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Prefaceand acknowledgements

This reportpresentsthestatusof developmentof a �e xible modelingsystemcapa-
ble of describingair pollution transportat differentscalesanddealingwith hemi-
spheric,regional,urbanandlocal air pollution relatedproblems.This is the �rst
reporton a seriesof threethatwill documenttheprogresson thedevelopmentof
a self-nestedmodelingsystemfor atmosphericparticlesandphoto-oxidantphoto-
oxidantpollution. This modelingsystemis the �nal aim of a nationalcoopera-
tion projectbetweenthe Norwegian MeteorologicalInstitute (MET.NO) andthe
Norwegian Institutefor Air Research(NILU) addressedto improve themodeling
tools presentlyusedfor determiningair quality in Norwegian cities. The results
from this projectareexpectedto be usefulto the work underthe Conventionfor
Long-RangeTransboundaryAir Pollutionbecausethey allow thefurtherdevelop-
mentof theEMEPmodelto analysetranscontinentaltransportof pollution in the
hemisphericscaleandbecausethey provideasystematicevaluationof themethod-
ologiesusedto describethein�uence of long-rangetransportin local/urbanareas.

The authorsaregrateful to Alain Clappierfor his assistancein the implementa-
tion of his monotonic�lter in the Bott schemeandfor his supportandinspiring
participationin thediscussions.

Thecalculationsdonein this work wereperformedon SGI Origin 3800in Trond-
heim. Theprojectis �nancedby theNorwegianMinistry of theEnvironment,the
Norwegian Ministry of Fisheriesandthe Norwegian StatePollution Control Au-
thority.

Prior agreementwith our Norwegiancontractorswe have preparedthis reportfor
presentationat the26thSessionof theSteeringBody to EMEP. Notehowever that
thepresentversionis only adraftprogressreport.Thisprogressreportis to befur-
therrevisedby our Norwegiancontractors.The�nal versionof this reportwill be
availablein PDFformatvia Internetathttp://www.emep.intandhttp://www.sft.no
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EXECUTI VE SUM M ARY

This reportpresentsthestatusof developmentof a �e xible modelingsystemcapa-
ble of describingair pollution transportat differentscalesanddealingwith hemi-
spheric,regional,urbanandlocal air pollution relatedproblems.This is the �rst
reporton a seriesof threethatwill documenttheprogresson thedevelopmentof
a one-way nestedmodelingsystemfor atmosphericparticlesand photo-oxidant
pollution.

This one-way nestedmodelingsystemis the �nal aim of a nationalcooperation
projectbetweenthe Norwegian MeteorologicalInstitute(MET.NO) andthe Nor-
wegianInstitutefor Air Research(NILU) addressedto improvethemodelingtools
presentlyusedfor nationalpollutioncontrolplanningandfor determiningair qual-
ity in Norwegiancities.

Themodelsto beappliedin this projectaretheregionalscaleEMEPUni�ed Eu-
lerianmodel(BergeandJakobsen,1998;Olendrzynskiet al, 2000)andtheurban
scaleEPISODEmodel(Grønskei andWalker, 1993;Walker et al., 1999;Slørdal,
2001).

The resultsfrom this projectareexpectedto be usefulto differentareasof work
undertheConventionfor Long-RangeTransboundaryAir Pollution.For example,
themethodsdevelopedhereto enablea more�e xible choiceof modelresolution
alsoallow theextensionof themodelto a hemisphericdomain.This is a priority
areawithin the EMEP programmeasthereis increasingevidencethat air pollu-
tion, traditionally consideredaslocal or regional suchastroposphericozoneand
�ne particles,may be transportedover very long distancesandaffect remoteen-
vironments.It is alsoexpectedthat theresultsfrom this projectwill facilitatethe
cooperationwith the Working Groupof Effectsas it would allow moredetailed
studiesof depositionimpactover identi�ed problemecosystemareas.

This reportdocumentsthenecessaryrevisionsof theEMEPandEPISODEmodels
to allow for amore�e xible choiceof grid resolution.This involvesin �rst instance
the revision of transportroutinesto allow stability of the modelresultsindepen-
dently of the choiceof the grid resolution. Both the EMEP and the EPISODE
modelshave beenre-formulatedso that the time stepis automaticallyadjustedin
accordancewith thechangesmadein spatialgrid resolution.

In the caseof EPISODE,model revisions include also the reformulationof the
verticalcoordinatetransformandnecessaryrevisionsof its chemicalscheme.The
verticalcoordinatesystemin EPISODEhasbeenrevisedto adjustbetterto thever-
tical structureof theEMEPmodelandthusfacilitatethefuturecouplingof thetwo
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models.Themodelsensitivity to changesin resolutionhasbeentestedin various
experiments.Thetestsshow theimportanceof thechoiceof theverticalextentof
themodelandsuggestthatthemodelheightshouldbechosenhighenoughsothat
anadditionalincreasedoesnotin�uencethecalculatedgroundlevel concentrations
signi�cantly.

Thechemicalschemepresentlyusedin EPISODEis basedon theassumptionthat
NO, NO2 andO3arein photo-stationaryequilibrium. This is a highly simpli�ed
descriptionof theatmosphericNO2 chemistryanddoesnot includephysicalpro-
cessessuchasdeposition(wet anddry) or night-timechemistry. Whentheaim of
EPISODEis to predictpeakconcentrationof NO2, normally occurringin winter
with low solarradiation,night-timechemistrycould be potentiallyimportant. In
thenext stagesof theproject,theplanis to testdifferentavailablechemicalreaction
schemesto identify thosethat representimprovementswith respectto thepresent
steady-stateapproachandthatarestill practicalto apply.

The focusof this reportis on thedescriptionandthe testingof the technicalpro-
gramrevisionsperformedonthetransportroutinesof thetwo modelsto allow runs
with differentgrid resolution.Themainrequirementsfor Eulerian�nite difference
modelsarethat they arestable,consistentandaccurate.Therequirementson sta-
bility havebeenusedto determinethetimestepof theintegrationdependingonthe
grid resolutionusedin the modelsimulations. In addition,all appliednumerical
methodssatisfythe consistency requirement.However, the requirementof accu-
racy is not ful�lled totally in thecalculations,andthedegreeof accuracy depends
bothon numericalmethodandon theapplicationat hand.Differentmethodscre-
atedeviationsof varyingseverity andthesedeviationsdependonmodelresolution.
Becauseof this,a largenumberof testexperimentshavebeenperformedwith both
theEMEPandtheEPISODEmodelsin orderto elucidateon theseproblems.

Both EMEP andEPISODEusethe Bott scheme(Bott, 1989). The performance
of this numericalschemeis consideredto be quite satisfactory, as it is mass-
conservative,positive-de�nite anddoesnot introducenumericaldispersionerrors.
Themaindrawbacksin theBott schemeare:1) theschemeis non-monotonic,that
is, it hasa tendency to producenew extremeair concentrationsand2) thescheme
shows a certaindegreeof numericaldiffusion,that is, it hasa tendency to smooth
steepgradients.We have studiedthesedisadvantagesof theschemeasa function
of grid scaleandhave reachedthefollowing conclusionsandrecommendations:
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1) Numerical diffusion errors vs. monotonicity errors

Thecombinationof �ctitious extremevalues,arisingfrom thechoiceof theadvec-
tion scheme,with non-linearchemicalreactionscanproducespuriousunphysical
results.Theinclusionof amonotonic�lter will remove �ctitious oscillationsclose
to sharpgradients.However it will alsoincreasethenumericaldiffusion. There-
fore, thechoiceof thenumericalschemewill dependon thespeci�c applications.
For studiesof long-rangetransportof pollution,whentheextensionof theareaof
impactof a particularpollutantis in focus,numericalschemesshouldbe chosen
so that numericaldiffusion errorsarereducedto a minimum. For othertypesof
applications,whenfor instanceEulerianmodelsareusedto determinepeakcon-
centrationvalues,or exceedancesof air quality limit values,the inclusion of a
monotonic�lter hasto beconsidered.However, comparativetestexperimentswith
morecomplicatedwind �elds shouldbe performedfor eachtype of application
beforemore�rm conclusionsmaybedrawn.

2) Numerical diffusion vs. physicaldiffusion

Numericaldiffusionerrorsshouldbeconsideredwith respectto theactualphysical
diffusion.Bothadvectionanddiffusionprocessesdetermineatmosphericpollution
transport.Sincenumericaldiffusion hassimilar propertiesto physical diffusion,
theEulerianrepresentationof transportshouldbebalancedto simulateaswell as
possibletheextentof thephysicaldiffusionprocesses.

The physical processesto be modeledasdiffusion in chemicaltransportmodels
are different in different scales. By de�nition, diffusion processesare sub-grid
mixing processesnot resolved by the given resolutionof the model. Therefore,
the horizontaldiffusion coef�cient, K, which is a measureof the strengthof the
atmosphericturbulence,will dependon the grid resolution. For large grid cells
(50x50or 150x150km2) thenumericaldiffusionwill usuallybemuchlargerthan
the physical diffusion at thesescales.Thereforeno additionaldiffusion term has
beenincludedin theEMEPmodelwhenusinga 50 km grid resolution.At higher
resolutionscales,however, (5x5km2 or less)thephysicaldiffusionwill gradually
becomemoreimportant,andthediffusiontermhasto beincludedexplicitly in the
scheme,asit is donein thepresentversionof EPISODE.In anestingschemesome
intermediateresolutionhaveto beconsidered(3x3,5x5or 10x10km2 for example)
andthequestionof whichdiffusionprocessesto beincludedin theschemeneedsto
beaddressed.In futurework within thisprojectwewill try to quantifythenumeri-
cal diffusionandcompareit with thephysicaldiffusionat differentscalesin order
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to provide recommendationsof thephysicaldiffusionprocessesto be includedin
theparametrisationatdifferentscales.

3) Impact of numerical diffusion errors in source-receptorcalculations

Thenumericaldiscretisationof advectionin Eulerianmodelsintroducesdifferent
errorsthat affect the accuracy of the results,and in particularthe ability of the
modelsto provide sourceallocationestimates.Theseerrors,however, have been
identi�ed andtheir impactin air quality calculationshasbeendocumentedwithin
EMEP(BergeandTarrason,1992;Bartnicki,2000).

Thenumericaldiffusionerrorsareat their largestwhentherearesteepgradientsin
theconcentrationlevels.Therefore,whenestimatingsource-receptorrelationships,
theseerrorsaremostimportantwhenweconsiderthetransportfromonesinglegrid
cell, that is, whenthe resolutionof the sourceis at its minimum. It is important
to notethat theseresultsareindependentof theactualsizeof thegrid cell. If we
considerinsteadagroupof sourcesdistributedevenlyoverseveralgrid cells,these
problemsareconsiderablyreduced.Theconditionfor this to bethecaseis thatthe
sourcedistribution to a high degreeof accuracy mustbe expressibleasa sumof
Fouriercomponents,eachwith a wave-lengthlarger thantwice thegrid size. For
this reasonEulerianmodelsarebettersuitedto evaluatethe impactof pollution
sourcesdistributedoverareasresolvedby 2-4grid cellsor more.

When choosinghorizontal and vertical resolutionof the Eulerian modelsone
shouldthereforetakeinto accountthephysicalextensionof sourceregionsto make
surethatthesearesuf�ciently resolved.Suchconsiderationsareparticularlyimpor-
tantwhenusingEulerianmodelsfor source-receptorapplicationsatnationallevel.
In Europeanscaleapplications,when the groupingof cells respondsto country
limits, theEulerianEMEPmodelcanprovide source-allocationcalculationswith
reasonableaccuracy. At nationallevel, however, the groupingof sourcesshould
bediscussedinteractively with nationalauthorities.Theoptimal resolutionof the
modelwill dependon thetypeandextentof thesourcesthatneedto beresolved.

8



NORSK SAM M ENDRAG

Dennerapportenpresentererforeløpigstatusi arbeidetmedå utvikle et �eksibelt
modellsystemfor beskrivelseav forurensningstransportpå ulike romlige skalaer,
fra hemisfærisktil regionalogytterligerenedtil luftkvalitetsrelaterteproblemerpå
byskala.Detteer førsterapporti enseriepåtre somvil dokumentereframdriften
i utviklingenav et enveisnestetmodelsystemfor beskrivelseav forurensingssitu-
asjonenav atmosfæriskepartiklerog foto-oksidanter.

Utviklingen av detteenveisnestedemodell systemeter det endeligemålet for et
nasjonaltsamarbeidprosjektmellomdetnorskemeteorologiskeinstitutt(MET.NO)
ognorskinstitutt for luftforskning(NILU), derhensikteneråvidereutviklemodel-
lverktøyetsomtil nåharværtbenyttetsomnasjonaltkontroll- ogplanleggingsverk-
tøy, og til kartleggingav luftkvalitet i norskebyer.

Modellenesombenyttes i prosjekteter regional skalamodellen"EMEP Uni�ed
Eulerianmodel"(Bergeog Jakobsen,1998;Olendrzynskim.�., 2000)og byskala
modellenEPISODE(Grønskei og Walker, 1993; Walker m.�., 1999; Slørdal,
2001).

Resultatenefra detteprosjektetforventeså gi nyttige bidragtil �ere områderin-
nenforarbeidetfor Konvensjonenfor langtransporterteluftforurensinger(LRTAP).
For eksempelvil programmeringsarbeidet,sommuligjør større�eksibilitet i valg
av romlig oppløsningi deEulerske modellene,ogsåkunnebenyttesi et viderear-
beidmedå utvideEMEPmodellenesvirkeområdetil å dekke hemisfæriskskala.
Detteer en prioritert oppgave innenEMEP programmetsidendet er en økende
erkjennelseav at luftforurensingsomtradisjonelter blitt betraktetsomlokal eller
regional,slik somtroposfæriskosonogpartikler, i storgradkantransporteresover
langeavstanderogdervedpåvirke luftkvaliteteni fjerntliggendeområder. Det for-
ventesdessutenat resultatenefra det foreliggendeprosjektetvil bidra til å styrke
samarbeidetmedArbeidsgruppenfor Effekter, sidendettematerialetvil muligjøre
merdetaljertestudierav avsetningensvirkning påutvalgteøkosystemerderenfor-
venterproblemer.

Dennerapportendokumentererendringenesomvar nødvendigebådei EMEP-og
EPISODE-modellenfor å gjøremodellenemer �eksible i valg av romlig oppløs-
ning. Detteinnebæreri førsterekke endringeri modellenestransport-rutiner, slik
at denumeriske algoritmeneforblir stabileuavhengigav om denromligeoppløs-
ning endres.BådeEMEP-og EPISODE-modellener derforblitt reformulertslik
at tidsskrittetautomatiskendressomfølgeav endrigeri romlig gitteroppløsning.

For EPISODEinnebærerdeanbefaltemodellendringeneogsåenreformuleringav
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modellensvertikalkoordinat-transformasjon,samtnødvendigerevisjonerav mod-
ellensbehandlingav atmosfærekjemiske prosesser. Endringenav vertikalkoordi-
natener bl.a. foreslåttfor å tilpassemodellgitteretbedretil EMEP-modellensver-
tikalstruktur, for derved å tilretteleggeforholdenebestmulig for en videresam-
menkobling av deto modellene.Modellensfølsomhetfor endringeri vertikal op-
pløsninger blitt testeti ulike eksperimenter. Testeneviserat modellresultateneer
sværtfølsommefor valgetav vertikal modellhøyde, og det anbefalesat modell-
tykkelsenvelgessåstorat ytterligereøkningikke medførervesentligeendringeri
deberegnedebakkekonsentrasjonene.

Detkjemiskeskjemaetsomnåbenyttesi EPISODEerbasertpåatNO2 kanbereg-
nesut fra enantakelseomatNO,NO2 ogO3er i fotostasjonærlikevekt. Detteeren
sværtforenkletmodellsombareergyldig undervisseforhold,ogsomikkeinklud-
ererfysiskeprosessersomdeposisjon(våtog tørr)ellernatt-kjemi.NårEPISODE
benyttesfor åberegnemaksimumskonsentrasjonerav NO2, somi norskebyervan-
ligvis forekommeromvinterennårsolinstrålingener lav, kannatt-kjemienværeen
viktig faktor. I det videre arbeidetplanleggesdet derfor å testeulike kjemiske
reaksjons-skjemaer, medsikte på å identi�sere hvilke sombidrar til forbedringer
av modellresultateneutenåværefor beregningstunge.

Innholdeti dennerapportener fokusertrundt beskrivelsenog uttestingenav den
tekniske omprogrammeringensomer gjort av modellenestransportrutiner. Denne
programmeringener gjort for at modellenelettereskal kunnebenyttesmedvari-
erenderomlig oppløsning. Hovedkravene til Eulerske endelig-differansemod-
eller er stabilitet,konsistensog nøyaktighet. Stabilitetskravet er blitt benyttet til
å bestemmetidsskritteti beregningenegitt modellensromligegitteroppløsningen.
Dessutenbenyttesutelukkendekonsistentenumeriske regneskjemaeri debetrakt-
edemodellene.Kravettil nøyaktighetoppfyllesderimoti varierendegradavhengig
av bådenumeriskmetodeog av defysiske forhold sommodellenbeskriver. Ulike
metodervil i størreeller mindregradskapekunstigenumeriske avvik i løsningen
og dissefeilenevil varieremedmodelloppløsningen.Av dennegrunner en lang
rekke testergjennomførtmedbådeEMEP- og EPISODE-modellenfor å belyse
disseproblemstillingene.

