasbuild up nearthe surfaceat night. In this
surfacelayer, ozoneconcentrationsarecharacteristi-
cally low, owing in part to the titration reactionof
NO with 03 (althoughthis reactiondoesnot reduce
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Fig. 13. CalculatedPAN concentrations(contours,in inte~alsof0.5 ppbv)for averticalcross-sectionfrom
SantaMonica Sayto theSan BernardinoMountains(EE’ in Fig. l)at 20:00 PSI on 27 August 1957.
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the total oxidant concentration).The titration reac-
tion enhancesthecontrastin theconcentrationprofile
of O~(andNO) betweenthe surfaceandthe elevated
layers.

Pollutantswith relatively long lifetimes anddomi-
nant sourcesin emissionsare expectedto be found
both in newly contaminatedair andin agedpolluted
air. Carbonmonoxide. for example,appearsin elev-
atedlayersaloft andin air trappednearthesurfacein
theevening(Fig. 14showsatypical SMOGprediction
for CO). Thespatial distributionsof such pollutants
aremoredependenton regionaltransportanddisper-
sion,ratherthanon chemical transformations(except
for possibleminor secondaryphotochemicalsources,
as in thecaseof COj.

Sinceaerosolsin polluted air are generatedprim-
arily by gas-to-particleconversioninvolving photo-
chemical byproducts(particularly sulfates, nitrates
and low-volatility Organics), theseaerosolsare ex-
pectedto havesignificantabundancesin thepolluted
layers stabilizedin the inversionaloft. In fact, dense
aerosol layers have been observedover the Los
Angelesbasin by airbornelidar (e.g. Wakimotoand
McElroy, 1986). Theseaerosolenhancementsareco-
incidentwith theozonelayersdescribedearlier.

5. POLLUTANT REcWcULATIONIN THE BASIN

Pollutants trappedin stabilized layers can be en-
traineddownwardinto theboundarylayerduring the
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morninghoursas the mixedlayer deepenswith solar
heating.To determinethe potential impactof stabil-
izedphotochemically-agedair on surfaceozonecon-
centrations,theSMOG model wasused to calculate
the relative contributionsof primary emissionsand
recirculatedsecondarypollutantsduringa 24 h peri-
od. Towardthis end, twomodel runs werecarriedout
for 27—28 August 1987. In the first simulation (case
NE, no emissioas),all surfaceemissionswere termin-
atedandinitial pollutant distributionswere equated
to the predictedconcentrationsat 18:00 PSI on 27
August, obtainedfrom a continuousthree-daysimu-
lation (describedearlierl. Therefore,caseNE repres-
ents theimpact of residualagedpollutantsfrom the
27th on ozone abundanceson the 28th. The second
simulation (case NP, no initial pollutants) includes
surfaceemissions,but assumesbackgroundspecies
concentrationsinitially. In the absenceof agedpollu-
tants, caseNP defines the pollutant concentrations
generatedoathe28th owing to theprimaryemissions
duringthe 24 h period. Both the NE andNP simula-
tionswereinitiatedat 18:00PSI,atwhich timeozone
photochemicalproductionis negligible.

In case NE, ozoneproducedon the 27th is trans-
ported to andstoredin stabilized layersduring the
evening.Someof this residualozone(aswell as other
oxidantsand secondarypollutants) is mixed down-
ward on the following morning (the 28th). Figure 15
depictsthe surfaceozoneconcentrationspredictedat
12:00 PSTon 28 Augustfor the caseNE. The largest
valuesare seenin the easternbasinandeastof the
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Fig. 14. PredictedCO concentrations(contours,in intervals of 0.1 ppmv) in vertical cross-sectionEE’
(Fig. 1) (from SantaMonicaBay to the San BernardinoMountains)at 20:00 PST on 27 August 1987.
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Fig. 15. Ozonemixing ratiosnearthesurfaceat12:00 PSIon 28 August 1987 in a simulationin whichall
emissionsof primarypollutantsweresuppressedon the28th (caseNE, seethetext)but agedpollutantswere
presentfrom the previous day. The ozone contour interval is 2 pphmv. Terrain featuresare shownas

dashedlines.

SantaAna mountains,where ozone levels of 6—S
pphmvoccur. Ozoneconcentrationspeakin thearea
eastof the SaniaAna mountains.Over the western
regionsof the basin,awayfrom thecoastline,surface
ozoneabundancesarein therangeof4—6 pphmv.The
concentrationsare moderatedlater in the afternoon
aspollutedair is graduallyventilatedfrom the basin.

Another estimateof the surfaceeffects of residual
pollutantson the28th canbeobtainedby subtracting
theozoneconcentrationspredictedin caseNP,which
includesthe effectsof primary emissionsbut no aged
pollutants,from the concentrationssimulated in the
continuousthree-dayrun, whichincludesboth effects.
Figure 16 illustrates these surfaceozoneconcentra-
tion differencesat 12:00 PSI on 28 August. Again,
a peakabundanceof above 8 pphmv is found in the
easternbasin. The ozone concentrationreachesa
maximumvalueof about6 pphmv at 14:00PST,and
decreasesgraduallylater in the day. In the western
basin,thecontributionsof stabilizedlayersto surface
ozonearein therangeof 2 pphmv.Theseamountsare
somewhatsmallerthanthoseshownin Fig. 15 in part
becauseozonecanbetitratedby freshlyemittednitric
oxide, which is absentin the caseof NE.

