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Prefaceand acknowledgements

Thisreportpresentshe statusof developmentf 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 documenthe progresson the developmentof

a self-nestednodelingsystemfor atmospherigarticlesandphoto-oxidanphoto-
oxidantpollution. This modelingsystemis the nal aim of a nationalcoopera-
tion projectbetweenthe Norwegian Meteorologicallnstitute (MET.NO) andthe
Norwegian Institutefor Air Researci{NILU) addressetb improve the modeling
tools presentlyusedfor determiningair quality in Norwegian cities. The results
from this projectare expectedto be usefulto the work underthe Corventionfor

Long-RangeTransboundanAir Pollutionbecauséhey allow the furtherdevelop-
mentof the EMEP modelto analyseranscontinentairansportof pollution in the
hemispheriscaleandbecaus¢hey provide asystemati@valuationof themethod-
ologiesusedto describghein uence of long-rangeransportn local/urbanareas.

The authorsare gratefulto Alain Clappierfor his assistancén the implementa-
tion of his monotonic Iter in the Bott schemeandfor his supportandinspiring
participationin thediscussions.

The calculationgdonein this work wereperformedon SGI Origin 3800in Trond-
heim. The projectis nanced by the Norwegian Ministry of the Ervironment,the
Norwegian Ministry of Fisheriesandthe Norwegian StatePollution Control Au-
thority.

Prior agreementvith our Norwegian contractorsve have preparedhis reportfor
presentatiorat the 26th Sessiorof the SteeringBody to EMEP Note however that
thepresenwersionis only adraft progresseport. This progresseportis to befur-
therrevisedby our NorwegiancontractorsThe nal versionof this reportwill be
availablein PDFformatvia Internetat http://wwwemep.intandhttp://www.sft.no






EXECUTIVE SUMMARY

Thisreportpresentshe statusof 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 documenthe progresson the developmentof
a one-way nestedmodeling systemfor atmospherigarticlesand photo-oxidant
pollution.

This one-way nestedmodelingsystemis the nal aim of a nationalcooperation
projectbetweenthe Norwegian Meteorologicallnstitute (MET.NO) andthe Nor-
wegianInstitutefor Air ResearciNILU) addressetb improve themodelingtools
presentlyusedfor nationalpollution controlplanningandfor determiningair qual-
ity in Norwegiancities.

The modelsto be appliedin this projectaretheregional scaleEMEP Uni ed Eu-
lerianmodel(Berge andJalobsen,1998; Olendrzynskiet al, 2000)andthe urban
scaleEPISODEmodel (Grgnslei andWalker, 1993; Walker et al., 1999; Slgrdal,
2001).

The resultsfrom this projectare expectedto be usefulto differentareasof work
underthe Corventionfor Long-Rangéelransboundanpir Pollution. For example,
the methodsdevelopedhereto enablea more e xible choiceof modelresolution
alsoallow the extensionof the modelto a hemispheridomain. This is a priority
areawithin the EMEP programmeasthereis increasingevidencethat air pollu-
tion, traditionally consideredaslocal or regional suchastroposphericozoneand
ne particles,may be transportedver very long distancesand affect remoteen-
vironments.lIt is alsoexpectedthat the resultsfrom this projectwill facilitatethe
cooperatiorwith the Working Group of Effectsasit would allow more detailed
studiesof depositionmpactoveridenti ed problemecosystenareas.

Thisreportdocumentshenecessaryevisionsof the EMEPandEPISODEmModels
to allow for amore e xible choiceof grid resolution.Thisinvolvesin 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 thatthe time stepis automaticallyadjustedn
accordancevith thechangesnadein spatialgrid resolution.

In the caseof EPISODE,modelrevisionsinclude also the reformulationof the
vertical coordinateransformandnecessaryevisionsof its chemicalschemeThe
verticalcoordinatesystemin EPISODEhasbeenrevisedto adjustbetterto thever-
tical structureof the EMEP modelandthusfacilitatethefuture couplingof thetwo
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models. The modelsensitvity to changesn resolutionhasbeentestedin various
experiments.Thetestsshav theimportanceof the choiceof the vertical extent of
themodelandsuggesthatthe modelheightshouldbe choserhigh enoughsothat
anadditionalincreaseloesnotin uencethecalculatedyroundlevel concentrations
signi cantly.

Thechemicalschemeresentlyusedin EPISODEis basedon theassumptiornhat
NO, NO, andOzarein photo-stationarequilibrium. This is a highly simpli ed
descriptionof the atmospheridNO, chemistryanddoesnotinclude physical pro-
cessesuchasdeposition(wet anddry) or night-timechemistry Whenthe aim of
EPISODE:is to predictpeakconcentratiorof NO2, normally occurringin winter
with low solarradiation,night-time chemistrycould be potentiallyimportant. In
thenext stage®f theproject,theplanis to testdifferentavailablechemicakeaction
schemedo identify thosethatrepresentmprovementswith respecto the present
steady-statapproachandthatarestill practicalto apply.

Thefocusof this reportis on the descriptionandthe testingof the technicalpro-
gramrevisionsperformedon thetransportroutinesof thetwo modelsto allow runs
with differentgrid resolution. The mainrequirements$or Eulerian nite difference
modelsarethatthey arestable,consistenandaccurate.The requirement®n sta-
bility have beenusedto determinghetime stepof theintegrationdependingnthe
grid resolutionusedin the modelsimulations. In addition,all appliednumerical
methodssatisfythe consisteng requirement.However, the requiremenbf accu-
ragy is notful lled totally in the calculationsandthe degreeof accurag depends
bothon numericalmethodandon the applicationat hand. Differentmethodscre-
atedeviationsof varyingsererity andthesedeviationsdependn modelresolution.
Becausef this, alarge numberof testexperimentshave beenperformedwith both
theEMEP andthe EPISODEmodelsin orderto elucidateon theseproblems.