Både EMEP- og EPISODE-modellenbenytter Bott's adveksjonskjema(Bott,
1989). Detteskjemaetanseesidag somen tilfredsstillendeløsningsmetodei nu-
meriske spredningsmodeller, siden den er masse-bevarende,postivt-de�nitt og
rimelig form-bevarende.De viktigste mangleneved det originaleBott-skjemaet
er at: 1) skjemaeter ikke monotont,sombetyr at det skaperkunstigelokale ek-
stremai løsningen,2) skjemaetledertil en viss gradav numeriskdiffusjon,som
betyratdetharentendenstil åglatteut skarpegradienteri løsningen.
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I detteprosjektethar vi studertdisseuønskedeeffektenenærmere,spesieltmed
tankepååbelysebetydningenav varierenderomlig oppløsning.Ut fra denneanal-
ysenkanfølgendegenerellekonklusjoneroganbefalingergis:

1) Numerisk diffusjon vs. monotonisitet

Kombinasjonenav kunstigeekstremverdier, somoppstårfra detnumeriskeadvek-
sjonsskjemaet,medikke-lineærekjemiske reaksjonerkan forårsake ufysiske løs-
ninger. Anvendelseav et monotontskjemavil fjerne de kunstigesvingningene
nærskarpegradienter. Våre test eksperimenterantyderimidleretid at den kun-
stigenumeriskediffusjonenøkersamtidig.Derforbørvalgetav hvorvidt skjemaet
skalværemonotonteller ikke gjøresut fra hvilke fysisk problemstillingsomskal
beskrives.For studierav langtransporterteluftforurensinger, derstørrelsenpå"in-
�uensområdet"for enforurensningskomponenter i fokus,vil manf.eks.velgenu-
meriskeskjemaerut fra et krav omåhasåliten numeriskdiffusjonsomoverhodet
mulig. For andretyperav anvendelse,somf.eks. nårmaksimumskonsentrasjoner
innenforetbyområdeskalberegneselleroverskridelserav luftkvalitetskrav skales-
timeres,kandetværeatetmonotontskjemabørvurderes.Sammenlignendetester
bør imidlertid gjennomførespådenforeliggendemodellanvendelsebådemeddet
monotoneog ikke-monotoneskjemafor å få et kvantitativt mål påbetydningenav
metode-valget.

2) Numerisk diffusjon vs. fysisk diffusjon

Gradenav numeriskdiffusjon i et adveksjonskjemabør relaterestil størrelsenav
denvirkeligeturbulentediffusjonen.Bådeadvektive og diffusive prosesserbidrar
til transportav atmosfæriskforurensing. Sidenden numeriske diffusjonenhar
mangefellestrekkmedde fysiske diffusjonsprosessenekan en i mangesammen-
hengergodtaenvissform for numeriskdiffusjonsålengedenikke i for storgrad
overestimereratmosfærensreellediffusiveprosesser.

De fysiske prosessenesom skal modelleressom turbulent diffusjon i en atmos-
færisk kjemi-transportmodell er forskjellige på ulike skalaer. Per de�nisjon er
turbulentdiffusjonentransportprosesssomskyldesatmosfærebevegelsesomikke
løsesopp i modellgitteret. Av dennegrunn vil den horisontalediffusjonskoeff-
isienten,K, somer et mål påstyrkenav denatmosfæriske turbulensen,ogsåvære
avhengigav modelloppløsningen.For storegitter-ruter (50x50or 150x150km2)
vil vanligvisdennumeriske diffusjoneni detoriginale(ikke-monotone)Bott skje-
maetværestørreenn den fysiske diffusjonenpå denneskalaen. Det har derfor
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ikke værthensiktsmessig/nødvendigå inkluderefysiske diffusjonsleddi modell-
likningnenei EMEP-modellennår dennemodellentil nå bare er blitt benyttet
nedtil 50 km gitter oppløsning.For modellberegningermedhøyereoppløsning
(5x5 km2 og mindre) vil den fysiske diffusjonenbli av gradvissterkere betyd-
ning og diffusjonsleddenemåderfor inn i modellbeskrivelsenslik tilfellet er i dag
i EPISODE-modellen.I et nestetmodellsystemvil manmåttebenytte en grad-
vis overgangi modelloppløsning(f.eks. 3x3, 5x5 or 10x10km2 ) og manmåda
ta stilling til på hvilke nivå denfysiske diffusjonenskal inkluderes. I det videre
arbeideti detteprosjektetvil vi forsøke å kvanti�sere dennumeriske diffusjonen
og sammenholdedenmedestimaterav denfysiske diffusjonenpå ulike skalaer.
Dette for å kunnegi en bedreanbefaling om hvilke diffusjonsprosessersombør
parametrisereseksplisitti modellen,avhengigav gitteroppløsning.

3) Betydningenav numerisk diffusjon i kilde-r eseptorberegninger

Den numeriske diskretiseringenav adveksjoneni Eulerske modellerintroduserer
ulike feil i beregningsresultatene.Dissefeilenepåvirker spesieltmodellenesevne
til å estimeredeulike kildenesbetydningfor konsentrasjoneni et område.Disse
problemeharværtkjent lengeog deresbetydningi forbindelsemedluftkvalitets-
beregningerer ogsådokumenterti EMEPprogrammet(Bergeog Tarrason,1992;
Bartnicki,2000).

Feileneknyttet til dennumeriske diffusjoneni adveksjonskjemaeter størstnårdet
er storegradienteri konsentrasjonsfeltet.Når kilde-reseptorrelasjonerskal es-
timeresvil derfordennumeriske diffusjonenhasterkestbetydningnårkilden bare
er gitt i èn gitterrute,d.v.s. når kilden er oppløsti minst mulig grad. Det bør
hernevnesat detteer engenerellegenskapsomer uavhengigav denaktuellegit-
terstørrelsenpå utslippsruta.Dersomvi imidlertid betrakteren gruppeav kilder
somer jevnt fordelt over �ere gitterruter, vil imidlertid disseproblemenekunne
reduseresbetydelig. Forutsetningener at utslippsfordelingeni størstmulig grad
lar seg beskrive somen sumav Fourierkomponentermedbølgelengdestørreenn
to gangergitteravstanden.Eulerske modellerer av dennegrunnbestegnet til å
beregnepåvirkningenfra ulikekilder nårdissei utgangspunkteter fordeltover2-4
gitterruterellermer.

Vedvalg av horisontalog vertikal modelloppløsningbørmanderfor ta hensyntil
denfysiske utstrekningav kildeområdene,og sørgefor å få dissetilstrekkelig op-
pløst.Slike betraktningerer spesieltviktige nårmanbenytter Eulerske modelleri
kilde-reseptoranvendelserinnenformindreområder, f.eks. pånasjonaltnivå. For
anvendelserpåeuropeiskskaladergitterrutergrupperesi henholdtil deulike lan-
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denesgrenser, vil den EulereskEMEP modellenkunnegi kilde-bidragenemed
rimelig nøyaktighet. Pånasjonaltnivå bør imidlertid grupperingenav kildekate-
gorienediskuteresnærmeremedmyndighetene.Denoptimalemodelloppløsning
vil daværeavhengigav hvilkekildetypersommanønskeråsenærmerepå.

13



14



Contents

1 Intr oduction 17

2 Representationof transport in Eulerian models 21
2.1 Requirementsof numericaladvectionschemes. . . . . . . . . . . 22
2.2 Testingtheperformanceof Bott advectionscheme. . . . . . . . . 24

2.2.1 Studyof pollution transportwith numericaldiffusion . . . 25
2.2.2 Correctionsof Bott schemefor monotonicity . . . . . . . 27

2.3 Numericalschemesfor thetreatmentof turbulentdiffusion . . . . 32

3 EMEP Uni�ed modeldevelopmentsfor variable grid resolutions 35
3.1 Codechangesfor variablegrid resolutions. . . . . . . . . . . . . 36

3.1.1 TimeStepcontrolin theEMEPmodel . . . . . . . . . . 36
3.1.2 Nesting . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.1.3 Useof localmeteorologydata . . . . . . . . . . . . . . . 42

3.2 Initial resultsandrecommendations. . . . . . . . . . . . . . . . 45
3.2.1 Experimentalsetup . . . . . . . . . . . . . . . . . . . . . 45
3.2.2 Comparisonbetweenmodel simulationswith 10 and 50

km resolution . . . . . . . . . . . . . . . . . . . . . . . . 47

4 EPISODE modeldevelopmentsto allow for variable grid resolutions 55
4.1 Changesin theEPISODEmodelfor variablegrid resolutions. . . 55

4.1.1 Incorporationof automatictimestepcontrol . . . . . . . 56
4.1.2 Codechangesfor �e xible choiceof modelresolution . . . 56
4.1.3 Conversionbetweengeographicalpositioningsystems . . 56
4.1.4 Choiceof verticalcoordinaterepresentation. . . . . . . . 57

4.2 Revisionof thechemicalschemein EPISODE . . . . . . . . . . 59
4.2.1 Thepresentchemicalroutinein EPISODE . . . . . . . . 59
4.2.2 Chemicalreactioncoef�cients in thesteadystate . . . . . 60
4.2.3 Thevalidity of thepresentsteadystateapproximation . . 61

15



4.2.4 Needsin chemicalschemesdependingonmodelingscale. 65
4.3 Initial resultsandrecommendations. . . . . . . . . . . . . . . . 67

5 Remainingdevelopmenttasks 83
5.1 Explicit treatmentof physicaldiffusionprocesses. . . . . . . . . 83
5.2 Analysisof monotonicityversusnumericaldiffusionerrors . . . . 84
5.3 Transcontinentalmodeling . . . . . . . . . . . . . . . . . . . . . 84
5.4 Regionalscalemodeling . . . . . . . . . . . . . . . . . . . . . . 85
5.5 Local/Urbanscalemodeling . . . . . . . . . . . . . . . . . . . . 85
5.6 Nesting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

16



Chapter 1

Intr oduction

Theincreasedinterestonthehealthimpactsof photo-oxidantpollutantsandpartic-
ulatematterhasfocusedtheneedfor consideringtheinteractionsbetweenregional
andlocal air pollution problems.Thereis an importantlong-rangetransboundary
componentin theobservedconcentrationsof urbanair. In additionto theeffect of
local urbansources,the long-rangetransportedcomponentneedsto beaccounted
for whenanalysinghumanexposureto air pollution. This impliesthatregionalair
pollution policiesshouldtake into accounteffectsof pollution thatoccurat urban
and local scales. Similarly, nationalcontrol policies shouldconsiderthe trans-
boundarycomponentof localair pollution.

Modelingtoolsthatevaluatetherelationsbetweenlocal andregionalair pollution
problemsarepresentlybeingdevelopedin Europe.This reportdescribestheinitial
work of a Norwegian nationalprojectthat aimsat the developmentof a national
modelingtool ableto describeandlink air pollutionproblemsatdifferentscales.

The modelsto be appliedin this project are the regional scaleEMEP Eulerian
model(BergeandJakobsen,1998;Olendrzynskiet al, 2000)andtheurbanscale
EPISODEmodel(Grønskei andWalker, 1993;Walkeretal., 1999;Slørdal,2001).

The EMEP model is well designedfor usein policy questionsbecauseit is con-
tinuouslyvalidated,optimizedfor long-termcalculationsandallows discrimina-
tion of sourcesboth by locationandby sector. The EMEP Eulerianmodel is 3-
dimensionalandaddressesEuropeanscalepollution with a spatialresolutionof
50x50km2. For Europeanscaleanalysissuchresolutionis consideredadequate
for capturingthe featuresof the long rangetransportof pollution and,with addi-
tional information,for conductingimpactassessmentwith reasonableaccuracy.
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However, ambientconcentrationsof someair pollutantsshow strongvariability at
much�ner scaleandsuchdifferencesmayresultin smallscalevariationsontheim-
pactair pollutionhasonhumansandon theenvironment.In theframework of this
nationalNorwegianproject,theEMEPmodelhasbeendevelopedto allow results
in adjustablemodeldomainswith differentspatialresolutions(down to 5x5km2).
The�nal goalis to developaoneway-selfnestedversionof theEMEPmodelthat
canresolve �ner resolutionin key regions,likeurbanareasor industrialareaswith
majoremissionsources,therebycapturingtheinteractionsbetweensmallandlarge
scaleprocessesin anef�cient way.

The EPISODEmodel,developedat NILU, is an Eulerian�nite differencemodel
with embeddedGaussiansub-grid models for the treatmentof line and point
sourceswithin the modeldomain. The grid modeland the sub-gridmodelsare
combinedso asto ensuremassconservation. The sub-gridline sourcemodel is
basedonastandardintegratedGaussianplumemodel(Petersen,1980).Thepoint-
sourcemodelis basedon a segmentedplumemodel(Walker et al. 1992;Walker,
1996).Themassof theindividualplumesegmentsis transferredto thegrid model
masswhenthesizeof theplumebecomescomparableto thegrid size.

TheEPISODEmodelhasmostlybeenappliedonurbandomainswith ahorizontal
grid resolutionof 1x1km2. In thepresentprojectthemodelhasbeenreformulated
to allow for a more�e xible choiceof model resolutionandto preparefor a self
nestedversionof themodel.Theapplicationof thesubgridmodelsmakesit possi-
bleto estimatepeakconcentrationlevelsin theimmediatevicinity of theindividual
sources(hotspots),which in turnenablestheestimationof populationexposurein
suchareas.Thesemodelfeatureshavebeenutilized in recentyearsto assessurban
air qualityandpopulationexposurelevels. In addition,themodelsystemhasbeen
appliedto estimateboth presentandfuture compliancewith proposedair quality
standards(Slørdal,2001).

In laterstagesof this nationalNorwegianproject,theone-way self-nestedversions
of the EMEP andEPISODEmodelsarethento be nestedwith eachotherso as
to enablea coherentanddetaileddescriptionof the physical/chemicalprocesses
coveringregionalto local spatialandtemporalscales.

The resultsfrom this projectareexpectedto be usefulto differentareasof work
undertheConventionfor Long-RangeTransboundaryAir Pollution.For example,
they allow thefurtherdevelopmentof theEMEPmodelto analysetranscontinental
transportof pollution in the hemisphericscale. This is a priority areawithin the
EMEP programmeasthereis increasingevidencethat air pollution traditionally
consideredaslocal or regional,suchastroposphericozoneand�ne particles,may
betransportedoververy longdistancesandaffect remoteenvironments.Thesame
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numericalmethodsdevelopedhereto enablethe useof the Eulerianmodelwith
�ner scaleresolutionalsoallow the extensionof the modelto a hemisphericdo-
main. In this way, the EMEP modelcanbe usedto examinethe contribution of
North AmericanandAsian emissionsourcesto depositionsandconcentrationin
Europe.It is alsoexpectedthattheresultsfrom thisprojectwill facilitatethecoop-
erationwith theWorking Groupof Effectsasit would allow moredetailedstudies
of depositionimpactover identi�ed problemecosystemareas.

This reportdocumentsthenecessaryrevisionsof theEMEPandEPISODEmodels
to allow for changesin grid resolution. This involves the revision of transport
routinesand the treatmentof boundaryconditions. In the caseof EPISODE,it
alsoimpliesa revision of theverticalcoordinatetransformof themodelandof its
chemicalscheme.

A mainconcernof thisreportis to studytheability of Eulerianmodelstoaccurately
reproducesourceallocationcalculations.Suchcalculationsrequireanestimateof
the contribution of the emissionsin individual grid-squaresto the concentrations
anddepositionselsewherein the modeldomain. Hence,onehasto modeltrans-
port advectionfrom a singlegridcell or groupof gridcells. Eulerianmodelshave
recognizedlimitationsto describeatmosphericdispersionfrom individual sources
dueto thefactthatthey rely onnumericalapproximationsto transport.Theselim-
itationsarewell known andhave beenstudiedbeforein the framework of EMEP
(Bartnicki, 2000;BergeandTarrason,1992.) This reportanalysesfurther theex-
tentof Eulerianmodelerrorsdueto numericaladvectionandevaluatestheir impact
dependingon thetypeof applicationthemodelsareusedfor. It alsoprovidesrec-
ommendationson how to selectthe optimal resolutionto enablesource-receptor
calculationsatnationallevel.
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Chapter 2

Representationof transport in
Eulerian models

Chemicaltransportmodels(CTM) usenumericaldescriptionsto determinethe
chemicaltransformation,atmospherictransportandremoval of pollutantsemitted
to the atmosphere.Transportin atmosphericdispersionmodelsis determinedby
the meteorologicalconditions. Theseatmospherictransportprocessesconsistof
advection (transportcausedby the meanwind velocity) and turbulent diffusion
(transportdueto mixing by turbulenteddies).

Thedistinctionbetweenthesetwo transportprocessesdependsontheselectedspa-
tial andtemporalresolutionof the model. This meansthat whenwe changethe
actualresolutionof the modelwe shouldbe careful to identify the physical and
chemicalprocessesthat needto be describedexplicitly andthosethat shouldbe
treatedthroughparametrisations.

The synopticscalemeteorologicalprocessesthat govern long-rangetransportof
pollution have temporalscalesrangingfrom hoursto weeks,andcanbedescribed
with different levels of detail with horizontalscalesrangingfrom 5 to 150 km.
Althoughwe canexpectthat theassumptionson mixing anddiffusionmaydiffer
somewhat whenwe representatmosphericdispersionin a scaleof 150x150km2

or in a scaleof 5x5 km2, thebasicphysicalandchemicalparametrisationsof long
rangetransportshouldbevalid theseranges.

However, to describevariability of air concentrationsin a smaller(urbanor lo-
cal) scale,we shouldmake surethat the meteorologicalinformation is provided
at a �ner scaleresolvingimportantfeatureslike circulationpatternsinducedby
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complex terrain,variability causedby localchangesin surfaceroughness,land/sea
breeze,i.e. mesoscalemeteorology. For this reason,below 5x5 km2 it is generally
recommendedto usenon-hydrostaticmeteorological�elds.