Both of thesimulations.NE andNP,clearly dem-
onstratethe significanceof pollutant recirculationin
the Los Angelesbasin. During the evening,substan-
tial quantitiesof agedcontaminatedairarestabilized
in elevatedlayersabovethebasin:theselayersserveas
a reservoir, andlatera source,of secondarypollut-

ants. Dowaward-mixingthe following day provides
a mechanismfor delivering thestoredpollutants to
the surface. This recycling processcan explain the
rapid increasein surface ozoneconcentrationsfre-
quently observedin the easternregions of the Los
Angelesbasinduringthe morninghours.Thecontri-
bution of recirculation to surfaceozoneconcentra-
tionsis as greatas S pphmv in the easternregions.

6. SUMMARY AND DISCUSSION

An integrated air pollution modeling system
(SMOG) has been used to investigatethe relation-
shipsbetweenmeteorology,pollutantdispersion,and
air quality in the Los Angelesbasin(Lu, 1994; Lu et
al., 1995 a, b). In this work, the spatial andtemporal
distributionsof ozoneon 27 and28 August 1987have
beensimulated and analyzedin detail. The highly
non-uniformsurfaceozoneconcentrationsmeasured
in thebasinare a consequenceof complex three-di-
mensionalcoupled dynamical/photochemicalpro-
cesses.Thehighestlevelsof ozonearepredictedin the
easternbasinandalongtheslopesof the surrounding
mountain barriers,as observed.Moreover, SMOG
simulationshaverevealedfor thefirst time the roleof
stabilizedlayers of pollution, which are a common
featureover Los Angeles,as an important secondary
sourceof ground-level ozoneand other pollutants.
including PAN, nitric acid andorganicnitrates.
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LONGITUDE 1~W)

Fig. 16. Differencesin ozoneconcentrationsnearthesurfaceat12:00 PSTon 28 August 1987 betweenthe
standardthree-daysimulationandthesimulationin whichonly oneday’s emissionsandchemistryoccur

starting from backgroundconditions(caseNP). The ozonecontour intervalsare 2 pphmv.

Theimpact of photochemically-agedair from aloft
on surfaceozoneconcentrationsis estimatedto beas
high as S pphmv in theeasternLos Angelesbasin. In
fact, rapid increasesin surfaceozonefrequentlynoted
in the easternbasin during the morning hourscan
be attributedto fumigation from stabilizedlayersof
pollution. Vertical circulationsassociatedwith sea-
breezesandmountain flows leadto the formation of
theselayers(Lu andTurco, 1994, 1995). High moun-
tainSsurroundingthebasinhinderlong-rangedisper-
sion andconfinepollutantswithin thebasin. During
theafternoonandevening,theseaccumulatedmater-
ials aretransportedto andstabilizedwithin the tem-
peratureinversionblanketingtheregion. The follow-
ing day, secondarypollutants are mixed downward.
enhancingsurfaceconcentrations.Accordingly, the
mechanismof pollutant recirculationandsurfaceen-
hancementin the Los Angelesbasinis a fundamental
consequenceof meteorologicalconditions.It follows
that other urban areaswith similar terrain and cli-
mateshould experiencecomparableeffects.

The SMOG simulations also reveal the major
pathwaysleadingto thedispersionof pollutantsfrom
the Los Angeles basin.A ~chimney”effect causedby
upslopewinds on heatedmountainslopesventspollu-
tants directly into free troposphereduring the after-
noon. As aresult,layersof pollution arecreatedin the
free troposphere.which contribute to regional and
global scaledispersionof thesematerials.Also impor-

tant is the advectionof contaminatedair overmajor
mountain passesbisecting the ranges surrounding
Los Angeles. In the late aftemoon. pollutants are
effectively transportedacross the mountains,parti-
cularly throughthe CajonandNewhall passes.Con-
sequently,pollutants are carried to the high desert
regionwhereair quality andvisibility can be signifi-
cantly degraded.

An obviousconclusionof this work is theneedfor
validatedthree-dimensionalcoupledmeteorological/
chemicalmodelsof urbanair sheds.Oursimulations
and analyseshave demonstratedthe importance of
explicitly resolving the dynamics of the boundary
layer, the couplingbetweenthe mixed layerandfree
troposphere,and the interactionsof air flo~vwith
terrain in complexcoastalsettings.With a modeling
systemlike SMOG, theformationof stabilizedlayers
of polluted air and the recirculation of secondary
pollutantscanbe studiedand understood(Lu, 1994;
Lu er ci., 1995a).Moreover, the competingmodesof
regional andlong-rangetransport of pollutantscan
be quantified. In this regard, model predictionsare
helpful in pointing to essentialfield measurements
and monitoring activities that can lead to a better
characterizationof air pollution. Finally, any at-
tempts to develop policies for controlling primary
emissionsandimproving air quality using numerical
predictionsmust be based on reliable scientifically-
validatedmodels.Thecapabilityof air quality models
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in simulating pollutant levels aloft is an important
aspectin evaluatingthe performancesof air quality
models.
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