Both EMEP and EPISODEusethe Bott schemg(Bott, 1989). The performance
of this numericalschemeis consideredto be quite satishctory asit is mass-
conserative, positive-de nite anddoesnot introducenumericaldispersiorerrors.
Themaindravbacksin the Bott schemeare: 1) the schemds non-monotonicthat
is, it hasatendenyg to producenew extremeair concentrationand?2) the scheme
shaws a certaindegreeof numericaldiffusion, thatis, it hasa tendeng to smooth
steepgradients.We have studiedthesedisadwantageof the schemeasa function
of grid scaleandhave reachedhefollowing conclusionsandrecommendations:



1) Numerical diffusion errors vs. monotonicity errors

Thecombinationof ctitious extremevalues arisingfrom thechoiceof theadwec-
tion schemewith non-linearchemicalreactionscan producespuriousunptysical

results.Theinclusionof amonotoniclter will remove ctitious oscillationsclose
to sharpgradients.However it will alsoincreasehe numericaldiffusion. There-
fore, the choiceof the numericalschemewill dependon the speci ¢ applications.
For studiesof long-rangetransporwof pollution, whenthe extensionof the areaof

impactof a particularpollutantis in focus, numericalschemeshouldbe chosen
so that numericaldiffusion errorsarereducedio a minimum. For othertypesof

applicationswhenfor instanceEulerianmodelsare usedto determinepeakcon-
centrationvalues,or exceedance®f air quality limit values,the inclusion of a
monotonic lter hasto beconsideredHowever, comparatie testexperimentswith

more complicatedwind elds shouldbe performedfor eachtype of application
beforemore rm conclusionsnaybedravn.

2) Numerical diffusion vs. physical diffusion

Numericaldiffusionerrorsshouldbeconsideredvith respecto theactualphysical
diffusion. Both adwectionanddiffusionprocessedetermineatmospheripollution
transport. Sincenumericaldiffusion hassimilar propertiesto physical diffusion,
the Eulerianrepresentationf transportshouldbe balancedo simulateaswell as
possiblethe extentof the physicaldiffusion processes.

The physical processes$o be modeledas diffusionin chemicaltransportmodels
are differentin differentscales. By de nition, diffusion processesre sub-grid
mixing processesot resolhed by the given resolutionof the model. Therefore,
the horizontaldiffusion coefcient, K, which is a measureof the strengthof the
atmosphericurbulence,will dependon the grid resolution. For large grid cells
(50x500r 150x150km?) the numericaldiffusionwill usuallybe muchlargerthan
the physical diffusion at thesescales. Thereforeno additionaldiffusionterm has
beenincludedin the EMEP modelwhenusinga 50 km grid resolution.At higher
resolutionscales however, (5x5kn? or less)the physical diffusionwill gradually
becomemoreimportant,andthediffusiontermhasto beincludedexplicitly in the
schemeasit is donein thepresentersionof EPISODE.In anestingschemesome
intermediateesolutionhave to beconsidered3x3, 5x5 or 10x10km? for example)
andthequestiorof which diffusionprocesseto beincludedin theschemaneeddo

beaddressedn futurework within this projectwe will try to quantifythe numeri-
cal diffusionandcompardt with the physicaldiffusionat differentscalesn order



to provide recommendationsf the physical diffusion processe$o beincludedin
the parametrisatiomat differentscales.

3) Impact of numerical diffusion errorsin source-receptorcalculations

The numericaldiscretisatiorof advectionin Eulerianmodelsintroducedifferent
errorsthat affect the accurag of the results,andin particularthe ability of the
modelsto provide sourceallocationestimates.Theseerrors,however, have been
identi ed andtheirimpactin air quality calculationshasbeendocumentedvithin
EMEP (BergeandTarrason;1992;Bartnicki, 2000).

Thenumericaldiffusionerrorsareattheir largestwhentherearesteepgradientsn
theconcentratiottevels. Thereforewhenestimatingsource-receptaelationships,
theseerrorsaremostimportantwhenwe considetthetransporfrom onesinglegrid
cell, thatis, whenthe resolutionof the sourceis at its minimum. It is important
to notethattheseresultsareindependenof the actualsize of the grid cell. If we
considelinsteada groupof sourceglistributedevenly over severalgrid cells,these
problemsareconsiderablyeducedTheconditionfor thisto bethecaseis thatthe
sourcedistribution to a high degreeof accurag mustbe expressibleasa sum of
Fourier componentseachwith a wave-lengthlargerthantwice the grid size. For
this reasonEulerianmodelsare bettersuitedto evaluatethe impactof pollution
sourcedlistributedover areagesohedby 2-4 grid cellsor more.

When choosinghorizontal and vertical resolutionof the Eulerian modelsone
shouldthereforgake into accounthephysicalextensionof sourceregionsto make
surethatthesearesufciently resohed. Suchconsiderationareparticularlyimpor
tantwhenusingEulerianmodelsfor source-receptapplicationsat nationallevel.
In Europeanscaleapplications,whenthe groupingof cells respondgo country
limits, the EulerianEMEP modelcanprovide source-allocatioralculationswith
reasonabl@ccurag. At nationallevel, however, the groupingof sourcesshould
be discussednteractiely with nationalauthorities. The optimal resolutionof the
modelwill dependnthetypeandextentof thesourceghatneedto beresohed.