CTMs representthe emission,transport,chemicaltransformationandremoval of
pollutantsusingadiscretisedrepresentationof theatmosphere,throughtheidenti-
�cation of areferencegrid system.Eulerianmodelsdescribetheseprocessesusing
a grid system�x ed to earthcoordinates,whereasLagrangianmodelsdescribeat-
mosphericdispersionin a grid systemmoving alongwith theair mass.Thus,the
maindifferencebetweenEulerianandLagrangianmodelsis thenumericalrepre-
sentationof theatmospherictransportprocesses.

A clearadvantageof theuseof Lagrangianmodelsis thatthey provideanaccurate
representationof advective transportalongtheatmospheric�o w. By contrast,the
numericaldiscretisationof advectionin Eulerianmodelsintroducesdifferenterrors
thataffect theaccuracy of theresults,andin particulartheability of themodelsto
provide sourceallocationestimates.Theseerrors,however, have beenidenti�ed
andtheir impactoncertainaspectsof air qualitycalculationshasbeendocumented
(BergeandTarrason,1992;Bartnicki, 2000).Eulerianmodels,on theotherhand,
facilitatethedescriptionof verticalexchangein theatmosphereandallow asimple
framework to describe3D pollution transportin differentscales.

Both theEMEPUni�ed modelandtheEPISODEmodelareEulerianmodelsthat
makeuseof �nite differencenumericalalgorithmsin theirdescriptionof transport.

In the following, we presentanoverview of the requirementson the treatmentof
advectionanddiffusion for air pollution applications,we indicatethe limitations
of Eulerian�nite differenceapproachesandwe identify the processesthat need
re-evaluationwhenthemodelsareto beappliedwith differentspatialresolution.

2.1 Requirementsof numerical advection schemesfor air
pollution modeling

Eulerianmodelsusenumericalalgorithmsto describetransportby themeanwind
�eld (advective transport).Thesenumericaladvectionschemesshouldsatisfysev-
eralrequirementsto beusefulfor air qualitysimulations.

Firstly, themethodsneedto beconsistent.This impliesthatthenumericalsolution
must approachthe true (analytical)solution as the grid spacingand the size of
the time stepboth tendto zero. Thus,a consistentnumericalschemecanprovide
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a numericalsolution of any desiredaccuracy within �nite precisionboundsby
reducingthegrid spacingandthetime-stepsize.In practice,however, theaccuracy
of thenumericalschemewill be limited by suchfactorsascomputationtime and
computerstoragerequirements.

Secondly, the numericalmethodsneedto be stable. This simply meansthat the
solution shouldbe bounded(not grow towardsin�nity) for �x ed valuesof grid
spacingandtime-stepsize. For time dependentproblemsthis normally limits the
allowedtime-stepsize,for agivenspatialresolution.

Thirdly, the numericalsolutionshouldbe free of spuriousnumericaleffects, i.e.
thenumericaladvectionschemeshouldideallysatisfythefollowing requirements:

� It shouldconservemasstoaccuratelyaccountfor pollutantsourcesandsinks.

� It shouldhave smallnumericaldiffusionto minimizethespreadof a signal
in everydirectionandthesmoothingof spatialgradients.

� It shouldhave small numericaldispersionto minimize phaseerrorsasdis-
turbancespropagateatdifferentspeedsandproducespuriousoscillations.

� It shouldbepositive-de�nite,sothatit doesnotproducenegativeconcentra-
tions.

� It shouldbemonotonic,so that it doesnot producenew (andarti�cial) ex-
tremevalues.

Advectionschemeswith differentpropertiesintroducedifferenterrors,all of which
affect thequalityandaccuracy of theair qualitysimulations.Up to now, numerical
advectionalgorithmshavenotbeenableto satisfyall therequirementslistedabove.
Sinceaperfectadvectionschemeis notcurrentlyavailable,modelershaveto select
a schemewith the mostdesirablepropertiesandwith the necessaryef�ciency to
meettheneedsfor theparticularapplicationathand.

In air pollution studies,positive de�nitenessandmassconservation arebasicre-
quirements.For studiesof long-rangetransportof pollution, whenthe extension
of the areaof impactof a particularpollutantis in focus,numericalschemesare
alsochosensothatnumericaldiffusionerrorsarereducedto aminimum.For other
typeof applications,whenfor instanceEulerianmodelsareusedto determinepeak
concentrationvalues,or exceedancesof air quality limit values,an additionalre-
quirementson monotonicitymaybecomeimportantaswell. Thecombinationof
�ctitious extremevalues,arising from the choiceof the advectionscheme,with
non-linearchemicalreactionscanproducespuriousnon-physicalresults.
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Sincenestingcapabilitiesbetweendifferentspatialscalesandeven betweendif-
ferent air quality modelsis the ultimate goal in this project, it is of paramount
importanceto maintainthe advectiontermsin �ux, or conservation, form. This
makesit mucheasierto keeptrackof thetransportof pollutantmassbetweenthe
grid cellsandthusto controlthe�ux of massacrossthemodelboundaries.

All of theabove mentionedpropertiesof thenumericaltransportscheme,i.e. con-
sistency, accuracy andstability, arein�uencedby thechoiceof spatialandtemporal
resolution.Theseconditionsmustbeconsideredwhenthemodelsareto beapplied
in domainswith differentspatialresolution.

2.2 Testingthe performanceof Bott advectionscheme

At presentthe Bott advectionscheme(Bott, 1989) is appliedin both the uni�ed
EMEPmodel(Skålinetal., 1995)andtheEPISODEmodel.

TheBott schemeutilizesa polynomial�tting betweenneighbouringgrid pointsof
theconcentration�eld in orderto simulatetheadvective �ux esthroughthebound-
ariesof adjacentgrid cells.Themethodconsistsof a�ux limitation of theso-called
integrated�ux form describedby Trembacketal. (1987).If theconcentrationin a
cell is 	 j , theschemewill de�ne a polynomialof orderl de�ned within eachcell
j : 	 j l (x) =

P l
k=0 aj kxk wherex is the positionandaj k arethe coef�cients of

thepolynomial.Thevalueof aj k is determinedby interpolatingthe	 -curve with
theaidof neighbouringgrid points.

Themainadvantagesof themethodarethatit reducesphasespeederrorsandpro-
videsa positive de�nite schemewithout loosingits massconservationproperties.
The main drawbacksin the original versionof the schemeare: 1) the schemeis
non-monotonic,that is, it hasa tendency to over- andundershootair concentra-
tionsand2) theschemeshows a certaindegreeof numericaldiffusionnearsteep
gradients.To solve the tendency of theoriginal versionof thenumericalscheme
to createnew extremevalues,additional�lters shouldbeappliedin orderto secure
monotonicity. Otherwise,theperformanceof Bott's numericalschemeis consid-
eredto bequitesatisfactory.

Two differentversionsof the Bott schemehave beentestedin the following: the
original positive de�nite version(Bott, 1989)andthemonotoneandpositive def-
inite version(Bott, 1992; 1993)whereBott introducedan additional�lter to his
originalversion.Bothversionsarepresentlyimplementedin theEPISODEmodel.
In the EMEP model, the original positive de�nite Bott schemeis implemented
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usinga fourth orderpolynomialfor horizontaladvectionanda secondorderpoly-
nomial for vertical advection. Insteadof usingBott's monotoneschemeversion,
anadditional�lter thatensuresmonotonicityin theBott schemehasbeentestedin
theEMEPmodel(Clappier, 1998).

2.2.1 Study of pollution transport with numerical diffusion: single
cell emissions

As mentionedabove, the Bott advectionschemeintroducesnumericaldiffusion.
This meansthat air pollutantsarenot only transportedfrom onegrid cell to the
next accordingto the meanwind, but that in additionthe concentrationdistribu-
tion is smoothedout asin a diffusionprocess.Thenon-physicaldiffusioneffect
originatesbecausethe numericalapproximationto the advectionequationintro-
ducesan implicit diffusion termcausedby the �nite differenceformulation. This
effect is called“numericaldiffusion” andit leadsto a smootheningof theconcen-
trationsespeciallyin areaswheretherearestronggradients.Sharpvariationsin the
concentration�eld thereforetendto spreadinto asmootherdistribution.

Numericaldiffusion dependson the actualgradientof the concentrations,on the
sizeof thecells (� x), the lengthof the time step(� t), thespeedof thewind (u)
andon themodelusedfor describingtheadvection. Thedependenceon � x, � t,
andu canbecombinedto de�ne theCourantnumberwhichalsode�nesthecriteria
for stability in theBott scheme:

c = � t
� x juj

A smallerCourantnumberwill usuallyleadto largernumericaldiffusion(if c 6= 0),
while a Courantnumberof 1 will not give any numericaldiffusion.Thecloserthe
Courantnumberis to 1, thesmallerarethenumericalerrorsaffectingthepollution
dispersion.Thespeedof wind, u, is givenby themeteorologyandfollowing the
stabilitycriteria,theCourantnumbermustnotexceed1. Thereforetherearestrong
limitationsin thechoiceof � x and� t. Sincethewind speedmayvary consider-
ablywith timeandposition,theCourantnumberwill usuallybemuchsmallerthan
theidealvaluec = 1.

An additionaldif�culty comesfrom the fact that the real size of the grid cells
is not alwaysconstant. In the EMEP model, for example,the horizontalgrid is
de�ned from a polarstereographicprojectionwith grid sizesmodi�ed depending
on their position. The real size(on the Earth)of a cell is m� x wherem is the
mappingfactor(positiondependent).VerticallyboththeEMEPUni�ed modeland
theEPISODEmodelapplylayersof variablethickness.
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Illustrati veexamples

A particularlydemandingteston the performanceof any Euleriannumericalad-
vectionschemeis thestudyof pollution transportfrom onesinglegrid cell. When
thephysical lengthscaleof theprocessconsideredis below 2� x, the�nite differ-
enceformulationintroducesthelargesterrors.Thisproblemis agenerallimitation
of Euleriantransportmodels.Thebestway of reducingtheproblemis to decrease
thegrid size,therebyresolvingtheprocessbetter.

To illustratethe problemscausedby numericaldiffusion whenwe transportsin-
gle cell emissions,we have testedanidealizedsituationwherethedirectionof the
wind is constantanduniform. Figures2.1- 2.3show thedispersionof air originat-
ing from a singlegrid sourceascalculatedby Bott's scheme.Only thehorizontal
advectiontermsanda constantsource(emittingfrom thecell (7,5))aretakeninto
account.We have assumedthat thereareno chemicaltransformationsandno re-
moval processes.In addition,theverticaltransporthasalsobeenturnedoff in this
test. After sometime thesystemreachesa steady-statesolution. Theconcentra-
tionsin the�gures show thepollutantdistribution whenthesteady-stateregimeis
reached.

In the �rst test (�gure 2.1) the wind direction is diagonalcomparedto the grid
orientation(u = v). Thetime step(� t) is adjustedin sucha way thattheCourant
numberin eachof thecoordinatedirectionsis closeto one(c = 1). Thedistribution
of pollutantsfollowsastraightline asonewouldexpect.In �gure 2.2thesituation
is thesame,exceptthat thetime step(� t) of thenumericalschemeis chosen� ve
timessmaller(Courantnumberc = 0:2). The resultis a distribution of pollutant
massspreadover a larger area. Sincethereis no horizontaldiffusion introduced
explicitly in this test, the lateral spreadof the pollutantsshown in �gure 2.2 is
purelyanartifactof theappliedadvectionalgorithm.Thus,�gure 2.2illustratesthe
effect of numericaldiffusion. In reality, physicaldiffusion is alwaysalsopresent
asa transportprocesssothatit canbeargumentedthatthetransportdescriptionin
�gure 2.2maybecloserto theactualdispersionof pollutantthatthepureadvection
situationdepictedin �gure 2.1.

In �gure 2.3 we considerthe samesituationas in �gure 2.2, but with a wind
direction along the x-direction of the grid. The norm of the wind speedis un-
changed,but sincethe directionis now in the x directionthe Courantnumberis
now cx = 0:2

p
2 = 0:28. In this situationthenumericaldiffusiondoesnot lead

to aspreadin they-direction,only diffusionalongthex-axistakesplace.Compar-
ing theresultsfrom thetwo testswe canappreciatethatthenumericaldiffusionis
larger in thediagonaldirectionthanindividually alongthex- or y-directions.The
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reasonfor this apparentanisotropy is thatwe have anadditive effect on diffusion
whenwe usetime-splitting. Time splitting meansthatwe �rst integratein thex-
directionandthenin they-direction.Thusweaddnumericaldiffusionerrorsalong
eachof thedirectionswhenintegratingour scheme,therebyproducingthelargest
numericaldiffusionwhenthewind is in diagonaldirections.

Thenumericaldiffusionerrorsareat their largestwhentherearesteepgradientsin
theconcentrationlevels.Therefore,whenestimatingsource-receptorrelationships,
theseerrorsaremostimportantwhenweconsiderthetransportfromonesinglegrid
cell, that is, whentheresolutionof thesourceis at its minimum. It is importantto
notethattheseresultsare independentof theactualsizeof thegrid cells.

If weconsiderinsteadagroupof sourcesdistributedevenlyoverseveralgrid cells,
theseproblemsareconsiderablyreduced.Theconditionhereis thatthesourcedis-
tribution to a high degreeof accuracy maybeexpressedasa sumof Fouriercom-
ponents,eachwith a wave-lengthlarger thantwice the grid size. For this reason
Eulerianmodelsarebettersuitedto evaluatethe impactof pollution sourcesdis-
tributedoverareasresolvedby 2-4grid cellsor more.Thechoiceof thehorizontal
andverticalresolutionof theEulerianmodelsshouldtakeinto accountthephysical
extensionof sourceregionsto make surethatthesearesuf�ciently resolved. Such
considerationsareparticularlyimportantwhenusingEulerianmodelsfor source-
receptorapplicationsandarefurtherdiscussedin Chapter3 and4.

Ontheotherhand,oncewehaveidenti�ed theextentof numericaldiffusionerrors,
we shouldconsiderthesewith respectto theactualphysicaldiffusion. We should
still keepin mind that advection and diffusion processesboth determineatmo-
sphericpollution transport.Numericaldiffusionhassimilar propertiesto physical
diffusionandtheEulerianrepresentationof transportshouldbebalancedto simu-
lateaswell aspossibletheextentof thephysicaldiffusionprocesses.

2.2.2 Corr ectionsof Bott schemefor monotonicity: testing of a new
�lter

In anattemptto diminishthenumericaldiffusionerrorsandtheanisotropy imposed
to themwhenusingthetime-splittingprocedure,we have testeda new �lter in the
EMEP model. This �lter hasbeendevelopedby Alain Clappier(SwissFederal
Instituteof technologyin Lausanne,Switzerland).Thetheorybehindthis �lter can
befoundin thereferences(Clappier(1998)). Its mainpropertiesarethat: - it is to
beappliedat fourthorderBott's scheme
- it containsa �lter whichensuresmonotonicity
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- it includesasteepeningoptionto reducenumericaldiffusionerrors
- it proposesa treatmentof densitiesthatreducetime-splittingerrors.

The monotonicityconditionon the mixing ratio of a pollutantafter a particular
timestepRt+� t is setto securethatthenew valuedoesnotexceedthelimits from
theprevioustimesteps.Mathematicallythis is formulatedas:

Rt (min ) < Rt+� t < Rt (max)

whereRt (min ) (andRt (max)) is theminimum(andmaximum)valueof themix-
ing ratio in thecurrentcell andtheupstreamcell:

Rt
j (min ) = min (Rt

j ; Rt
j � 1) andRt

j (max) = max(Rt
j ; Rt

j � 1)

(whereRt
j � 1 = Rt

j +1 whenu < 0 andRt
j � 1 = Rt

j � 1 whenu > 0 )

Themonotonicityconditionwill remove spuriousoscillations,but introducesad-
ditionalnumericaldiffusionin thesolution.Thisseemsto beageneralresultfrom
the useof �lters to securemonotonicity. Similar resultswerederived from ide-
alizedtestexperimentswith the EPISODEmodelcomparingthe performanceof
thepositivede�nite versionof theBott schemewith theperformanceof themono-
tonic versionof the scheme.Figures2.4 and2.5 show the steadystatesolution
for the singlegrid-cell sourceexperiment,with the positive de�nite versionand
themonotoneversionof theBott scheme,respectively. Theexperimentswereper-
formedwith theEPISODEmodelin a domainwith horizontalresolutionof 3 x 3
km2. Thetestresultsindicatethat themonotoneversionis somewhatmorediffu-
siveascomparedto thepositivede�nite version.A moredetaileddiscussionof the
resultsfrom thetestexperimentswith theEPISODEmodelis givenin section3.2.

To compensatefor thisadditionalnumericaldiffusion,Clappierintroducedasteep-
eningoptionthatwould attemptto reducethenumericaldiffusioneffect by arti�-
cially increasingthe gradientsof the concentrations.The resultsof a calculation
usingClappier's �lter arepresentedin �gure 2.6. Apart from the introductionof
Clappier's �lter , the modelsetupis the sameasin the testdepictedin �gure 2.2.
If we comparethe resultsof �gure 2.6 and2.2 we observe that the �lter doesin
fact reducethe numericaldiffusion in the outermostpart of pollution plume,but
it doesnot seemto contribute to reducenumericaldiffusioneffectsin connection
with time-splitting.

In thissimpletesttheadvantagesof themonotonic�lter arenotvisible. Thereduc-
tion of undershootingandovershootingeffectsarebettervisualizedin testswhere
thesourcesareemittedabove backgroundvalues.In section3.2 somefurtherex-
amplesarepresentedwhereadvantagesof usingamonotone�lter areidenti�ed.

28



< 0.002
0.002 - 0.005
0.005 - 0.010
0.010 - 0.015
0.015 - 0.020
0.020 - 0.025
0.025 - 0.030
0.030 - 0.040
0.040 - 0.050
0.050 - 0.060
0.060 - 0.070

> 0.070

5 10 15 20 25

5

10

15

20

25

1999 04 05 12 +6

1000  SO2

Figure2.1: Concentrationdistribution with constantuniform wind speed,Courant
numberc = 1 andasinglesourceemission.
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Figure2.2: Concentrationdistribution with constantuniform wind speed,Courant
numberc = 0:2 andasinglegrid sourceemission.

29



< 0.002
0.002 - 0.005
0.005 - 0.010
0.010 - 0.015
0.015 - 0.020
0.020 - 0.025
0.025 - 0.030
0.030 - 0.040
0.040 - 0.050
0.050 - 0.060
0.060 - 0.070

> 0.070

5 10 15 20 25

5

10

15

20

25

1999 04 05 12 +6

1000  SO2

Figure 2.3: Concentrationdistribution with constantuniform wind speedin x-
direction,Courantnumberc = 0:28andasinglesourceemission.

Figure2.4: Concentrationdistribution whenBott's positive de�nite schemeis ap-
plied in EPISODE.
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Figure2.5: Concentrationdistribution whenBott's monotonicschemeis applied
in EPISODE.
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Figure 2.6: Sameas �gure 2.2, but with inclusionof a new �lter in the advec-
tion scheme.Notethat theintroductionof a �lter to securemonotonicityimposes
additionalnumericaldiffusion.
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It is dif�cult at this momentto make recommendationson the useof �lters to
securemonotonicity. The inclusion of a monotonic�lter will remove �ctitious
oscillationscloseto sharpgradients.However it will alsoincreasethe numerical
diffusion.Thechoiceof thenumericalschemewill dependonthespeci�c applica-
tions. Generally, whenaverageconcentrationsor long rangetransportarestudied,
numericaldiffusion will be the most importantproblemand the inclusion of a
monotonic�lter would increasethenumericaldiffusionerrors.However, in cases
whereexceedancesto targetconcentrationsor concentrationscloseto sourcesare
considered,the inclusion of a monotonic�lter shouldbe considered.Still, one
shouldbecarefulnot to draw toostrongandgeneralconclusionsfrom the�ndings
from thesimpli�ed testexperimentsthathavebeenperformedsofar. Comparative
testexperimentswith morecomplicatedwind �elds shouldbe performedbefore
more�rm conclusionsmaybedrawn.

2.3 Useof numerical schemesfor the tr eatmentof turb u-
lent diffusion in urban areas

Thephysicalprocessesdescribedasturbulentdiffusionin any particularmodelare
mixing processeswhichareunresolvedatthegivenmodelresolution.Thephysical
processesto bemodeledby thediffusiontermaredifferentin differentscalesand
thereforehorizontaldiffusioncoef�cient, K, will dependon thegrid resolution.

In theEulerianEMEPmodelonly non-resolvedphysicalexchangeprocessesdue
to turbulenteddymotionsin theverticaldirectionareexplicitly consideredin the
modelformulation. Theparametrisationof verticaldiffusion in theEMEPmodel
distinguishesbetweenconvective andneutralor stableconditions.In theunstable
(convective) boundarylayer, O'Brien (1970)formulationis used.In thestableor
neutralconditions,Blackadar's mixing lengththeoryis applied(Blackadar, 1979).
Theactualpro�le of K z is determinedby thelocalRichardson'snumberaccording
to IversenandNordeng(1987).Thesameformulationis usedabove theboundary
layer height,in the free troposphere.The parametrisationof vertical diffusion in
the EMEP model is further documentedin Jakobsenet al.(1995)and Fagerli et
al.(2002).

Horizontally, the mixing causedby unresolved eddiesis consideredto be small
comparedto the numerical diffusion introduced by the numerical advection
schemes. Therefore,no explicit horizontaldiffusion termsare included in the
EMEPEulerianmodel.
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Whengoingtowardssmallerscales,however, theformulationof turbulentdiffusion
needsto be reviewed. In EPISODEtheseprocessesaretreatedexplicitly, with a
�rst ordermixing lengthparametrisation,(�rst orderclosure).Sincethevaluesof
theappliedhorizontalandverticaldiffusivities aredependenton thespatialscale
of thesolution,their valueneedto bealteredwhenever theresolutionis changed.

For thehorizontaleddydiffusion,therefore,EPISODEapplyhorizontaldiffusivi-
tiesthatarecalculatedaccordingto theexpression:

K H (k) = 0:1 � min(� x; � y) � max
i;j

� v(i; j ; k) (2.1)

wherek is theverticallayerindex, � x, � y is thehorizontalgrid size,and� v(i,j,k)
is the horizontalturbulenceintensityin gridcell i,j,k. � v is parameterisedasrec-
ommendedby Gryningetal. (1987).

Theappliedverticaleddydiffusioncoef�cient in EPISODE,K zz, is split into two
terms:

K zz = K � + K 0(u� ; � z1); (2.2)

whereK � isastandardparametrisationdependingonthestabilityconditions,(Shir,
1973;BusingerandArya, 1974),andK 0 is anadditionalgrid size-speci�cempir-
ical termwhichhasbeenfoundnecessaryin stable,low wind situations.

TheempiricaltermK 0(u� ; � z1) is de�ned as:

K 0(u� ; � z1) = (2 � � z1)2=3600 for u� > 0:2m/s.

K 0(u� ; � z1) = � z2
1=3600 for u� < 0:1m/s.

with a linearvariationof K 0 for valuesof thefriction velocity u� , in between0.1
m/sand0.2m/s. In theexpressionabove � z1is thethicknessof themostshallow
layer(i.e. the lowermostlayer)of thedispersionmodel. This particularchoiceof
K 0 is basedon a scaleanalysiswhereit is assumedthat the minimum valuesof
K zz shouldbe large enough,during a onehour period, to mix an air-columnof
thickness� z1 and2 � � z1, whenu� is lessthan0.1 m/sandlarger than0.2 m/s,
respectively. For u� lessthan0.1 m/sandwith a valueof � z1 equalto 20 m, K 0

becomesequalto 0.11m2/s,which is avery low value.For u� greaterthan0.2m/s
andwith � z1 equalto 20m, K 0 becomesequalto 0.44m2/s.

In a nestingschemeof thetypeto bedevelopedin this project,someintermediate
resolutionshave to beconsidered.Thequestionthathasto beaddressedis which
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diffusionprocessesneedto beincludedfor eachresolution.In futurework wewill
try to quantifythenumericaldiffusionandcompareit with thephysicaldiffusionat
differentscalestoproviderecommendationsonhow to treatphysicalandnumerical
diffusionatdifferentscales.
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Chapter 3

EMEP Uni�ed model
developmentsto allow for
variable grid resolutions

Thischapterdocumentsthemainchangescarriedout in themodelstructureof the
EMEPUni�ed Eulerianmodelthroughtherevisionof thetimeintegrationroutines,
to allow for a �e xible choiceof thehorizontalresolution.

TheEMEPmodelhasatpresent20verticallayersin � -coordinatesandis primarily
intendedfor usewith a 50x50km2 horizontalresolutionin theEMEPpolarstere-
ographicgrid. The changessummarizedhereimply that the EMEP atmospheric
dispersionmodel is now capableto be usedfor dispersionmodelcalculationsin
limited Europeanregionswith higherspatialresolution(down to 5x5km2). Both
the grid resolution,the horizontaldomainextensionand the polar stereographic
grid projectioncanbenow beselecteddependingonapplicationneeds.Giventhis
newly acquired�e xibility , thechoiceof thehorizontalresolutionandthedomain
extensionof themodelwouldbemostlydeterminedby theavailability of synoptic
meteorologicalinputdataandof resolvedemissioninformation.

TheEMEPmodelwasoriginally designedfor long-termcalculationsof the long-
rangetransportof pollution. Thisimpliesthatthedescriptionof physicalandchem-
ical transformationandremoval processesin themodelis appropriatefor synoptic
scaleprocesses,down to a scaleof 5x5 km2. Beyond this �ne spatialresolution
the modelshouldbe revisedto accountfor non-hydrostatictransporteffectsand
�ner representationsof cloud processes.It is not the intentionof this project to
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provide suchrevisions. Instead,thechoiceis to nesttheEMEPmodelwith local
scalemodelssuchasEPISODEthatcanresolve pollution variability at �ner scale
andreproduceair concentrationsof pollutantsathot spotsinsideurbanareas.

The initial resultspresentedin this chapterfocuson the EulerianEMEP model's
ability to accuratelydeterminesource-receptorrelationships.This is a main ap-
plication of the EMEP modelandprevious results,con�rmed alsoby this study,
show that the modelis largely appropriatefor country-to-gridallocationapplica-
tions at Europeanscale. At nationallevel, Eulerianmodelsmay alsobe usedto
determinethe in�uence of individual sourcegroupsto theconcentrationsandde-
positionsover thecountry. However, for nationalscalesource-allocationanalysis,
it is recommendedto increasethe resolutionof the modelso that the sourcere-
gionunderconsiderationis representedat leastby four gridcells.Theseresultsare
generalfor Eulerianmodels,independentlyof their grid resolution.

3.1 Changesin the Uni�ed model codeto allow for vari-
ablegrid resolutions

Thebestway of improving thenumericalaccuracy of themodelis to increasethe
resolutionof thegrid. Themaindif�culty with this approachis thecomputational
cost. A doublingof the horizontalresolutionwill quadruplethe CPU costof the
calculation. If the vertical resolutionand the time stepare also improved by a
factorof two, thecomputationalcostwould bemultiplied by a factor16. In order
to reducethis cost the grid must cover a smallerarea. This can be doneif the
boundaryconditionsareproperlytreatedin anestingscheme.

3.1.1 Time Stepcontrol in the EMEP model

Time-splitting

Differentprocessesdeterminethe atmosphericdispersionof pollution: emission,
transportby advection(x, y andz directions)anddiffusion,chemicalreactionsand
removal, bothby dry andwet deposition.In reality all theseprocessesoccurcon-
tinuouslyandsimultaneously. In the model,however, time is divided into �nite
time stepsandthe differentprocessesareevaluatedsequentially. The sequential
treatmentof theseprocesses,calledtime-splitting,mayintroducenumericalerrors
in thecalculations.
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In theEMEPmodelthesequencefor time integrationdistinguishestransportpro-
cessesfrom chemicaltransformation,emissionsandremoval processes,in thefol-
lowing way:

1.1)advectionx(y)

1.2)advectiony(x)

1.3)advectionz, verticaldiffusion

2.1)emissions,chemistry

2.2)wetdeposition

3) dry deposition

Therearethreetypesof timestepsinvolvedin this integratingscheme:

� tmaster , is the external time stepwhich regulatethe alternancetime between
processes,that is, between:1)advection/diffusionand2)emission,chemicaltrans-
formationand3) removal processes.� tmaster is presentlysetto 1200sin routine
EMEPcalculationswith 50km resolution.

� tadvection is the time stepusedfor advectionanddiffusion transportprocesses.
This is dependenton thechoiceof thegrid resolution.A new automatictimestep
controlroutinehasbeenintroducedin theEMEPmodelto dynamicallydetermine
thevalueof thetimestepdependingon theselectedgrid size.

� tchemistr y is the internal time stepfor chemicaltransformation,emissionand
removal processes.This timestepis independentof the grid resolutionand is
presentlysetto 60sin theEMEPmodel. Emissionsareconsideredaspartof the
chemistry(2.1) in themodel,andareincludedasadditionalproductionterms.The
wetdepositionprocesses(2.2)arealsoconsideredasapartof thechemistryloop.

Dry depositionprocessesarepresentlydecoupledfrom the chemicalloop. Fur-
ther testsareplannedin the future to investigate the in�uence of the integration
sequencein theresultsfrom modelcalculations.

Time-splittingerrorscanbereducedby reducingthetimesteps.However, areduc-
tion of the time stepmay increasethe numericaldiffusion errors. Therefore,the
timestepmustbedeterminedasacompromisebetweenthesetwo requirements.
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Time stepcontrol in the advectionscheme

The time stepfor transportprocesses,� tadvection , is determinedby the grid res-
olution. In the EMEP modelwe distinguishbetweenhorizontaladvectionin the
x-direction(1.1), horizontaladvectionin they-direction(1.2) andverticaladvec-
tion anddiffusion(1.3).

The orderof the horizontaladvection (1.1, 1.2) is reversedat eachtime step(x
y z... y x z). The vertical and horizontaladvection routinesmay be integrated
with different time steps. We have also allowed for time stepin the horizontal
directionsto bedifferentatdifferentheights.This is to avoid situationswherehigh
wind velocity at jet streamlevelscontrol thechoiceof thetime stepfor thewhole
domain.

After eachadvectioncall, thetime in thedifferentcellsshouldbethesamein the
whole grid. The time betweentwo advectioncalls is �x ed (� tmaster ). The ele-
mentarytime stepsfor theonedimensionaladvection(� tadvection ) needsalways
to beanintegerfractionof � tmaster .

In orderto optimizethesizeof thetimestep,anautomaticcontrolof thetimestep
hasbeenimplementedin themodel.

Thechoiceof the(� tadvection ) is determinedundertheconditionthattheadvection
schemeshouldbestable(ref. Chapter2). Thesimplestchoicefor (� tadvection ) is
to prescribea constantvalue,smallenoughsothat thestability criteria is satis�ed
at all timesandplaces.This would however result in relatively small valuesfor
theCourantnumberandleadto unnecessarilylargenumericaldiffusionerrors. It
additionit would alsomeansmallertime steps,therebyincreasingthe total CPU
usage.

Ideallywe would like a constantCourantnumberascloseaspossibleto one.This
is not feasiblebecausetheCourantnumberdependson thewind speed,which is
varying in both time andspace.The quantitieswhich have to be de�ned by the
schemeare � x and � t. Thesemust be chosensuchthat the Courantnumber
alwaysremainssmallerthanone.If thegrid resolution� x is given,only thetime
step� t canbeadjusted.

In earlierversionsof the model� t was�x ed at � t = 600s, which ensuredthat
theCourantnumberremainedlessthanoneaslong asthewind speedjuj wasless
than300km/h (in thecase� x = 50 km). Usuallywind speedsat theearthsurface
aremuchsmallerbut it is notunusualthatthewind speedbecomeslargerthan300
km/hathighaltitudes.In thenew version,thetimestepis determineddynamically
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duringruntimeanddifferent� t canbechosenatdifferentheights.

Theone-dimensionalequationfor advectionis:

@ 
@t

= � m2 @U
m  
@x

In a discretisationschemethe Courantnumberdeterminesthe criteria for stabil-
ity whenintegratingthe advectionscheme.The conventionalexpressionfor the
Courantnumberis c0 = � t

� x juj. In a mapobtainedby projection,thegridwidth on
thegroundis usuallynot a constant.To take into accountthevariablesizeof each
cell, theCourantnumberhasto bemultipliedby themappingfactorm:

c = m2 � t
� x juj (u = U/m)

Whenspaceis divided into cells which aretreatedsuccessively, the schemewill
breakdown if morepollutantsareremovedfrom acell thanthecontentof thecell.
To ensurethatthisdoesnothappenthestability criterionhasto besatis�ed:

c � 1

If thewind speedu is positiveon theright sideof thecell (uj > 0)andnegativeon
theleft sideuj � 1 < 0, thestability criterionbecomes:

cj � 1 + cj � 1 (whenuj � 1 < 0 anduj > 0)

Themappingfactoris varyingwith j. Thevalueof m in theupwardcell hasto be
used. The explicit expressionfor the Courant-Friedrich-Levey stability criterion
for acell j canbewritten:

max(m2
j

� t
� x

uj ; 0) � min (m2
j

� t
� x

uj � 1; 0) � 1

Givenvaluesof m, � x andu, amaximumvaluefor � t canbederived

� tmax �
� x

max(m2
j uj ; 0) � min (m2

j uj � 1; 0)

For theverticaldirectionthecorrespondingexpressionin � coordinatesis:
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� tver t
max �

� � j

max( _� j ; 0) � min ( _� j � 1; 0)

To summarize,thetimestepcontrolproceedsasfollows:

1) Fix the value for the external time loop: dt_master. This time stepis �x ed
externallyasaninput to theprogram.This timestepwill controlthetime-splitting
betweenadvection,dry depositionandchemistry.

2) For eachhorizontallevel, �nd the largestvalueof the time stepwhich doesn't
violatethestability criterion(dtxy _max ).

3) Findthelargestvalueof thetimestepwhichdoesn't violatethestabilitycriterion
in theverticaldirection(dtz_max ).

4) Find thelargestallowedtimestepamongthetimestepscalculatedunder2) and
3) (dtxy z_max ).

5) Divide dt_master into anintegernumberof parts,with theconditionthateach
partis lessthandt_max :

nxy z = int (dt_master=dtxyz_max) + 1

dtxy z = dt_master=nxyz

dtxy z is thethree-dimensionaltimestepfor advectionor (� tadvection )

6) Dividedtxy z into parts,with theconditionthateachpartis lessthandtxy _max
:

nxy = int (dtxy z=dtxy_max) + 1

dtxy = dtxy z=nxy

dtxy is thehorizontaltimestepfor advection.It canbedifferentatdifferentvertical
levels.

7) Divide dtxy z into parts,with theconditionthateachpart is lessthandtz_max
:

nz = int (dtxy z=dtz_max) + 1

dtz = dtxy z=nz

dtz is theverticaltimestepfor advection.