NORSK SAMMENDRAG

Dennerapporterpresentereforelgpigstatusi arbeidetmeda utvikle et eksibelt
modellsystenfor beskrielseav forurensningstranspopa ulike romlige skalaey
fra hemisfeeriskil regionalog ytterligerenedtil luftkvalitetsrelatertg@roblemempa
byskala.Detteer fgrsterapporti enseriepatre somvil dokumenterdramdriften
i utviklingenav et erveisnestetnodelsystemfor beskrielseav forurensingssitu-
asjonerav atmosfaeris& partikler og foto-oksidanter

Utviklingen av detteerveisnestedenodell systemeter det endeligemaletfor et
nasjonalsamarbeidprosjekbellomdetnorske meteorologiskinstitutt(MET.NO)
og norskinstituttfor luftforskning (NILU), derhensikterer avidereutviklemodel-
Iverktgyetsomtil naharveertberyttetsomnasjonalkontroll- og planleggings\erk-
tay, ogtil kartleggingav luftkvaliteti norslke byer.

Modellenesomberyttesi prosjekteter regional skalamodellen"EMEP Uni ed
Eulerianmodel” (Berge og Jalobsen,1998; Olendrzynskim. ., 2000)og byskala
modellen EPISODE (Grgnslei og Walker, 1993; Walker m. ., 1999; Slgrdal,
2001).

Resultatendra detteprosjektetforventesa gi nyttige bidragtil ere omraderin-
nenforarbeidefor Korvensjonerfor langtransportertiiftforurensingeLRTAP).
For eksempeVil programmeringsarbeidetpmmuligjar starre eksibilitet i valg
av romlig opplgsning de Eulersle modellene pgsakunneberyttesi etviderear
beid meda utvide EMEP modellenes/irkeomradetil & dekke hemisfeeriskskala.
Dette er en prioritert oppgave innen EMEP programmetsidendet er en gkende
erkjennelsev at luftforurensingsomtradisjonelter blitt betraktetsomlokal eller
regional,slik somtroposfeerislosonog partikler, i storgradkantransporteresver
langeavstandeiog derved pavirke luftkvaliteteni fierntliggendeomrader Det for-
ventesdessuterat resultatendra det foreliggendeprosjektetvil bidratil & styrke
samarbeidemedArbeidsgrupperior Effekter, sidendettematerialetvil muligjgre
merdetaljertestudierav avsetningensirkning pautvalgtegkosystemederenfor-
venterproblemer

Dennerapporterdokumentereendringenesomvar ngdendigebadei EMEP-o0g
EPISODE-modellerfior & gjgremodellenemer eksible i valg av romlig opplas-
ning. Detteinnebeerer farsterekke endringer modellenedransport-rutinerslik
at de numerisle algoritmeneforblir stabileuavhengigav om denromlige opplgs-
ning endres.BadeEMEP- og EPISODE-modellerr derfor blitt reformulertslik
attidsskrittetautomatiskendressomfglge av endrigeri romlig gitteropplgsning.

For EPISODEinnebaerede anbeélte modellendringenegsaenreformuleringav
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modellensvertikalkoordinat-transformasjorsamtngdwendigerevisjonerav mod-
ellensbehandlingav atmosfaerekjemiskprosesserEndringenav vertikalkoordi-
natener bl.a. foreslattfor atilpassemodellgitteretoedretii EMEP-modellenser-
tikalstruktur for derved 4 tilrettelegge forholdenebestmulig for en videre sam-
menlobling av deto modellene.Modellensfglsomhetfor endringeri vertikal op-
plgsninger blitt testeti ulike eksperimenterTesteneviserat modellresultatener
sveertfglsommefor valgetav vertikal modellhgide, og det anbealesat modell-
tykkelsenvelgessastor at ytterligeregkningikke medfgrevesentligeendringer
debergnedebaklekonsentrasjonene.

Detkjemiske skiemaesomnaberyttesi EPISODEer baseripaatNO; kanbereag-

nesut fra enantalelseomatNO, NO, og Ozeri fotostasjonadlik evekt. Detteeren
sveertforenkletmodellsombareer gyldig undervisseforhold, og somikke inklud-

ererfysiske prosessesomdeposisjor(vat og tarr) eller natt-kjemi.Nar EPISODE
beryttesfor abergnemaksimumsonsentrasjoneav NO,, somi norske byervan-
ligvis forekommeromvinterennarsolinstralingerer lav, kannatt-kjemiervaereen

viktig faktor | det videre arbeidetplanleggesdet derfor a testeulike kjemiske

reaksjons-skjemaemedsikte pa a identi sere hvilke sombidrartil forbedringer
av modellresultatenatena vaerefor bergningstunge.

Innholdeti dennerapportener fokusertrundt beskrivelsenog uttestingerav den
tekniske omprogrammeringesomer gjort av modellenegransportrutinerDenne
programmeringerr gjort for at modelleneettereskal kunneberyttes med vari-
erenderomlig opplgsning. Hovedkrarenetil Eulersle endelig-diferansemod-
eller er stabilitet, konsisteng ngyaktighet. Stabilitetskraet er blitt beryttet til
abestemmeidsskritteti bergyningenegitt modellensromlige gitteropplgsningen.
Dessuterberyttesutelukkendekonsistentenumerisle regneskjemaer de betrakt-
edemodellene Kravettil ngyaktighetoppfyllesderimoti varierendeyradavhengig
av badenumeriskmetodeog av defysiske forhold sommodellenbeskrier. Ulike
metodenil i starreeller mindregradskapekunstigenumeriske avvik i lgsningen
og dissefeilenevil varieremedmodellopplgsningenAv dennegrunner enlang
rekke testergjennomfgrtmed badeEMEP- og EPISODE-modellerfor a belyse
disseproblemstillingene.

Bade EMEP- og EPISODE-modellerberytter Bott's adveksjonskjema(Bott,

1989). Dette skiemaetanseesdag somen tilfredsstillendelgsningsmetodé nu-

meriske spredningsmodellersiden den er masse-bearende, postivt-de nitt og

rimelig form-bevarende. De viktigste mangleneved det originale Bott-skjemaet
er at: 1) skjemaeter ikke monotont,sombetyr at det skaperkunstigelokale ek-

stremai lgsningen2) skjiemaetedertil enviss gradav numeriskdiffusjon, som

betyratdetharentendengil aglatteut skarpegradienteii lasningen.
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| detteprosjektethar vi studertdisseugnslede effektenensermerespesieltmed
tanke paabelysebetydningerav varierendeomlig opplgsning Ut fra denneanal-
ysenkanfglgendegenerellekonklusjonerog anbeélingergis:

1) Numerisk diffusjon vs. monotonisitet

Kombinasjonemv kunstigeekstremerdier somoppstarfra detnumerisle advek-
sjonsskjemaetned ikke-linezerekjemiske reaksjonekan forarsale ufysiske l@s-
ninger Anvendelseav et monotontskjemavil fjerne de kunstigesvingningene
neerskarpegradienter Vare testeksperimenteantyderimidleretid at den kun-
stigenumerisle diffusjonengker samtidig.Derfor bgrvalgetav hvorvidt skjemaet
skalveeremonotonteller ikke gjgresut fra hvilke fysisk problemstillingsomskal
beskries. For studierav langtransportertiiftforurensingerder stgrrelserpain-
uensomradet'for enforurensningsémponeneri fokus,vil manf.eks.velgenu-
meriske skjemaeiut fra etkrav om & hasaliten numeriskdiffusjonsomoverhodet
mulig. For andretyperav arvendelsesomf.eks. ndrmaksimumsknsentrasjoner
innenforetbyomradeskalberegneselleroverskridelserv luftkvalitetskrar skales-
timeres kandetveereat et monotontskjemabgrvurderes Sammenlignendeester
barimidlertid gijennomfgrepa denforeliggendemodellavendelsebademeddet
monotoneog ikke-monotoneskjemafor afa et kvantitativt mal pabetydningerav

metode-alget.

2) Numerisk diffusjon vs. fysisk diffusjon

Gradenav numeriskdiffusjoni et adveksjonskjemdagr relateredil starrelserav
denvirkeligeturbulentediffusjonen.Badeadwektive og diffusive prosessebidrar
til transportav atmosfaeriskforurensing. Sidenden numerisle diffusjonenhar
mangefellestrekkmedde fysiske diffusjonsprosesseri@n eni mangesammen-
hengergodtaenvissform for numeriskdiffusjon salengedenikkei for storgrad
overestimereatmosfeerenseellediffusive prosesser

De fysiske prosessensom skal modelleressom turbulent diffusjoni en atmos-
feerisk kjemi-transportmodell er forskjellige pa ulike skalaer Perde nisjon er
turbulentdiffusjonentransportprosessomskyldesatmosfeerebagelsesomikke
lgsesopp i modellgitteret. Av dennegrunnvil den horisontalediffusjonsloef-

isienten K, somer et mal pastyrken av denatmosfaerisk turbulensenpgsaveaere
avhengigav modellopplgsningenFor storegitter-ruter (50x500r 150x150km2)
vil vanligvisdennumerisle diffusjoneni detoriginale (ikke-monotonepott skje-
maetveerestarreenn den fysiske diffusjonenpa denneskalaen. Det har derfor
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ikke veerthensiktsmessig/naédndig & inkluderefysiske diffusjonsleddi modell-
likningnenei EMEP-modellennar dennemodellentil na bareer blitt beryttet
nedtil 50 km gitter opplgsning. For modellbergningermed hgyere opplasning
(5x5 km2 og mindre) vil denfysiske diffusjonenbli av gradvissterlere betyd-
ning og diffusjonsleddenenaderforinn i modellbesknelsenslik tilfellet eri dag
i EPISODE-modellen.I et nestetmodellsystenmvil man matteberytte en grad-
vis overgangi modellopplasningdf.eks. 3x3, 5x5 or 10x10km2) og manmada
ta stilling til pa hvilke niva denfysiske diffusjonenskal inkluderes. | detvidere
arbeideti detteprosjektetvil vi forsgle a kvanti sere dennumerisle diffusjonen
og sammenholdelen med estimaterav denfysiske diffusjonenpa ulike skalaer
Dettefor & kunnegi en bedreanbefiling om hvilke diffusjonsprosessesombar
parametriseresksplisitti modellenavhengigav gitteropplgsning.

3) Betydningenav numerisk diffusjon i kilde-r eseptorberegninger

Den numerisle diskretiseringerav adweksjonen Eulersle modellerintroduserer
ulike feil i bergningsresultateneDissefeilenepavirker spesieltmodellenesvne

til & estimerede ulike kildenesbetydningfor konsentrasjonenet omrade.Disse

problemeharveertkjent lengeog deresbetydningi forbindelsemed luftkvalitets-

bergningerer ogsddokumentert EMEP programme{Berge og Tarrason1992;

Bartnicki, 2000).