8) performtheadvectionloops.
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3.1.2 Nesting

During this project,theEMEPmodelwill bedevelopedto allow one-way nesting,
whereinformationon pollution transportfrom a hemisphericmodelwith coarse
grid resolution(150 km) will be transferredto a regional model with �ner grid
resolution(50 km) andfrom this oneto a �ner limited aremodelwith resolutions
downscalingto 10and5 km. It shouldbenotedthattwo-waynestingis beyondthe
goalsof this project.However, in futuredevelopmentwe shouldaim at modelling
systemthat allows for two-way nesting,so that informationfrom the �ner scale
modelcanbe transferredbackto thecoarserscalemodel. This shouldbekept in
mind duringthedevelopmentof theone-way self nestedmodelsystemto make it
compatiblewith apossibleextensionto two-waysnestingin thefuture.

Thereareseveralwaysto introducenesting.Themainchoicesarethesizeof the
grids of the modelsto be nested,the time frequency andthe positionswherethe
transferof pollutantstakesplace,thechemicalcomponentswhich aretransferred
andthe typeof datawhich is transferred(chemicalconcentrations,mixing ratios,
�ux es).

The transferof concentrationsfrom onegrid to anotherwill usually involve in-
terpolationroutinesin thehorizontalandverticaldirections.Thehorizontalinter-
polationis usuallyunproblematic,the vertical interpolationcanbe moredif�cult
becausethemodeluses� = p� pT

pS � pT
coordinatesin theverticaldirection.pS is the

surfacepressureandpT thepressureat thetop of thedomain.At presentwe have
de�ned pT = 104 Pa.

If we have two differentcoordinatessystem(1 and2), at a heightwith pressurep
andsurfacepressurepS the� coordinatestake thevalues:

� 1 = p� pT 1
pS � pT 1

� 2 = p� pT 2
pS � pT 2

If � 1 is known andwewantto �nd thevalueof � 2 in thesecondcoordinatesystem
at thesameheight(or pressure)weget:

� 2 = p� pT 2
pS � pT 2

= � 1 (pS � pT 1 )+ pT 1 � pT 2
pS � pT 2

If pT 1 and pT 2 are different, this expressiondoesnot simplify, and the relation
between� 1 and� 2 is dependenton pS, which vary with time andthe horizontal
position.

If pT 1 = pT 2 wegetsimply � 1 = � 2 independentlyon timeandposition.
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Becauseof the useof � coordinates,vertical interpolationis muchsimplerif the
sametoppressureis usedin bothcoordinatesystems.If only thenumberof vertical
levelsis changedfrom onecoordinatesystemto theother, withoutchangingpT , the
valuesof theconcentrationsin thesecondcoordinatesystemcaneasilybe found
by interpolatingthevaluesgivenin the�rst coordinatesystem.

Therefore,a �rst recommendationis to choosethe sametop pressurelevel pT in
thedifferentmodelversionsthatareto nestedto eachother. Theverticalresolution
of themodelscanwell bedifferentbut it is recommendedwherepossibleto keep
thesameverticalextent.

An additionalproblemmayalsooccurwhenthemeteorologicalinput datausedin
thetwo CTM modelversionsto benestedis notthesame.Then,pS canbedifferent
dependingontheresolutionof themodels.Thismeteorologicaldatainconsistency
canbeasourceof errorsandshouldbeconsideredin furtherwork.

3.1.3 Useof local meteorologydata

Usinggridswith high resolutionreliesnot only on modi�cations of thechemical
transportmodel. To be fully effective, it shouldalsobe suppliedwith meteoro-
logical datain thesameresolutionandemissioninput datawith suf�cient spatial
disagreggation.

Concerningthemeteorologicalinputdata,theEMEPEulerianmodelhasupto now
usedmeteorologicalinput datafrom a dedicatedversionof theHIRLAM (50x50
km2) model, the so- calledPARLAM PSmodel. With this dedicatedNumerical
WeatherPrediction(NWP) model, the meteorologicalinput datawas computed
directly in the EMEP grid. In this way, we avoidedmassconservation andcon-
sistency errorsderived from the interpolationof the meteorological�elds to the
EMEPgrid. On theotherhand,it would bedif�cult to proceedwith thedevelop-
mentof dedicatedversionsof operative NWP modelsin differentscalesbecause
this involvesconsiderableresourcesboth in developing,updatingandvalidating
theNWPdedicatedmodels.

Therefore,the Norwegian MeteorologicalInstituteis presentlydevelopinga me-
teorologicalinterpolationroutinethatwill securemassconservationof theatmo-
spheric�o w. This will allow theuseof massconsistentatmospheric�elds in the
EMEPmodel,independentlyof thegrid projectionandgrid resolutionof theorig-
inal meteorologicaldata. It is envisagedto test this interpolationtechniquewith
thedifferentnumericalweatherpredictionmodels(NWP)modelsavailablefor the
NorwegianMeteorologicalInstitutefor differentresolutions.
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The operative NWP model at the Norwegian Meteorological Institute is the
HIRLAM model(Gustafssonet al, 2001; Kallen, 1996; McDonaldandHaugen,
1992).Two differentversionsof themodelarepresentlyoperative: theHIRLAM
50x50km2 resolutionmodelat regionalscale,coveringtheEMEPdomainandthe
HIRLAM 10x10km2 resolutionmodel,coveringthenorthernpartsof Europe.

Othermeteorologicalmodelled�elds availablefor testingat the Norwegian Me-
teorologicalInstitutearethe NWP modellingsystemsfrom the EuropeanCenter
for Medium RangeWeatherForecast(ECMWF) and from the United Kingdom
MeteorologicalOf�ce (UKMET).

In addition, the non-hydrostaticmodel MM5 (Fifth Generationof Pennsylvania
StateUniversityandNationalCenterfor AtmosphericResearchMesoscalemodel,
Grell et al. (1994), Dudhia (1993)) hasbeenimplementedinto the numerical
weatherpredictionmodelingsystemof the Norwegian MeteorologicalInstitute.
MM5 is nestedwithin a versionof theHIRLAM modelwith 10kmhorizontalres-
olution. The horizontalresolutionof the MM5 runshasbeen1km, however, the
runs also include an outer nestwith 3km horizontal resolutionthat obtainsthe
boundaryconditionsfrom theHIRLAM 10 model. TheMM5 modelutilizes two
waysnesting.

MM5 hasbeenappliedoperationallyfor Oslothethreelastwinterseasonsin order
to supplymeteorologicaldatato NILU' sAir QualityForecastingsystem,AirQUIS.
Thedevelopmentandlink of MM5 toAirQUIShasbeenapartof the"A BetterCity
Air" project(Bedrebyluft, 1999). A clearimprovementof wind andtemperature
predictionsfor theOsloregionhavebeenfoundwhenchangingfrom theHIRLAM
modelwith 10kmresolutionto MM5 with 1km resolution.Documentationof the
operationalmodelsystem,thelinkageto AirQUIS andevaluationof MM5 results
canbefoundin Bergeetal.(2000)andBergeandKøltzow (2002).

It is beyond the purposeof this project to develop the EMEP model for useat
resolutionsbelow 5x5km2, aswe do not intendto develop the model further for
usewith non-hydrostaticmeteorological�elds. However, astheMM5 meteorology
wasavailablefor testingin theOsloregion,wehavetestedthenew timestepcontrol
routinesof the EMEP modelwith actualmeteorologicalconditionsderived from
MM5.

Figure3.1shows theconcentrationof N O2 aroundOslousingMM5 meteorology
with a 1x1km2 grid resolutionand17 vertical levels. The initial conditionsare
calculatedin a run with 50 km resolutionbut note that the boundaryconditions
havenotbeenupdatedduringtherun. The�gure shows theconcentrationof N O2

after1 daysimulationrun.
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Figure3.1: Preliminarymodelrunson theconcentrationdistribution of N O2 ob-
tainedusingMM5 meteorology

The EMEP model hasbeenrun with the full chemistryand removal processes
included,however, sincethe emissionsof pollutantsare not given in the same
resolution,theresultsat this point arenot fully meaningful.This testwasmostly
usefulto checktheability of themodelto berunwith differentgrid resolutions.

As not all meteorological�elds usedas input in the EMEP modelweredirectly
availablefrom MM5, thisexercisealsohelpedusto identify possibleproblemareas
whenrequestingmeteorologicalinput datafrom differentNWP. In particular, we
hadto make assumptionson the vertical distribution of precipitationbasedonly
on total rain watervaluesfrom MM5, we hadto revise thecalculationof surface
�ux esandreview thetimeconsistency of themeteorologicaldata.

The main recommendationfrom this exerciseis that the testingof differentme-
teorologicalinput datain differentscalesshouldalsoinvolve theevaluationof 3D
precipitationdataandtheinclusionheatandmomentumturbulent�ux information.
Thesedatadetermineto a largeextenttheremoval of pollutionby dry andwetde-
positionin chemicaltransportmodelsbut arenot alwaysprovidedwith suf�cient
accuracy from NumericalWeatherPrediction(NWP)models.
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3.2 Initial resultsand recommendations

The resultspresentedherefocuson the ability of Eulerianmodelsto accurately
determinesource-receptorrelationships.As explainedin Chapter2, thenumerical
approximationsto advectionin Eulerianmodelsintroducedifferenterrorsthataf-
fect the accuracy of the results. Thesenumericalerrorsarerelatedto non-linear
approximationsto the advectionequationandthereforethey affect the capability
of Eulerianmodelsto estimatesource-receptorrelationships.

Thetheoreticaldif�culties of Eulerianmodelsto accuratelydeterminegrid-to-grid
allocationwasalreadypointedoutby BergeandTarrason(1992).Bartnicki (2000)
evaluatedtheability of theEulerianmodelto calculatecountry-to-countrysource-
receptormatrices. He analysedboth chemicalandnumericalnon-linearities,al-
thoughhedid not explicitly distinguishbetweenthese,andconcludedthat the in-
�uence of non-lineareffectson country-to-countrysource-receptormatriceswas
relatively smallcomparedto othersourcesof uncertaintyin modelcalculations.

In thissection,weanalyseexplicitly thenumericalerrorsassociatedto grid-to-grid
allocationcalculationsandto country-to-gridapplications.By runningtheEMEP
modelwith differentgrid resolutionswehavebeencapableof quantifyingtheerror
relatedto thedispersionof asinglegridcell sourceandgroupsof sources.

3.2.1 Experimental setup

All theexperimentsin thissectionwehaveusedaverysimpli�ed EMEPmodelset
up. Thepollutantis consideredaspassive tracer, subjectto no chemicaltransfor-
mation,althoughit is still removedfrom theatmosphereby dry andwetdeposition
processes.ThesimulationdomaincoverssouthernScandinavia andthesimulation
lastfor onewholemonth(April 1999).Theconcentrationsat theboundariesof the
domainaresetto zero.

Two differentmodelset-upshave beendeveloped:onerunningwith a grid resolu-
tion of 50x50km2, andtheotherrunningwith a grid resolutionof 10x10km2. In
the caseof 10km grid resolutionsimulations,a time stepof 300shasbeenused.
In the 50km grid simulation, the time stephave beenset to 1800s. This gives
approximatelythesameCourantnumberin bothsimulations.

Usingthemeteorologyandemissiondataavailablefor the50kmresolutionsimula-
tion, wehaveconstructedmeteorologyandemissionsfor the10kmresolutionsim-
ulation. The emission�elds have beenhomogeneouslydistributedin each10km
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gridcell. Themeteorological�eld valuesof eachcell in the50kmgrid have been
reproducedin thecorresponding5x5cellsin the10km grid. Theverticallevelsare
unchanged.This is a very crudeinterpolationthatmaygive riseto inconsistencies
(additionaldivergence)in the �ner resolutionsimulationbut it servesthepurpose
of this sensitivity analysis.Sincethephysical input meteorologicalandemission
dataarecomparable,it becomespossibleto evaluatedirectly the performanceof
thetransportschemeatdifferentgrid resolutions.

Two different testshave beencarriedout, concerningtracerpollution dispersion
from asinglesourceareacenteredaroundOslo.

In the �rst test,thesourceareahasanactualextentof 50x50km2. Whenthedis-
persionof thetracerhasbeenreproducedwith the50kmgrid resolutionmodel,the
sourceareais resolvedwith 1 singlegrid cell. Whenthetracerdispersionis mod-
elledwith the10kmgrid resolutionmodel,thesourceareais resolvedwith agroup
of 25 gridcells. Sincethechoiceof timestepsecuresa similar Courantnumberin
bothsimulations,differencesin theperformanceof themodelsaremostlydueto
theability of themodelsto resolve theactualsource.

In thesecondtest,thesourceareahasanactualextentof 100x100km2 aroundOslo.
Notethatthesourcestrengthis 4 timeslargerthanin theprevioustest.In thiscase,
the 50km modelcanresolve the sourcewith 4 grid cells, while the 10km model
resolvesthesourcewith 100gridcells.

The resultsobtainedin the 10km grid shouldhave lessnumericalerrorsthanthe
correspondingresultsobtainedin the 50km grid and thereforethey canbe used
asreferencefor calculationsdonein the 50km grid. Sinceboth calculationsuse
similar Courantnumbers,differencesare in principle causedby the fact that the
emissionsourceis betterresolvedwith the �ne resolutionmodel. Numericaldif-
fusion errorsareat is largestwhentherearesteepgradientsin the concentration
levels. Thereforetheseerrorsaremostimportantwhenwe considerthe transport
from onesinglegrid cell, that is, whenthe resolutionof thesourceis at its mini-
mum.If weconsiderinsteadagroupof sourcesdistributedevenlyoverseveralgrid
cells,theseproblemsareconsiderablyreduced.Theconditionto reducenumerical
errorsis to securethatthesourcedistributioncanbeexpressedasasumof Fourier
components,eachwith a wave-lengthlarger thantwice thegrid size. Thefollow-
ing resultsindicatehow largearethenumericalerrorswhenthe resolutionof the
sourcedistribution is low.
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3.2.2 Comparisonbetweenmodelsimulationswith 10and 50km res-
olution

In the�rst test,thepollutantoriginatesin anareaof 50x50km2 aroundOslo.Figure
3.2 shows the monthly averagedconcentrationsof the tracerpollutantcalculated
with the 10km resolutionmodel. We observe that during this period the largest
part of the pollutantmoved north-west.The next �gure, shows the dispersionof
thesamepollutantsource,but this time thecalculationshavebeencarriedoutwith
the 50km resolutionmodel. The resultsof �gure 3.2 show larger level of detail
thanthecorrespondingresultsin thecoarse50km resolution.

In order to comparethe two simulations,we have aggregatedeach5x5 cells in
the 10 km grid into one50 km cell (see�gure 3.4). The differencebetweenthe
two simulationscorrespondto thenumericalerrorsassociatedwith thedescription
of transportfrom a singlegridcell as illustratedin Figure3.5. A positive value
in �gure 3.5 meansthat the correspondingconcentrationfrom the 50km model
simulationis larger thantheconcentrationfrom the10kmmodelsimulation. We
observe that in 50km simulation,the concentrationsareslightly overestimatedin
the x- and y- directionsand underestimatedin the diagonaldirections. This is
whatonecouldexpectfrom thediscussionin section2: numericaldiffusionerrors
larger in thediagonaldirections,resultingin lower concentrations.Differencesin
thenorth-westregioncanrepresentover50%of theconcentrationvalues.This is a
signi�cant differenceandsupportstheconclusionthatEulerianmodelsshouldnot
be usedfor quantitative descriptionsof pollution dispersionfrom singlegridcell
sources.

An alternative, moreaccurateway of determiningthe speci�c contribution from
for instancetheOslocell, is to calculatethesecontributionsasthedifferencebe-
tweentheconcentrationsobtainedwhenemissionsoriginatein all thecellsandthe
concentrationsobtainedif theOslocell did notproduceany pollutant:

�C(Osloemissions)= C(all emissions)- C(all emission- Osloemissions)

This is theway thecontributionsarecalculatedin actualsource-matricesstudies.
It canbe seenthat this procedureintroducesmorenumericalerrors(seebelow)
but it is justi�ed in orderto avoid spuriousresultsdueto chemicalnon-linearities
in the models(Bartnicki, 2000). In �gure 3.6 we show differencesbetweenthe
50kmgrid simulationandthe10kmgrid simulation.Thesameprocedureis used
asfor �gure 3.5 exceptthatnow thecontribution from theOslocell is de�ned as
thedifferencebetweenthecontribution from all sourcesandall thesourceexcept
the Oslo cell. If we look at �gure 3.6, we observe that closeto the Oslo cell the
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Figure3.2: Concentrationof tracerpollutant(�g =m3) obtainedwith a 10kmreso-
lution model.Emissionsfrom a50x50km2 sourcearea.
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Figure3.3: Concentrationof tracerpollutant(�g =m3) obtainedwith a 50kmreso-
lution model.Emissionsfrom a50x50km2 sourcearea.
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Figure3.4: Concentrationof tracerpollutant(�g =m3) obtainedfrom a 10kmreso-
lution model,aggregatedto 50km.Emissionsfrom a50x50km2 sourcearea.
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Figure3.5: Differencesin concentrationsbetweentheresultsobtainedwith 50km
grid resolutionanda 10km grid resolution. Emissionsfrom a 50x50km2source
area.
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differencesarelargerthanin �gure 3.5.Particularlyin thenorthandwestdirections
the neighbouringcells areunderestimated(negative valuesin �gure 3.5) andthe
next nearestneighboursareoverestimated(positive values).Theseoscillationsare
aconsequenceof thenon-monotonicityof thescheme.

If now the �lter describedin section2.2.2is applied,theoscillationsarereduced
(�gure 3.7). If we comparethe resultswith (�gure 3.7) andwithout the mono-
tonic �lter (�gure 3.6), we canseethat the �lter reducesthe differencescloseto
thesource,but increasesthedifferencesfar from thesource.The increaseof dif-
ferencesat largedistancesis a consequenceof theadditionalnumericaldiffusion
introducedby the�ltering (seesection2.2.2)

Thesenumericalerrorsbecomesigni�cantly smallerwhengradientsin the emis-
sion�eld becomesmalleror arebetterresolved.