Feileneknyttettil dennumerisle diffusjoneni adweksjonskjemaetr starstnardet
er storegradienteri konsentrasjonsfeltetNar kilde-reseptorelasjonerskal es-
timeresvil derfordennumeriske diffusjonenhasterlestbetydningnarkilden bare
er gitt i én gitterrute,d.v.s. nar kilden er opplgsti minst mulig grad. Det bar
hernevnesat detteer en generellegenskasomer uavhengigav denaktuellegit-
terstarrelsempa utslippsruta. Dersomvi imidlertid betrakteren gruppeav kilder
somer jevnt fordelt over ere gitterruter vil imidlertid disseproblemenekunne
reduseredetydelig. Forutsetningerer at utslippsfordelingen starstmulig grad
lar sy beskrve somen sumav Fourierkomponentemed bglgelengdestgrreenn
to gangergitterasstanden. Eulersle modellerer av dennegrunn bestegnettil a
bergnepavirkningerfra ulike kilder nardissei utgangspunkteer fordelt over 2-4
gitterrutereller mer.

Vedvalg av horisontalog vertikal modellopplgsnindpar manderfor ta hensyntil
denfysiske utstrekningav kildeomradeneog sgige for a fa dissetilstrekkelig op-
plast. Slike betraktningeer spesieltviktige ndrmanberytter Eulersle modelleri
kilde-reseptoarvendelseinnenformindreomradey f.eks. panasjonalniva. For
arnvendelsepaeuropeiskskalader gitterrutergrupperes henholdtil deulike lan-
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denesgrenser vil den EulereskEMEP modellenkunnegi kilde-bidragenemed

rimelig ngyaktighet. Panasjonaltniva barimidlertid grupperingerav kildekate-

gorienediskuteremaermerened myndighetene Den optimalemodellopplgsning
vil daveereavhengigav hvilke kildetypersommangnsler a senaermerea.
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Chapter 1

Intr oduction

Theincreasednterestonthehealthimpactsof photo-oxidanpollutantsandpartic-
ulatematterhasfocusedhe needfor consideringheinteractiondbetweerregional
andlocal air pollution problems.Thereis animportantlong-rangetransboundary
componentn the obsenedconcentrationsf urbanair. In additionto the effect of
local urbansourcesthe long-rangetransporteccomponenneedgo be accounted
for whenanalysinghumanexposureto air pollution. Thisimpliesthatregionalair
pollution policiesshouldtake into accounteffectsof pollution thatoccurat urban
and local scales. Similarly, national control policies should considerthe trans-
boundarycomponenbf local air pollution.

Modelingtoolsthatevaluatethe relationsbetweerocal andregional air pollution
problemsarepresentlybeingdevelopedin Europe.This reportdescribesheinitial
work of a Norwegian nationalprojectthataimsat the developmentof a national
modelingtool ableto describeandlink air pollution problemsat differentscales.

The modelsto be appliedin this project are the regional scaleEMEP Eulerian
model(Bemge and Jalobsen,1998; Olendrzynskiet al, 2000) andthe urbanscale
EPISODEmModel(Grgnskei andWalker, 1993;Walker etal., 1999;Slgrdal,2001).

The EMEP modelis well designedor usein policy questionsbecausat is con-
tinuously validated,optimizedfor long-termcalculationsand allows discrimina-
tion of sourcesboth by locationandby sector The EMEP Eulerianmodelis 3-
dimensionaland addresse&uropeanscalepollution with a spatialresolutionof
50x50km?. For Europearscaleanalysissuchresolutionis considerecadequate
for capturingthe featuresof the long rangetransportof pollution and,with addi-
tionalinformation,for conductingmpactassessmentith reasonabl@ccurag.
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However, ambientconcentrationef someair pollutantsshav strongvariability at
much ner scaleandsuchdifferencesnayresultin smallscalevariationsontheim-

pactair pollution hason humansandontheervironment.In the framework of this
nationalNorwegian project,the EMEP modelhasbeendevelopedto allow results
in adjustablenodeldomainswith differentspatialresolutiongdown to 5x5kn).

The nal goalis to developa oneway-selfnestedversionof the EMEP modelthat
canresohe ner resolutionin key regions,like urbanareasor industrialareaswith

majoremissiorsourcestherebycapturingtheinteractiondbetweersmallandlarge
scaleprocessem anef cient way.

The EPISODEmodel,developedat NILU, is an Eulerian nite differencemodel
with embeddedGaussiansub-grid modelsfor the treatmentof line and point
sourceswithin the modeldomain. The grid modeland the sub-gridmodelsare
combinedso asto ensuremassconseration. The sub-gridline sourcemodelis
basednastandardntegratedGaussiaplumemodel(Petersen]980). The point-
sourcemodelis basedon a segmentedplumemodel (Walker etal. 1992; Walker,
1996). Themassof theindividual plumesegmentsis transferredo thegrid model
masswhenthe sizeof the plumebecomesomparabldo the grid size.

The EPISODEmodelhasmostlybeenappliedon urbandomainswith ahorizontal
grid resolutionof 1x1kn?. In the presenprojectthe modelhasbeenreformulated
to allow for a more e xible choice of modelresolutionandto preparefor a self
nestedversionof themodel. Theapplicationof the subgridmodelsmakesit possi-
bleto estimatgeakconcentratiotevelsin theimmediatevicinity of theindividual
sourceghotspots)whichin turn enableghe estimationof populationexposuren
suchareas.Thesemodelfeatureshave beenutilizedin recentyearsto assessirban
air quality andpopulationexposurdevels. In addition,the modelsystemhasbeen
appliedto estimateboth presentandfuture compliancewith proposedair quality
standard¢Slardal,2001).

In later stagesof this nationalNorwegian project,theone-vay self-nestedrersions
of the EMEP and EPISODEmodelsarethento be nestedwith eachotherso as
to enablea coherentand detaileddescriptionof the physical/chemicabrocesses
coveringregionalto local spatialandtemporalscales.