Thenext testusedemissionsoriginatingover a largerarea,100x100km2 centered
again over Oslo, so that the emissionswerebetterresolved by both modelsimu-
lations. Each50x50km2 grid emits in this casethe sameasin the previous test,
sothat thetotal emissionis now four timeslarger thanbefore.Theaveragedcon-
centrationfrom pollutanttracerderivedwith the10kmmodelis shown in 3.8.The
concentrationderivedfrom the50kmmodelis givenin (�gure 3.9)andtheaggre-
gated10kmmodelresultis depictedin (�gure 3.10).Differencesbetweenthetwo
areillustratedin (�gure 3.11).

Althoughthelevel of concentrationsarenow higherthanin thecaseof singlecell
emissions,theactualdifferencesarereducedcomparedwith thecaseof singlecell
emissions.Particularlyin thenorthwestarea,wheretheconcentrationsarehighest,
thedifferencesarenow rathersmall. Differencesin themodelrunswith different
resolutionsarein averagebelow 5%, andonly in somespeci�c pointsdifferences
canbeup to 15-20%of theconcentrations.

This is consistentwith the conclusionsfrom Chapter2 that Eulerianmodelsare
bettersuitedto evaluatethe impactof pollution sourcesdistributedover areasre-
solvedby 2-4grid cellsor more.

In summary, whenchoosinghorizontalandverticalresolutionof theEulerianmod-
elsoneshouldtake into accountthephysicalextensionof sourceregionsto make
surethat thesearesuf�ciently resolved. Suchconsiderationsareparticularlyim-
portantwhenusingEulerianmodelsfor source-receptorapplicationsat national
level.

The conclusionfrom the analysisabove is that for Europeanscaleapplications,
whenthegroupingof cells respondsto countrylimits, theEulerianEMEPmodel
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Figure3.6: Differencesin concentrationsbetweenthe model resultswith a 50km grid
resolutionanda 10kmgrid resolution.Theemissionsoriginatein a 50x50km2 Oslocell,
distributionsareobtainedasthedifferencesbetweenthecontribution from all sourcesand
all thesourceexcepttheOslocell.
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Figure3.7: Differencesin concentrationsbetweenthe model resultswith a 50km grid
resolutionanda 10kmgrid resolution,whena �ltering schemeto securemonotonicityis
applied. The emissionsoriginatein a 50x50km2 Oslo cell, distributionsareobtainedas
thedifferencesbetweenthecontributionfrom all sourcesandall thesourceexcepttheOslo
cell.
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Figure3.8: Concentrationof tracerpollutant(�g =m3) obtainedwith the10kmres-
olutionmodel.Emissionsfrom a100x100km2 sourcearea.
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Figure3.9: Concentrationof tracerpollutant(�g =m3) obtainedwith the50kmres-
olutionmodel.Emissionsfrom a100x100km2 sourcearea.
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Figure3.10:Concentrationof tracerpollutant(�g =m3) obtainedfrom a 10kmres-
olutionmodel,aggregatedto 50km.Emissionsfrom a100x100km2 sourcearea.
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Figure3.11:Differencesin concentrationsbetweenthemodelresultswith a50km
grid resolutionanda 10kmgrid resolution.Theemissionsoriginatein a 100x100
km2 sourcearea
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canprovide source-allocationcalculationswith reasonableaccuracy. However, at
nationallevel, thegroupingof sourcesshouldbediscussedinteractively with na-
tionalauthorities.Theoptimalresolutionof themodelwill dependonthetypeand
extentof thesourcesthatneedto beresolved.
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Chapter 4

EPISODE modeldevelopmentsto
allow for variable grid resolutions

4.1 Changesin the EPISODE model to allow for variable
grid resolutions

TraditionallyEPISODEhasbeenusedto simulategroundlevel concentrationsin
urbanareas,closeto pollutantsources.This meansthat the spatiallengthscales
of the modelsimulationshave beenrelatively small, i.e. horizontallengthscale
lessthan100km, andvertical lengthscaleslessthan1000m. Theselengthscales
meansthat the �ushing time (i.e. the time it takesfor theair to blow throughthe
modeldomain)is rathershortaswell. Consequently, only atmosphericprocesses
with time scalescomparablewith, or lessthan,this �ushing time needto becon-
sideredin themodel.Whenincreasingthemodeldomainthe�ushing time,which
is alsoameasureof themodelmemory, increaseaccordingly. This imply thatpro-
cessestakingplaceon longertimescalesmaybecomeimportant.For theprevious
applicationson theurbanscale,it hasprovedsuf�cient to employ EPISODEwith
only a smallnumberof vertical layers.When,asin thepresentproject,the inten-
tion is to increasethemodeldomainto cover thespatialgapbetweentheregional
andurbanscale,thenumberof verticallayersneedto beincreasedaswell. There-
fore the programcodeof the EPISODEmodelhasbeenchangedso as to allow
for a userspeci�ednumberandspacingof bothvertical layersandhorizontalgrid
spacing.It shouldbenotedthatonly theEuleriangrid modelof EPISODEis dis-
cussedin this report. WhenEPISODEis appliedin realisticsimulations,subgrid
scalemodelsareappliedin conjunctionwith thegrid modelto describethedetailed

55



concentrationdistributionscloseto thesources.

4.1.1 Incorporation of automatic time stepcontrol

The time stepusedin the EPISODEmodel is calculatedfor eachnew hour of
simulation. The time stepis calculatedas the minimum value of four different
critical timesteps:

For thehorizontaladvectionoperatorin thex-direction(E-W)

For thehorizontaladvectionoperatorin they-direction(N-S)

For thehorizontaldiffusionoperator(combinedx- andy)

For theverticalcombinedadvectionanddiffusionoperator

Eachof thesecritical time stepsis now calculatedautomaticallyby taking into
accountvariablegrid resolutionbothhorizontallyandvertically, basedonstability
criteria.

4.1.2 Description of codechangesto allow for �exible choiceof model
resolution

Themodelnow includesa �e xible choiceof user-selectedspatialresolution.The
spatialresolutionbothhorizontallyandvertically is readin to themodelasuser-
de�ned parameters.Thismakesit possibleto run themodelonanumberof differ-
entscales,from typically 1000meterandup to severalkilometersgrid resolution.
Resultsfrom testsimulationson both 1km and3km grid resolutionswill be pre-
sentedbelow.

4.1.3 Automatic conversion betweendiffer ent geographicalposition-
ing systems

Geographicalpositionsin the EMEP Uni�ed model are speci�ed with applica-
tion of theso-calledpolarstereographicmapprojection.NILUs EPISODEmodel
which traditionally hasbeenappliedon smaller(urban)scale(< 100 km), em-
ploys positionsin latitude/longitudegiven in theUTM (zone)system.In orderto
compareresultsfrom thetwo models,andto facilitatetheapplicationof modeled
EMEPdataon theboundariesof theEPISODEmodel,numericalalgorithmshave
beenimplementedwhich transferpositiondatabetweenthesesystems.
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4.1.4 Consideration on the choiceof vertical coordinate representa-
tion in EPISODE

Presentsigma-coordinateversion

The vertical extent of the modeldomainof the dispersionmodelEPISODEis in
its presentversionde�ned from thegroundandup to a constantheight,H, above
ground. This meansthat the modelappliesa stretchedvertical coordinate,or a
sigma-coordinatesystem,givenby thefollowing transformation:

� = � (x; y; z) = z � h(x; y)

whereh(x,y) is the heightabove meansealevel of the topography. In this trans-
formedcoordinatesystem,andwith theadditionalassumptionsof anincompress-
ible wind �eld and a �rst order closureparametrisationof the termsdescribing
the horizontalturbulent diffusion, the advection/diffusion equationthat is solved
numericallyin EPISODEis givenby:

@ci

@t
= � @

@x (uci ) � @
@y (vci ) � @

@� (! ci )

+ @
@x

�
K (x) @ci

@x

�
+ @

@y

�
K (y) @ci

@y

�
+ @

@�

�
K (z) @ci

@�

�
(4.1)

+ Ri � Si

where the �rst three terms on the right hand side describethe advection in
the east/west,north/southand vertical direction, respectively. The next three
termsdescribethe turbulent eddydiffusion in the samedirections.R i represents
changesin speciesconcentrationsdueto photo-chemicalreactions,andSi repre-
sentsource/sinksdueto emissionandremoval mechanisms.

Thetransformedverticalvelocity, ! , is de�ned by:

! � w � u
@h
@x

� v
@h
@y

; (4.2)

andtheassumedincompressiblewind �eld satis�esthecontinuityequation:

@u
@x

+
@v
@y

+
@!
@�

= 0 (4.3)
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Suggestedalternative sigma-coordinate transformation to be applied in
EPISODE

The vertical extent of the modeldomaincould be changedso that the model is
de�ned from the groundandup to a constantheight,H0, above sealevel. This
meansthatthemodelappliesastretchedverticalcoordinate,or asigma-coordinate
system,givenby thefollowing transformation:

� = � (x; y; z) = H0
z � h(x; y)

H0 � h(x; y)
(4.4)

Thebene�t of this transformis that themodelsurfaceslevel out, that is, become
morehorizontal,with increasingdistancefrom theground.This levelling out will
makethemodellevelsin EPISODEin betteragreementwith thetransformedpres-
suresurfacesin the Uni�ed EMEP model, and thereforethe needfor extensive
verticalinterpolationof boundaryvalueswill bereducedwhenthesemodelsareto
becoupled.

Note that denominatorof eq. (4.4) is identical to the total vertical depthof the
model,D(x,y), de�ned as:

D(x; y) � H0 � h(x; y) , h(x; y) = H0 � D (x; y) (4.5)

With thede�nition (4.4): � = 0 for z = h(x,y)and� = H0 for z = H0 (=const.).This
meansthat� 2 [0; H0].

Notealsothat:

@h
@�

= �
@D
@�

(4.6)

where� is eitherx or y.

In this transformedcoordinatesystem,andwith thesameadditionalassumptions
asabove (incompressiblewind �eld andsimpli�ed parametrisationof the terms
describingthe horizontalturbulentdiffusion), the advection/diffusionequationin
EPISODEbecome:
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Thenew verticalvelocity, ! , is de�ned by

! � w � (H0 � � )
u

H0

@h
@x

� (H0 � � )
v

H0

@h
@y

; (4.8)

andtheincompressiblewind �eld shouldsatisfythecontinuityequation:

@(uD )
@x

+
@(vD)

@y
+

@(! H0)
@�

= 0 (4.9)

Work hasnow beeninitiated to performthenecessarychangesin themodelcode
of EPISODEto implementthisnew verticalcoordinatetransformation.

4.2 Revision of the chemicalschemein EPISODE

4.2.1 The presentchemicalroutine in EPISODE

PresentlyEPISODEusesthe so-calledphoto-stationarystateassumptionthat is
basedonaninstantaneousequilibriumbetweenthefollowing threereactions:

1) N O2 + h�
j 1� ! N O + O

2) O + O2 + M
k2� ! O3 + M

3) O3 + N O
k3� ! N O2 + O2

Thesteady-stateassumptionimplies that thesumof nitrogen(N Ox ) andoxidant
(Ox ) is conservedonamolecularbasis,whereN Ox andOx arede�ned as:

[N Ox ] = [N O] + [N O2]
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[Ox ] = [O3] + [N O2]

Thisgivesasecond-degreeequationin O3 to besolved:

[O3] = (� b�
p

b2 � 4ac )=2a

wherea= -k3, b = k3 ([Ox ] � [N Ox ]) � j 1 and c = j 1 [Ox ].

Finally N O2 concentrationsarecalculatedby:

[N O2] = [Ox ] � [O3]

In the presentversionof EPISODEthe following reactionrateconstantsareas-
sumed:

j 1 = 0:01(1 � 0:5N
8 ) exp

�
� 0:39

sin �

� �
s� 1

�

k3 = 4.5E-4
�
s� 1 � ppb� 1

�

where
N is thecloudinessgivenin octals(N = 0: clearsky; N = 8: overcast)
� is heightof thesunabove thehorizon.Unit: degree
T is temperature.Unit:	K

4.2.2 Evaluation of the chemical reaction coef�cients in the steady-
stateassumption

In theEMEPchemistrythefollowing reactionratesareapplied:

For thephotolysisof N O2

J1;E M E P = 0:01108(cos� )0:397 exp(� 0:183sec(� ))

where

� = solarzenithangle(i.e. � = � /2 - � )

This appliesto clearsky conditions. Interpolationbetweenpre-calculatedcloud
situationsis usedto takecloudsinto account.

And for thereactionof O3 with N O:

k3;E M E P = (1.8E-12)exp(� 1370=T) [cm3 molecule� 1 s� 1]
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Thereactionratesandtheresultingequilibriumconcentrationsof N O, N O2 and
O3 throughadiurnalcycle for eachmonththroughtheyearis shown in �gure 4.1.
This wascalculatedby assuminginitial concentration(i.e. beforeequilibrium)of
100�g =m3 N O, 100�g =m3 N O2 and20�g =m3 O3. Valuesfor temperatureand
solarradiationtypical for Oslowereusedin thecalculations.This shows that the
parametervaluespresentlyusedin EPISODEunderestimatethephotolysisof N O2

andoverestimatethereactionof N O + O3 comparedto themorerecentlyupdated
ratesusedin the EMEP chemistry. Thus, the N Ox -Ox chemistryin EPISODE
tendsto predicthigherN O2 concentrationsandlower ozoneandN O concentra-
tions thanwhat a chemistrywith moreupdatedreactionrateswould have given.
The discrepancy is largestin winter and amountsto up to about10% for N O2

giventheconditionsmentioned.Theeffect for a realwinter situationfor Oslowas
not tested.For a situationwith substantiallyhigherN O concentrationsasmaybe
experiencedin traf�c areas,practicallyall ozonewill beconsumedby thereaction
with N O, andtheN O2 concentrationwill simply equalthe initial ozoneconcen-
tration.Thus,for this typeof situation,theimportanceof thereactionrateswill be
small. It is recommended,however, to updatetheratesandto applysimilar rates
asin theEMEPchemistry.

4.2.3 The validity of the presentsteadystateapproximation

Thephoto-stationarysteady-stateapproximationis a highly simpli�ed description
of theatmosphericchemistry. Physicalprocessessuchasdeposition(wet anddry)
aswell asall otherchemicalreactionsareneglected.Furthermore,thisapproxima-
tion assumesaninstantaneousequilibrium,which in reality takesa certaintime to
reach. It is thereforeof importanceto investigateunderwhat conditionsthis ap-
proximationis valid andwhenotherphysicalandchemicalprocessesarenecessary
to include.

The time scalefor the photo-stationarystatesystemis of the orderof 100-1000
s, dependingon how far the concentrationsprior to the calculationare from the
equilibrium state. Normally, however, a time scaleof the orderof 100-200s or
lesswill besuf�cient to reachastatecloseto equilibrium.For areascloserin time
to theemissionsourcethanthis, calculationsrepresentative for a pre-equilibrium
stateshouldbecarriedoutaspointedoutby Grønskei etal (2000).

Whereasthe pre-equilibriumstateis a questionof only the threereactions1)-3)
approachingequilibriumon a smallspatialscale,thequestionon theothersideof
thespatialrange,that is, for howlong is thephoto-stationarystatevalid, is more
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Figure 4.1: Diurnal cycles in equilibrium concentrationsand reactionrate con-
stantsusing the parametervaluespresentlyin EPISODE(bold) and in the re-
cently updatedEMEP model (thin lines). The left column shows N O, N O2

and O3 in �g =m3. The middle column shows the reactionrate coef�cients for
N O + O3� ! N O2 in [ppb� 1� s� 1] andscaledby 104, andtheright columnshows
thephotolyserateof N O2 [s� 1] scaledby 10362



Figure4.1.(contd):Diurnal cyclesin equilibriumconcentrationsandreactionrate
constantsusing the parametervaluespresentlyin EPISODE(bold) and in the
recentlyupdatedEMEP model (thin lines). The left column shows N O, N O2

and O3 in �g =m3. The middle column shows the reactionrate coef�cients for
N O + O3� ! N O2 in [ppb� 1� s� 1] andscaledby 104, andtheright columnshows
thephotolyserateof N O2 [s� 1] scaledby 10363



complex to answerandinvolvesmany moreprocessesto consider.

Theseprocessesincludebothphysicalones,thatis, wet removal or exchangewith
waterdroplets,surfacedry depositionanduptake in vegetation,aswell asother
chemicalreactions,as night-time chemistry, reactionswith organic components
andheterogeneouschemistry.

Whentheaimis to predictpeakconcentrationsin N O2, normallyoccurringin win-
ter with low solarradiation,night-timechemistrycould be potentiallyimportant.
This includesthefollowing reactions:

4) N O2 + O3� ! N O3 + O2

5) N O3 + h� � ! N O2 + O3

6) N O3 + N O2  ! N2O5

7) N O + N O3� ! 2N O2

8) N2O5 + H2O� ! 2N O�
3 + 2H +

Reaction8) representsa net loss of gaseousnitrogen(transformationto nitrate
particles)andoccurswhenN2O5 reactswith water in the presenceof wet (del-
iquescent)aerosols.Thesereactionsarecallednight-timechemistrybecausethe
photolysisof N O3 (reaction5) is extremelyrapid whenthereis solar radiation.
Thus,thesereactionshave minor importancewhenthe sunis above the horizon.
Moreover, the net lossof nitrogen(throughreaction8) requiresa suf�cient rela-
tive humidity andaerosolloadingpresentat night to be effective. Without solar
radiation,a certainfractionof the gaseousnitrogenmay be presentasN O3, and
mayfurtherbe in thermalequilibriumwith N2O5 if N O2 is alsopresent.At low
temperatures(asin winter)N2O5 is favoredcomparedto N O3. For thenight-time
chemistryto beimportantrequires,however, thatbothN O2 andO3 arepresentat
night in orderto initiate theformationof N O3. Oftentheexcessof N O compared
to O3 in urbanareaswill reduceO3 to very low concentrationsat night dueto the
lack of photolyticdecayof N O2 (reactions1)-3). Furthermore,in urbanareasthe
N O concentrationwill normallybesuf�ciently highthatthereaction7) transforms
theformedN O3 rapidlybackto N O.