The resultsfrom this projectare expectedto be usefulto differentareasof work
underthe Corventionfor Long-Rangelransboundaryir Pollution. For example,
they allow thefurtherdevelopmenif the EMEP modelto analysdranscontinental
transportof pollution in the hemisphericscale. This is a priority areawithin the
EMEP programmeasthereis increasingevidencethat air pollution traditionally
consideredslocal or regional,suchastropospherimzoneand ne particlesmay
betransporteaververy long distancegndaffect remoteervironments.Thesame
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numericalmethodsdevelopedhereto enablethe useof the Eulerianmodelwith

ner scaleresolutionalsoallow the extensionof the modelto a hemispheriao-

main. In this way, the EMEP modelcanbe usedto examinethe contribution of

North Americanand Asian emissionsourcedo depositionsand concentratiorin

Europe.lt is alsoexpectedhattheresultsfrom this projectwill facilitatethe coop-
erationwith the Working Groupof Effectsasit would allow moredetailedstudies
of depositionmpactoveridenti ed problemecosystenareas.

Thisreportdocumentshenecessaryevisionsof the EMEP andEPISODEmModels
to allow for changesn grid resolution. This involves the revision of transport
routinesand the treatmentof boundaryconditions. In the caseof EPISODE, it

alsoimpliesarevision of thevertical coordinateransformof the modelandof its

chemicalscheme.

A mainconcerrof thisreportis to studytheability of Eulerianmodelsto accurately
reproducesourceallocationcalculations.Suchcalculationgequirean estimateof
the contrikution of the emissionsn individual grid-squarego the concentrations
anddepositionslsavherein the modeldomain. Hence,one hasto modeltrans-
port adwectionfrom a singlegridcell or groupof gridcells. Eulerianmodelshave
recognizedimitationsto describeatmospheri@ispersiorfrom individual sources
dueto thefactthatthey rely on numericalapproximationgo transport.Thesdim-
itationsarewell knowvn andhave beenstudiedbeforein the framevork of EMEP
(Bartnicki, 2000; Berge and Tarrason,1992.) This reportanalysedurtherthe ex-
tentof Eulerianmodelerrorsdueto numericaldwectionandevaluategheirimpact
dependingn thetype of applicationthe modelsareusedfor. It alsoprovidesrec-
ommendation®n how to selectthe optimal resolutionto enablesource-receptor
calculationsat nationallevel.
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Chapter 2

Representationof transport in
Eulerian models

Chemicaltransportmodels(CTM) use humericaldescriptionsto determinethe
chemicaltransformationatmospherid¢ransportandremoval of pollutantsemitted
to the atmosphere Transportin atmospheriadispersionrmodelsis determinedoy
the meteorologicakonditions. Theseatmospheridransportprocessesonsistof
adwection (transportcausedby the meanwind velocity) and turbulent diffusion
(transpordueto mixing by turbulenteddies).

Thedistinctionbetweerthesetwo transporprocessedepend®ntheselectedspa-
tial andtemporalresolutionof the model. This meansthat whenwe changethe
actualresolutionof the modelwe shouldbe carefulto identify the physical and
chemicalprocesseshat needto be describedexplicitly andthosethat shouldbe
treatecthroughparametrisations.

The synopticscalemeteorologicaprocesseshat govern long-rangetransportof
pollution have temporalscalegangingfrom hoursto weeks,andcanbedescribed
with differentlevels of detail with horizontalscalesrangingfrom 5 to 150 km.
Althoughwe canexpectthatthe assumption®n mixing anddiffusion may differ
somevhatwhenwe represenatmospherialispersionin a scaleof 150x150km?
or in ascaleof 5x5 km?, the basicphysicalandchemicalparametrisationsf long
rangetransporsshouldbevalid theseranges.

However, to describevariability of air concentrationsn a smaller(urbanor lo-
cal) scale,we shouldmale surethat the meteorologicainformationis provided
ata ner scaleresolvingimportantfeatureslike circulation patternsinducedby
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compl« terrain,variability causedy local changesn surfaceroughnesdand/sea
breezej.e. mesoscaleneteorology For this reasonpelov 5x5km? it is generally
recommendetb usenon-tydrostaticmeteorologicalelds.

CTMs representhe emission transport,chemicaltransformatiorandremoval of
pollutantsusinga discretisedepresentationf the atmospherethroughtheidenti-
cation of areferencegrid system.Eulerianmodelsdescribeheseprocessessing
agrid systemx edto earthcoordinatesywheread.agrangiamrmodelsdescribeat-
mospheriadispersionn a grid systemmoving alongwith the air mass.Thus,the
main differencebetweenEulerianand Lagrangianmodelsis the numericalrepre-
sentatiorof theatmospherid¢ransporfprocesses.

A clearadvantageof theuseof Lagrangiarmodelsis thatthey provide anaccurate
representationf adwective transportalongthe atmospherico w. By contrastthe
numericaldiscretisatiorof advectionin Eulerianmodelsintroducedifferenterrors
thataffectthe accurag of theresults,andin particularthe ability of the modelsto
provide sourceallocationestimates.Theseerrors,however, have beenidenti ed
andtheirimpacton certainaspect®f air quality calculationdhasbeendocumented
(BermgeandTarrason,1992; Bartnicki, 2000). Eulerianmodels,on the otherhand,
facilitatethe descriptiorof verticalexchangan theatmospherandallow asimple
framework to describe3D pollutiontransporin differentscales.

Boththe EMEP Uni ed modelandthe EPISODEmodelareEulerianmodelsthat
make useof nite differencenumericalalgorithmsin theirdescriptiorof transport.

In thefollowing, we presenian overview of the requirement®n the treatmenbof
adwectionanddiffusion for air pollution applicationswe indicatethe limitations
of Eulerian nite differenceapproachesandwe identify the processeshat need
re-evaluationwhenthe modelsareto be appliedwith differentspatialresolution.

2.1 Requirementsof numerical advection schemedor air
pollution modeling

Eulerianmodelsusenumericalalgorithmsto describeransporty the meanwind
eld (adwective transport).Thesenumericaladwectionschemeshouldsatisfysev-
eralrequirementso beusefulfor air quality simulations.

Firstly, themethodseedto be consistentThisimpliesthatthe numericalsolution
must approachthe true (analytical) solution as the grid spacingand the size of
thetime stepbothtendto zero. Thus,a consistennhumericalschemecanprovide
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a numericalsolution of ary desiredaccurag within nite precisionboundsby
reducingthegrid spacingandthetime-stepsize.In practice however, theaccurag
of the numericalschemewill belimited 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 dependenproblemsthis normally limits the
allowedtime-stepsize,for a givenspatialresolution.

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

It shouldconsere masdo accuratelyaccounfor pollutantsourcegandsinks.

It shouldhave smallnumericaldiffusionto minimize the spreadof a signal
in every directionandthe smoothingof spatialgradients.

It shouldhave small numericaldispersionto minimize phaseerrorsasdis-
turbancepropa@teat differentspeedsindproducespuriousoscillations.

It shouldbe positive-de nite, sothatit doesnot producenegative concentra-
tions.

It shouldbe monotonic,sothatit doesnot producenew (andarti cial) ex-
tremevalues.

Advectionschemesvith differentpropertiesntroducedifferenterrors,all of which

affectthequality andaccurag of theair quality simulations.Up to now, numerical
adwectionalgorithmshave notbeerableto satisfyall therequirementtistedabove.

Sincea perfectadwectionschemas notcurrentlyavailable,modelershave to select
a schemewith the mostdesirablepropertiesandwith the necessargfciency to

meetthe needdor the particularapplicationat hand.

In air pollution studies,positive de nitenessand massconseration are basicre-
guirements.For studiesof long-rangetransportof pollution, whenthe extension
of the areaof impactof a particularpollutantis in focus, numericalschemesre
alsochosersothatnumericaldiffusionerrorsarereducedo aminimum. For other
typeof applicationswhenfor instanceEulerianmodelsareusedto determingpeak
concentratiorvalues,or exceedancesf air quality limit values,an additionalre-
quirementson monotonicitymay becomemportantaswell. The combinationof
ctitious extremevalues,arising from the choiceof the adwection schemewith
non-linearchemicalreactionscanproducespuriousnon-ptysicalresults.
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Sincenestingcapabilitiesbetweendifferent spatialscalesand even betweendif-
ferentair quality modelsis the ultimate goal in this project, it is of paramount
importanceto maintainthe adwectiontermsin ux, or conseration, form. This
makesit mucheasierto keeptrack of the transportof pollutantmassbetweerthe
grid cellsandthusto controlthe ux of massacrosgshe modelboundaries.

All of theabore mentionedpropertiesof the numericaltransportschemei.e. con-
sisteng, accurag andstability, arein uencedby thechoiceof spatialandtemporal
resolution.Theseconditionsmustbeconsideredvhenthe modelsareto beapplied
in domainswith differentspatialresolution.

2.2 Testingthe performanceof Bott advection scheme

At presentthe Bott adwection schemeg(Bott, 1989)is appliedin both the uni ed
EMEP model(Skalinetal., 1995)andthe EPISODEmodel.

TheBott schemautilizesa polynomial tting betweemeighbouringgrid pointsof
theconcentrationeld in orderto simulatetheadwective ux esthroughthebound-
ariesof adjacengrid cells. Themethodconsistof a ux limitation of theso-called
integrated ux form describedby Trembacketal. (1987).1f theconcentrationn a
cellis j, the]§chemeNiII de ne apolynomialof orderl de ned within eachcell
o opx) = L:o a kXX wherex is the positionanda; arethe coefcients of
the polynomial. The valueof & is determinedy interpolatingthe -curve with
theaid of neighbouringgrid points.

The mainadwantage®f the methodarethatit reducegphasespeedcerrorsandpro-
videsa positive de nite schemewithout loosingits massconseration properties.
The main drawbacksin the original versionof the schemeare: 1) the schemas
non-monotonicthatis, it hasa tendeng to over andundershootir concentra-
tionsand?2) the schemeshaws a certaindegreeof numericaldiffusion nearsteep
gradients.To solwe the tendeng of the original versionof the numericalscheme
to createnew extremevalues additional Iters shouldbeappliedin orderto secure
monotonicity Otherwise the performanceof Bott's numericalschemes consid-
eredto bequite satisactory

Two differentversionsof the Bott schemehave beentestedin the following: the
original positive de nite version(Bott, 1989)andthe monotoneand positive def-
inite version(Bott, 1992; 1993)whereBott introducedan additional Iter to his
original version.Both versionsarepresentlyimplementedn the EPISODEmodel.
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 using Bott's monotoneschemeversion,
anadditional Iter thatensuresnonotonicityin the Bott schemehasbeentestedn
the EMEP model(Clappier 1998).

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

As mentionedabore, the Bott adwection schemeantroducesnumericaldiffusion.

This meansthat air pollutantsare not only transportedrom onegrid cell to the
next accordingto the meanwind, but thatin additionthe concentratiordistribu-

tion is smoothecdbut asin a diffusion process.The non- physical diffusion effect

originatesbecausdhe numericalapproximationto the adwection equationintro-

ducesanimplicit diffusionterm causeddy the nite differenceformulation. This

effectis called“numericaldiffusion” andit leadsto a smootheningf the concen-
trationsespeciallyin areasvheretherearestronggradients Sharpvariationsin the
concentrationeld thereforetendto spreadnto a smoothedistribution.