At the boundariesof theurbanareas"fresh" ozonemay reactwith N O2 through
reaction4), and therebyinitiate the night-timenitrogenreactions. On the other
side, thesereactionsare fairly slow comparedto the photo-stationarystatesys-
tem. The reactionrateconstantfor reaction4) at 298K is 3.2E-17molec/cm3s,
which amountsto a productionrateof N O3 of theorderof 5�g =m3 pr hour, as-
suming40�g =m3 O3 and80�g =m3 N O2. With a constantO3 concentrationof
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40�g =m3, this givesa chemicallife time (e-folding time) of N O2 of about17h.
Normally, though,the O3 concentrationwould be substantiallyloweredby N O-
rich air massesinsidetheurbanarea,reducingthepotentialto form N O3.

4.2.4 Needsin chemicalschemesdependingon modelingscale

The chemicalschemeappliedin a numericalmodel hasto be designedfor the
modeldomainandthekind of chemistrythatis in focus.In thepresentprojectit is
not theaim to developa completelynew chemicalmechanism.Chemicalreaction
schemesarefreelyavailablefrom avarietyof existingmodels,suchasEPA'sMod-
els3, UAM-AERO, SAPRC-90,EURAD etc.,andtheplan is to studyseveralof
theseto identify schemesthat representimprovementsto thepresentsteady-state
approachin EPISODEandthatarestill practicalto apply. A box-modelsoftware
tool for visualizingandtestingdifferentchemicalschemesdevelopedatNILU and
Univ. of Bergenwill beusedin thiswork.

An exampleof thison-goingactivity is shown below. A boxmodelusingtheUniv.
of Bergen chemistry, fairly similar to the EMEP chemistry, was run for a mid-
winter situationfor 60 N with andwithout thenight-timechemistry, respectively.
Thiswasaccomplishedby turningonandoff thereaction

O3 + N O2� ! N O3.

Themodelwas�rst run for 5 dayswithoutemissions,thenconstantemissionrates
of 1 ppb/hof N Ox andVOC andCO wasassumed,followed by a periodof 1.5
dayswithout emissions.Figure4.2and4.3show thetime seriesof thecalculated
concentrations.At the end of day 7, the calculationswithout night-time chem-
istry show higherconcentrationsof N O2 andO3 thancomparedto the run with
thenight-timechemistryincluded.Note that theaxisarelogarithmic. With these
assumptionstheN O2 concentrationin thescenariowith night-timechemistrybe-
comesaroundhalf of thatwithout suchchemistryincluded.Thedifferencecould
be explainedby the net loss of nitrogenthroughN2O5. Thus, for a time scale
of days,the night-timenitrogenchemistryis potentially importantfor predicting
N O2 concentrationsaccurately. This kind of evaluationwill be continuedin the
following phaseof theproject.
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Figure4.2: Time seriesof ozoneandnitrogenspeciescalculatedwith a standard
photochemicalscheme(similar to theEMEPchemistry).
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Figure4.3: Time seriesof ozoneandnitrogenspeciescalculatedwith a standard
photochemicalscheme(similar to the EMEP chemistry)whenthe night-timeni-
trogenchemistry(i.e. N O3 andN2O5 reactions)areneglected.
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4.3 Initial resultsand recommendations

Numerousexperimentshave beenperformedto test the in�uence of both total
modeldepthandverticalmodelresolutionon thecalculatedgroundlevel concen-
trations. The modelhasbeentestedwith vertical levels rangingbetween3 and
15, andwith a total modeldepthrangingbetween200m up to 2000m. Sincethe
importanceof bothmodeldepthandverticalresolutionalsodependson themete-
orologicalconditions,theexperimentshave beenperformedwith differentmeteo-
rological forcing; covering unstable,neutralandstabledispersionconditions. In
orderto beableto interpretthemodelresultsproperly, thetestshave beende�ned
in asimpli�ed manner. If thetestexperimentsaretoocomplex (or realistic)differ-
entprocessescancounteract,therebyobscuringtheprocessesunderconsideration.
Theexperimentsto bepresentedbelow have all beenperformedwith a horizontal
grid resolutionof either1km or 3km. Thesearethemostprobabledimensionsfor
theself-nestedEPISODEversionto bedevelopedin thenext stagesof thisproject.

In�uence of model resolutionon ground level concentrationscloseto sources

In anEuleriangrid modeltheemissionsarenormallyintroduceddirectlyasamass
injectionin thegrid box containingthesource.This masswill thenactasanaddi-
tive contribution to theestimatedmeanconcentration.With increasingsizeof the
grid boxes(i.e. decreasingresolution)thisprocedureleadsto anarti�cial diffusion
of the emittedpollutantmass. Moreover, sincepollution sourcesmostoften are
distributedquiterandomlywith hugegradientsin emissionstrengthfrom onegrid
cell to thenext, thegrid modelsoften facetheproblemof properlyresolvingthe
resultingconcentration�elds.

Sincetheseissuesarecloselyrelatedto modelresolution,aseriesof simpli�ed test
experimentshavebeenperformedwith theEPISODEmodelin whichthefocushas
beento look at theeffect of changingresolutionwhenmodelingtheconcentration
distribution resultingfrom concentratedsources.Thesetestshave beenperformed
with the two horizontalresolutionsof 1km and3km. The horizontaldimensions
of the model domainhasbeenchosenas 66km and 54km in the east-westand
north-southdirection,respectively. In the1km resolutionexperimentsthegrid di-
mensionsarethus66times54,andin the3kmteststhey are22times18. Vertically
themodelhasbeentestedwith a numberof differentresolutionsandtotal model
heights. Basedon thesetestsa total numberof 10 vertical layersand a model
heightof slightly lessthan2000m(1850m)seemsto besuf�cient in orderto keep
thegroundsourcepollutantsbelow thetopboundaryuntil they areadvectedoutof
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the lateralboundaries.For comparisonreasons,andto testthesensitivity of ver-
tical resolution,testresultsfrom experimentswith only 3 layersspanninga total
modeldepthof 200mwill alsobepresented.Thethicknessof eachlayer is given
in Table1 for thetwo differentvertical resolutions.Notethat thethicknessof the
two lowermostlayersareequalin the3 and10 layersimulations,meaningthatthe
injectedgroundlevel emissionsexperienceidenticalinitial dilution.

Table1: Thicknessof theverticallayersof EPISODEin the10and3 layerexperi-
ments.

10 layers 3 layers
layer1 20 20
layer2 30 30
layer3 50 150
layer4 100
layer5 150
layer6 200
layer7 250
layer8 300
layer9 350
layer10 400
Total model
height

1850m 200m

All the resultsto be presentedfrom theseexperimentshave beencomputedwith
applicationof averysimpli�ed meteorologicalsituation.A constantwind speedof
1m/shasbeenapplied,with stabledispersionconditions(Monin-Obukhov length
slightlyabove100m).With theseatmosphericconditions,valuesof around1m2s� 1

arefoundfor theverticaldiffusivity (Kzz) in EPISODE.For thehorizontaldiffusiv-
ities,valuesof 60 m2s� 1 and20 m2s� 1 arefoundfor the3km and1km resolution
experiments,respectively. This simpli�ed meteorologyis appliedin ordernot to
obscuretheinterpretationof theresolutiondependenceof themodelresults.

In the�rst experimentswith 3kmhorizontalresolution,N Ox emissionswerespec-
i�ed in onegridcell closeto thewesternborderof themodeldomain,i.e. in grid
cell (3,9). The wind direction was speci�ed as westerly, therebyadvecting the
emittedpollutantwith a speedof 1 m/s eastward in the grid system.A constant
sourcestrengthof 9 g/s (amountingto anhourly emissionof 32.5kg) wasgiven,
andno removal processeswereincludedin thesimulation.A total simulationpe-
riod of 24 hourswasthenperformedboth for thedeep(10 layers;1850m model
height)andtheshallow (3 layers;200m modelheight)modelcon�gurations.For
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both simulationsa steadystateconcentrationdistribution wasreachedwithin the
entiremodelareaafterapproximately18-19hours.With theprescribedwind speed
thiscorrespondsroughlyto the�ushing timeof themodeldomain(18.3hours).At
theemissiongrid squarea steadystatewasreachedafterabout3 - 4 hoursof sim-
ulation.Thecalculatedstationarysolutionalongthegroundlevel centerlineof the
resultingconcentrationplumeis shown in �gure 4.4.afor thetwo experiments.

As seenin this �gure the shallow model tendsto overestimatethe concentration
closeto the sourcegrid cell, while a systematicunderestimationis found further
downwind. This is a generalfeatureseenin all of the emissionexperimentsper-
formedwith thesetwo modelcon�gurations.Thereasonfor the lower downwind
valuesin theshallow modelis thattheupperboundaryactasasinkof mass,thereby
forcing theconcentrationlevelsdownwards.Thehighervaluescloseto thesource
in theshallow modelversionon theotherhandis causedby thelargestepin verti-
cal thicknessbetweenthesecondandthird layerin theshallow modelascompared
to themoregentleincreasein layer thicknessin thedeepmodel. Additional tests
have shown that this overestimationdisappearwhenoneor two more layersare
usedto spanthetotalmodelheightof 200m.

Theexperimentspresentedin �gure 4.4.ahavealsobeenrerunona1 km horizontal
grid coveringthesametotal modeldomain,i.e. 66 km x 54 km. In orderto make
theseexperimentsassimilar aspossible,thetotal emissionrateof 9 g/swerenow
distributedevenly asemissionsof 1 g/s in eachof the9 grid squarescoveringthe
previous3 km emissiongrid square.Thestationarycenterlinesolutioncomputed
for this �ne resolutionsimulationis shown in �gure 4.4.b for the deepand the
shallow modelsetup.As onewouldexpecttheconcentrationsalongthecenterline
is higher in the �ner (1 km) thanin the coarser(3 km) simulation. However, in
orderto comparethe�ne andcoarsemodelresultsbetter, the1 km grid valueshave
beenaveragedbackto 3 km values.This averaginghasbeenperformedsimply by
averagingthenine1 km grid valueswithin each3 km grid square.In �gure 4.4.b
theresultingcenterlineconcentrationof theaveragedvaluesarepresentedtogether
with theoriginally computed3 km values.Focusingon thedownwind solution,it
is interestingto notethatthe1 km simulationin theshallow model,whenaveraged
to 3 km, becomealmostidentical with the 3 km simulationin the deepmodel.
Thetestresultsshow thatbothincreasedhorizontalandverticalresolutionleadsto
signi�cantly higherdownwindconcentrationlevels.

In thepreviousexperimentsthewind directionwaswesterly, i.e. parallelto oneof
the directionsin the grid system.In orderto investigatethe modelscapabilityto
simulatetransportin moregeneraldirections,theemissionexperimentshave been
rerunwith awind directionfrom south-west,i.e. directed45	 to thegrid axes.The
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resultsfrom theseexperiments,correspondingto theonesshown in �gures 4.4.a-
4.4.b,arepresentedin �gures 4.5.a- 4.5.b.Theeffective grid-spacingincreaseby
a factorof about1.4 for the propagating solutionwhenthe transportdirectionis
diagonalascomparedto directionsalongthegrid axes.Thismeansthatweshould
expectsomewhatlower concentrationsin this experimentbecauseof lesseffective
resolution. In addition, as discussedin more generaltermsin chapter2 above,
sincethemodelappliesa time-splittingtechniquewherebythemodelsnumerical
advectionoperatorsareperformedin an alternatingsequence,an increasein the
numericaldiffusion is to beexpected.Exceptfor thesolutioncloseto thesource,
whereresolutionis poorandthemodelaccuracy thereforeis low, theconcentration
levelspresentedin �gure 4.5.a- 4.5.b.arein generallower thanthecorresponding
onesshown in �gure 4.4.a- 4.4.b. Theeffect of increasingthehorizontalresolu-
tion is alsomorepronouncedin the experimentwith south-westerlywind. With
thiswind directiontheconcentrationlevelsdownstreamof thesourceareaaresig-
ni�cantly higherin the1 km shallow modelsimulationthanin the3 km deepmodel
results.This is showing the importanceof �ne resolutionalsofor the solutionat
largerdistancesfrom thesources.Note,however, thatwith 1 km resolutionin the
deepmodel,thedifferencesbetweenthemodeloutputwhenthewind changefrom
westerlyto south-westerlyis rathermarginal. Themajordifferenceis closeto the
sourcearea,whereothertypesof nearsourcemodels(oftentermedplume-in-grid-
models)mustbeappliedto giveadetailedpictureof theconcentrationdistribution.

Sinceoneof themainquality requirementsof the transportmodelis its ability to
conserve pollutantmass,the total modelmassfor eachhour hasbeencalculated
for all of theabove describedemissionexperiments.Theresultingtime seriesare
presentedtogetherin �gure 4.6.

As seenin �gure 4.6, all of the experimentswith the deepmodelconserves the
masscontinuouslyemittedfrom thesourcearea(32.5kg N Ox perhour).After 16
hoursthesolutionsreachthedownwindborderof themodeldomain,andsincethe
distancefrom thesourceto this borderis somewhatdifferentfor theexperiments
with westerlyandsouthwesterlywind, thetransitionto asteadystatemassbalance
is slightly different in the variousexperiments.Even thoughthe shallow model
conservesthe massaswell, the �a w of this modelcon�guration is revealedafter
3 to 4 hoursof simulation. At this point the massstartsto leak out of the top
boundary. For air qualitysimulationswhichareto berunonmodelscalesof about
100 km or less,the modeldepthshouldbe chosenhigh enoughso as to ensure
that surfaceemissionsinsidethemodeldomainstaysbelow the top of themodel
duringa time scalecomparableto the �ushing time of themodeldomain.Figure
4.6 shows that this requirementsis ful�lled in the testexperimentswith thedeep
modelcon�guration.
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In�uence of model resolutionon computedconcentrationsfurther away fr om
sources

In order to investigate the in�uence of model resolutionon the time-dependent
transportpropertiesof theEPISODEmodel,aseriesof experimentshavebeenper-
formedin whichacloudof aninertgasinitially hasbeenspeci�edwithin themodel
domain,andthenthis cloud hasbeentransportedthroughthe modeldomain. To
help interpretingtheresultsananalyticpuff solutionhasbeenappliedto describe
the initial concentrationdistribution of thecloud,andin someof theexperiments
thetime dependentanalyticsolutionhasalsobeenappliedasboundaryconditions
at the openboundariesof the model. Furthermore,applicationof an analyticso-
lution facilitatequantitative assessmentsof theerrorsintroducedby thenumerical
model.

Theanalyticalpuff-solutionwhich hasbeenappliedin theseexperimentsis given
by thefollowing formula:

CB (x; y; z; t) =
qexp

n
� [x � x0 � u(t � t0 )]2+[ y� y0 � v(t � t0 )]2

4K H t � z2

4K zz t

o

4(� t)
3
2 K H (K zz)

1
2

(4.10)

whereq is themassof thepollutantcloud,x0 andy0 is thepositionwherethemass
q wasemittedat time t0. KH andKzz are the horizontalandvertical diffusivi-
ties, respectively. Expression(4.10) is a valid solutionof the advection/diffusion
equationthat is solvednumericallyin EPISODE,(i.e. eq. 4.1) aslong asthedif-
fusivities areconstant,andthat thediffusivity in thehorizontalis independenton
direction. To complywith this EPISODEhasin theseexperimentsbeenrun with
constantdiffusivities of K H = 20 m2=s andK zz= 1 m2/s. Furthermore,eq. 4.10
is only valid for instantaneousemissionsat groundlevel, andwith total re�ection
at theground.Eq. 4.10is describinga normal(bell-shaped)distribution, andthe
traditionalwayof expressingthisdistribution is foundby substituting:

� H = (2K H t)1=2 and� z = (2K zzt)1=2

where� H and� z arethestandarddeviationsin thehorizontalandverticaldirec-
tion, respectively.

In all of the testexperimentsto be discussedbelow the initial sizeof the cloud
hasbeengivenby � H = 1300m and� z =300m. This meansthat95.45% of the
pollutantmassis foundwithin horizontaldistancesof � 2 � H from thecenterof
the bell-shapedfunctionandbelow the heightof 2 � z from the ground(68.27%
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insideonesigma,99.73%within 3 sigma).Theinitial positionof thebell-shaped
distribution hasbeenlocatedneartheupwindboundaryof themodeldomainand
the simulationhasthenbeenrun for the time neededto advect the solutionout
of the modeldomain. Throughouttheseteststhe horizontalextent of the model
domainhasbeenidenticalwith themodelsetupof thepreviously describedemis-
sionexperiments,i.e. a rectangularareaof 66 km, and54 km in theeast/westand
north/southdirectionrespectively. Again a constantwind speedof 1 m/shasbeen
applied.

In �gure 4.7.aand�gure 4.7.ba cross-sectionof thecalculatedconcentrationsin
thelowermostmodellayerarepresentedfor bothadeepandashallow modelsetup.
Thecross-sectiongoesthroughthemaximumvalueof thebell shapeddistribution
andis directedalongthewindvector. Thecurvesin �gure 4.7.ashow thecalculated
concentrationsafter1 hourof simulation,andthoseof �gure 4.7.bgive theresults
after 14 hours. The x-axis indicatethe distancein km from the upwind model
boundary.

From�gures 4.7.aand�gure 4.7.bit is evident that theshallow EPISODEmodel
increasinglyunderestimatesthe truesolutionasthecloud is advectedthroughthe
model domain. For the deepmodel experiment,on the other hand,only small
deviationsareseen,andby comparingthe resultsafter 14 hoursand1 hour, the
deviation do not seemto increasesigni�cantly during the simulation. The maxi-
mum calculatedconcentrationafter 14 hoursfor the deepmodel is only about5
% smallerthanthe truesolution,whereasthemaximumcalculatedconcentration
in the shallow model is lessthan 1/3 of the analyticalsolution. However, with
theappliedpositive de�nite Bott scheme,it seemsthat thephaseerror is small in
bothexperimentssincetheformsof thesolutionsarenotshiftedin timecompared
to the analyticalsolution. Note that applicationof the shallow EPISODEmodel
only leadsto a dampingof theamplitudeandnot to a horizontalwideningof the
pollutioncloud.

Thereasonfor thestrongamplitudedampingin theshallow modelis thattheverti-
calextentof themodeldomainis lessthantheverticalscaleof thepollutioncloud.
Consequently, sinceno outersolutionis speci�ed at theopenboundaries,i.e. the
boundaryvaluesareonly givenaszeroconcentrations,theuppermodelboundary
actasareservoir of cleanair. Therefore,asthecloudadvectsthroughthemodeldo-
mainthepollutionmassgraduallyleakoutat themodeltopandcleanair mix down
from above. For thedeepmodeltheleakagethroughthemodeltopdonotrepresent
a signi�cant problemsincetheverticalextentof thepollution cloudis well within
themodeldepth.Thesevereamplitudedampingin theshallow modelcouldhave
beenreducedby specifyingbetterconcentrationvaluesat theopenboundariesof
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the model. Theseconcentrationscould, for example,have beentaken from the
modeloutputof amodelsimulationperformedona largerandcoarsermodelgrid,
i.e. by a oneway nestingprocedure.Themaximumpotentialin sucha procedure
canbeillustratedby rerunningtheaboveexperiment,but this timewith theanalyt-
ical solutionspeci�ed at theopenmodelboundaries.Theresultingconcentration
distribution after 14 hoursthenbecomesasshown in �gure 4.7.c. The curvesin
�gure 4.7.cshouldbecomparedto thecorrespondingcurvesin �gure 4.7.b.

As shown in �gure 4.7.ctheapplicationof a perfectboundarysolutionsolvesthe
problemsof underestimationin the shallow modelcon�guration. The computed
solutionsarenow almostidenticalandthedeviationsfrom theanalyticalsolution
is now only a resultof theerrorsintroducedby the�nite differencerepresentation
of the model equation. The differencesbetweenthe curves in �gure 4.7.b and
�gure 4.7.cclearly demonstratethe importanceof the boundaryconditions,and
the improvementsseenin �gure 4.7.c also indicatethat nestingprocedurescan
greatlyenhancemodelperformance.

In order to investigate the effect of poorerhorizontal resolution,leadingto in-
creasednumericaldiffusion,thedeepmodelexperimenthasbeenrerunwith 3 km
horizontalresolution. The resultingconcentrationdistribution after 14 hoursof
simulationis shown in �gure 4.8.Sincetheanalyticalsolutionis notappliedat the
openboundariesin this experiment,�gure 4.8 shouldbecomparedwith thedeep
modelresultsshown in �gure 4.7.b.

Figure4.8 shows clearly that lack of horizontalresolutionmay causesigni�cant
dampingof the calculatedconcentrations.Note that about95 % of the pollutant
massshouldbe found within a horizontalinterval of [-2� H , 2� H ], which in this
experimentis a lengthvaryingbetween5.3 km at thestartof thesimulation,and
7.5km after14hours.With 3 km resolutionthewholepollutioncloudis therefore
initially of lessextent than2 grid distances,andconsequentlythe model tendto
smearout thetruesolutionoveratoo largehorizontalarea.In reality theemissions
constantlycreatesa multitude of pollution cloudswith a hugespreadin spatial
scale. Wheninterpretingresultsfrom real casesimulationsoneshouldtherefore
be awareof that the smallerfeatures,with spatialscalescomparableto the grid
resolutionwill besubstantiallyunderestimated.Thereasonfor theslightdifference
betweentheanalyticsolutionsin �gure 4.7.band�gure 4.8, is that thevaluesare
computedfor thegrid pointsonly, andtheanalyticsolutionis thereforegivenwith
lessaccuracy in �gure 4.8thanin �gure 4.7.b.

In �gure 4.9theresultsareshown for asimulationin the1 km grid whentransport-
ing the pollution cloud diagonallythroughthe modeldomain. This experiments
hasonly beenperformedwith thedeepmodelcon�guration andwithout applica-
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tion of theanalyticalsolutionat theopenboundaries.Thedifferencebetweenthe
previous1 km experimentis that thewind directionhasbeenchangedfrom west-
erly to south-westerly, and that the initial positionof the cloud hasbeenmoved
closerto thesouth-westerlycornerof themodeldomain.

Thereis a somewhat strongerdecreasein the maximumcalculatedconcentration
after 14 hourswhenthe wind direction is changedfrom westerlyto southwest-
erly. Whenthe wind waswesterlya 5 % decreasewasfound, andthis hasnow
increasedto 10 %. Thereasonfor this is probablya combinationof poorerhori-
zontalresolutionandsomespuriouseffectsof thetime-splittingmethodappliedin
theEPISODEmodel. Thepoorerresolutionstemsfrom thefact that theeffective
spacingbetweenthe gridpointsincreaseby a factorof 1.4 whena signalmoves
diagonallythroughthemodeldomainascomparedto propagationalongoneof the
horizontalgrid axes. This will tendto smooththesolution. In addition,thealter-
ationsof thesequencesof thenumericaloperatorsin the time-splittingprocedure
addsto this smoothingof the solution. Nevertheless,asshown in �gure 4.9 the
overall impressionis that thedirectionaltransportdependenceis of rathermoder-
ateimportance,at leastaslong astheoverall verticalandhorizontalresolutionis
decent.
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Figure4.4.a

Figure4.4.b

Figure4.4.c
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Figure4.5.a

Figure4.5.b

Figure4.5.c
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Figure4.6

All theresultspresentedsofarhavebeencalculatedwith thepositivede�nite ver-
sionof theBott advectionscheme(Bott, 1989).As mentionedearlier, this scheme
is not strictly monotonic,i.e. it may producearti�cial local extremain areasof
stronggradients. Becauseof this �a w the EPISODEmodelhasin many appli-
cationsbeenrun with the monotonic and positive de�nite versionof the Bott
scheme(Bott, 1993). To geta quantitative measureof thedifferencesintroduced
by interchangingtheseadvectionschemes,the previous resultspresentedin �g-
ure 4.7.a- �gure 4.9 have beenrecalculatedwith applicationof the monotonic
Bott scheme.Thegeneralimpressionsfrom thesecalculationsarethat themono-
tonic schemeintroducea markeddampingof thecomputedsolution.Thererunof
thedeepEPISODEmodelwith westerlywind andwith the monotonicadvection
schemeappliedgivestheresultshown in �gure 4.10.For comparisontheprevious
resultswith thepositivede�nite schemeis includedaswell.

Applicationof themonotonicschemeleadsto areductionof themaximumconcen-
trationof about12 % ascomparedto thehighestvaluecomputedby thepositive
de�nite version. In additionthereseemsto be somephaseerror in the advective
propertiesof themonotonicscheme,sincethis solutionseemsto propagatefaster
thanthe analyticsolution. Thusthe monotonicsolutionis almost1 km aheadof
both the analyticand the positive de�nite solutionafter 14 hoursof simulation.
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Similar featuresareseenwhenthesimulationsareperformedin a 3 km resolution
grid, seeFigure4.11,andwhenthey arerepeatedfor the1 km grid simulationwith
wind from south-west,see�gure 4.12.

It shouldalsobementionedthatcalculationsof thetotal modelmassin theabove
experimentshave revealedthatthemassconservationrequirementis properlysat-
is�ed. Whetherthe wind is directedalong the grid axes or not, or whetherthe
monotoneor positive de�nite Bott schemeis appliedhave no detectablein�uence
on themassconservation in theseexperiments.Themodelmassasa functionof
simulationtimeis givenin �gure 4.13for four of theabovedescribedexperiments.

Conclusion

Within the presentproject the EPISODEmodel have beenchangedso as to al-
low �e xibility in the choiceof modelresolutionboth horizontallyandvertically.
Themodelsensitivity to changesin resolutionhasbeentestedin varioussimpli�ed
experiments.The testresultshave revealedthat themodelis ableto computeso-
lutions that is in agreementwith expectedresultsandevenreproduceanalytically
derived solutionswith a high degreeof accuracy. The requirementof masscon-
servation is clearly satis�ed andthe experimentswith applicationof the positive
de�nite Bott schemeseemsto work well for the horizontal resolutionsconsid-
ered,i.e. 1 km and3 km. Application of the monotoneBott scheme,however,
seemsto betoo diffusive. Nevertheless,theexperimentalresultshave shown that
underestimationis to beexpectedfor spatialfeaturesof theconcentrationdistribu-
tion with scalescomparablewith thegrid resolution.Moreover, theresultsclearly
demonstratethat the modelheightmustbe chosenproperly. For urbanscaleap-
plications(i.e. for grid domainswith horizontalresolutionlessthan100km) the
modelshouldbehighenoughsothatfurtherincreasein modelthicknesshasnegli-
gible in�uenceonmodelperformancewhenmodelingthetransportof groundlevel
emissionswithin themodeldomainover a time scalecomparablewith themodel
�ushing time. Furthermore,experimentswith applicationof analyticalsolutions
at theopenboundariesof themodel,have clearlydemonstratedthatthecomputed
concentrationsin theinteriorof themodeldomainareverysensitive to thebound-
aryconditions.This factmotivatesthecontinuingwork of establishingamodeling
tool with nestingcapabilities,which enablesimprovedestimatesof theboundary
conditionsfor thenestedmodelsimulations.

78



Figure4.7.a

Figure4.7.b

Figure4.7.c
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Figure4.8

Figure4.9
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Figure4.10

Figure4.11
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Figure4.12

Figure4.13
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Chapter 5

Remainingdevelopmenttasks

Theinitial developmentof aNorwegiancoupledmodelsystemcapableof describ-
ing air pollution problemsat differentscaleshasbeendocumentedin this report.
Thedevelopmentwork is still far from �nished but it is progressingin accordance
to the original project plan. Basedupon the experiencegainedduring this �rst
year, the following developmenttaskshave beenidenti�ed for furtheranalysisin
thenearfuture:

5.1 Explicit tr eatmentof physicaldiffusion processes

Thephysicalprocessesto bemodeledby thediffusiontermaredifferentin differ-
ent scales.Therefore,the horizontaldiffusion coef�cient, K, which is a measure
of thestrengthof theatmosphericturbulence,will dependon thegrid resolution.
For largegrid cells (50x50or 150x150km2) thenumericaldiffusionwill usually
bemuchlarger thanthephysicaldiffusionat thesescales.For this reason,no ad-
ditionaldiffusiontermhasbeenincludedin theEMEPmodelwhenusinga50km
grid resolution. At higherresolution,however, for scalesof 5x5km2 or less,the
physical diffusion will graduallybecomemoreimportant,andthe diffusion term
hasto be includedexplicitly in thescheme,asit is donein thepresentversionof
EPISODE.In anestingschemesomeintermediateresolutionhaveto beconsidered
(3x3,5x5or 10x10km2 for example)andthequestionof whichdiffusionprocesses
to includein theschemeneedsto beaddressed.In futurework within this project
we will try to quantify the numericaldiffusion andcompareit with the physical
diffusion at differentscalesin orderto provide recommendationsof the physical
diffusionprocessesto beincludedin theparametrisationatdifferentscales.
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5.2 Analysis of monotonicity versus numerical diffusion
errors

Theinclusionof amonotonic�lter will remove�ctitious oscillationscloseto sharp
gradients.However it will also increasethe numericaldiffusion. The choiceof
the numericalschemewill dependon the speci�c applications.Generally, when
averageconcentrationsor longrangetransportarestudied,thenumericaldiffusion
will bethemostimportantproblemandnomonotonic�lter shouldbeincluded.For
certainsource-receptorapplications,theuseof monotonic�lters canbebene�cial.
In thecasewhereexceedancesto targetconcentrationsor concentrationscloseto
sourcesarefocused,the inclusionof a monotonic�lter shouldbe considered.In
thenext stagesof thisproject,comparativetestexperimentswith morecomplicated
wind �elds shouldbe performedfor eachtype of applicationbeforemore �rm
conclusionsmaybedrawn.

5.3 Transcontinentalmodeling

Thedevelopmentof theEMEPmodelcodeto enablea�e xible choiceof themodel
resolutionalsoallows the extensionof the model to a hemisphericdomain. The
modeldomainmay now be extendedto cover the northernhemispherewith the
sameEMEP polar stereographicgrid projection. To keepCPU usagein a man-
ageablelevel, the recommendedspatialresolutionfor the hemisphericversionof
themodelis 150x150km2. In thisscalethesynopticscaleatmospheric�o wsdriv-
ing long-rangetransportof photo-oxidantsand�ne particlesmaystill beresolved,
so that thesamephysicalandchemicalparametrisationsasin theregionalEMEP
modelcanstill beapplied.

The main limitation for the extensionof the EMEP model to describetranscon-
tinental pollution transportin the northernhemisphereis the availability of the
necessarymeteorologicalinputdataathemisphericscaleandglobalemissiondata.
Emissiondataat global scaleis currentlyavailablethroughthe Global Emission
InventoryActivity (GEIA). Thedatahassuf�cient spatialresolutionfor modelling
purposesbut it might be necessaryto updatethe emissionestimatesfor someof
thecomponents.Meteorologicaldataat hemisphericscalecanbeprovidedby the
EuropeanCenterfor Medium-RangeWeatherForecast(ECMWF), however, the
meteorological�elds will needto be evaluatedfurther for usein chemicaltrans-
port modelapplications.Specialattentionshouldbepaidto the3D descriptionof
precipitation�elds becausetheseareat presentnot given in thestandardarchives

84



from ECMWFandto testapproachesto includeheatandmomentumturbulent�ux
information.Thesedatadetermineto alargeextenttheremoval of pollutionby dry
andwet depositionin chemicaltransportmodelsbut arenot alwaysprovidedwith
suf�cient accuracy from NumericalWeatherPrediction(NWP)models.

5.4 Regionalscalemodeling

Chemicaltransportmodelsarestronglydependenton their input meteorological
andemissioninput data.TheEMEPmodelis now ableto run with differentgrid
resolutionover differentareas,but in orderto beoperationalthemodelsrequires
reliablemeteorologicalandemissiondatainformationat thesedifferentgrid reso-
lutions.

Concerningthemeteorologicalinputdata,theNorwegianMeteorologicalInstitute
is presentlydevelopinga meteorologicalinterpolationtechniquethatsecurescon-
servationof theatmosphericmass�o w. This will allow theuseof massconsistent
atmospheric�elds in the EMEP model, independentlyof the grid projectionand
grid resolution.It is envisagedto testthis routinewith thedifferentNWP models
available for the Norwegian MeteorologicalInstitute (HIRLAM, ECMWF, UK-
MET, MM5) for different resolutions. The testingof meteorologicalinput data
will also involve the evaluationof 3D precipitationdataand turbulent exchange
information,asindicatedunderthesectiononTranscontinentalmodeling.

In co-operationwith theNorwegianauthoritiesandemissionexperts,work is under
wayto improvetheaccuracy andresolutionof certaintypesof Norwegiannational
emissionsources(p.e. �shing �eet). This information is a pre-requisitefor the
studyof source-receptorrelationshipsfrom theseparticularsources.Following the
recommendationsfrom this progressreport,the actualresolutionfor the calcula-
tion of source-receptorrelationshipsshouldbechosento securethat thesetypeof
sourcesis suf�ciently resolved.

5.5 Local/Urban scalemodeling

Theimplementationof theproposednew verticalcoordinatewill beperformedin
the EPISODEmodel,andthe effect of this alterationwill be documentedin test
experimentsspeciallydesignedfor thispurpose.

Thework on thechemicalschemeswithin theEPISODEmodelwill becontinued
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alongthelinesdescribedin section4.2.4above.

TheEPISODEmodelis atpresentappliedwith meteorologicaldatafrom theMM5
model,on a grid systemwith 1 km resolution. SinceEPISODEis to be run on
coarserresolutionsas well, work will be initiated to implementthe necessary
changesto allow for the combinationof MM5 and EPISODEon more general
choicesof resolution.

5.6 Nesting

A largepartof thework in thenext phasesof theprojectwill beconcernedwith the
implementationof theone-way self-nestingcapabilitiesof EMEPandEPISODE.
This involvestherevision of the treatmentof boundaryconditionin bothmodels.
Thegoal is to allow for anautomatic�o w of informationfrom thecoarsegrid to
the �ne grid modelversion.Theconcentrationsat theboundariesof the �ne grid
shouldbe storedat speci�c time intervals andthenusedto updatethe boundary
concentrationsduringtherun in the�ner grid. This requiresfor instancetheinter-
polationof the concentrationsin the vertical andhorizontaldirections. Different
interpolationtechniquesshouldbeevaluatedandtestsshouldbeperformedin order
to determinetheextentof possibleunphysicaleffects.Thiswork will involvecon-
siderablere-formulationsin themodelcodes,andthereforeanextensive resources
will beallocatedto thispartof theprojectwork.
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