Numericaldiffusion dependsn the actualgradientof the concentrationspn the
sizeof thecells( x), thelengthof thetime step( t), the speedof the wind (u)
andon the modelusedfor describingthe adwection. Thedependencen x, t,
andu canbecombinedo de ne theCourantnumbemwhichalsode nesthecriteria
for stability in the Bott scheme:

c= —ijuj

A smallerCourannumbemwill usuallyleadto largernumericaldiffusion(if c 6 0),
while a Courantnumberof 1 will notgive ary numericaldiffusion. The closerthe
Courantnumberis to 1, the smallerarethe numericalerrorsaffectingthe pollution
dispersion.The speedof wind, u, is given by the meteorologyandfollowing the
stability criteria,the Courannumbemustnotexceedl. Thereforetherearestrong
limitationsin thechoiceof x and t. Sincethewind speedmnayvary consider

ablywith time andposition,the Courannumberwill usuallybemuchsmallerthan
theidealvaluec = 1.

An additionaldif culty comesfrom the fact that the real size of the grid cells

is not always constant. In the EMEP model, for example,the horizontalgrid is

de ned from a polar stereographiprojectionwith grid sizesmodi ed depending
on their position. The real size (on the Earth) of a cell is m x wherem is the
mappingfactor(positiondependent)Vertically boththe EMEPUni ed modeland
the EPISODEmModelapplylayersof variablethickness.
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Illustrati ve examples

A particularlydemandingeston the performancenf ary Euleriannumericalad-
vectionschemas the studyof pollution transporfrom onesinglegrid cell. When
the physicallengthscaleof the processconsidereds belav 2  x, the nite differ-
enceformulationintroduceghelargesterrors. This problemis ageneralimitation
of Euleriantransporimodels.The bestway of reducingthe problemis to decrease
thegrid size,therebyresolvingthe procesdetter

To illustrate the problemscausedby numericaldiffusion whenwe transportsin-
gle cell emissionsye have testedanidealizedsituationwherethe directionof the
wind is constantainduniform. Figures2.1- 2.3shav thedispersiorof air originat-
ing from a singlegrid sourceascalculatedby Bott's scheme Only the horizontal
adwectiontermsanda constansource(emitting from the cell (7,5)) aretakeninto
account.We have assumedhatthereareno chemicaltransformationsndno re-
moval processesin addition,the verticaltransporthasalsobeenturnedoff in this
test. After sometime the systemreaches steady-statesolution. The concentra-
tionsin the gures shav the pollutantdistribution whenthe steady-stateegimeis
reached.

In the rst test( gure 2.1) the wind directionis diagonalcomparedo the grid

orientation(u = v). Thetime step( t) is adjustedn suchaway thatthe Courant
numbelin eachof thecoordinatalirectionds closeto one(c = 1). Thedistribution

of pollutantsfollows a straightline asonewould expect.In gure 2.2thesituation
is the same exceptthatthetime step( t) of thenumericalschemes chosen ve

timessmaller(Couranthnumberc = 0:2). Theresultis a distribution of pollutant
massspreadover a larger area. Sincethereis no horizontaldiffusion introduced
explicitly in this test, the lateral spreadof the pollutantsshavn in gure 2.2 is

purelyanartifactof theappliedadvectionalgorithm. Thus, gure 2.2illustratesthe
effect of numericaldiffusion. In reality, physical diffusionis alwaysalsopresent
asatransporfprocessothatit canbeargumentedhatthetransporidescriptionin

gure 2.2maybecloserto theactualdispersiorof pollutantthatthepureadvection
situationdepictedn gure 2.1.

In gure 2.3 we considerthe samesituationasin gure 2.2, but with a wind
direction along the x-direction of the grid. The norm of the wind speedis un-
changedput %ncethe directionis now in the x directionthe Courantnumberis
now ¢, = 0:2 2 = 0:28. In this situationthe numericaldiffusion doesnot lead
to aspreadn they-direction,only diffusionalongthe x-axistakesplace.Compar
ing theresultsfrom thetwo testswe canappreciatehatthe numericaldiffusionis
largerin the diagonaldirectionthanindividually alongthe x- or y-directions.The
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reasorfor this apparentnisotropy is thatwe have an additive effect on diffusion
whenwe usetime-splitting. Time splitting meansthatwe rst integratein the x-
directionandthenin they-direction. Thuswe addnumericaldiffusionerrorsalong
eachof the directionswhenintegratingour schemetherebyproducingthe largest
numericaldiffusionwhenthewind is in diagonaldirections.

Thenumericaldiffusionerrorsareattheir largestwhentherearesteepgradientsn
theconcentratiottevels. Thereforewhenestimatingsource-receptaelationships,
theseerrorsaremostimportantwhenwe considetthetransporfrom onesinglegrid
cell, thatis, whentheresolutionof the sourceis atits minimum. It is importantto
notethattheseresultsare independenof the actual sizeof thegrid cells

If we considelinsteadagroupof sourcedlistributedevenly over severalgrid cells,

theseproblemsareconsiderablyeduced.The conditionhereis thatthe sourcedis-

tribution to a high degreeof accurag may be expressedsa sumof Fouriercom-

ponentseachwith a wave-lengthlarger thantwice the grid size. For this reason
Eulerianmodelsare bettersuitedto evaluatethe impactof pollution sourcedis-

tributedover areagesolhedby 2-4 grid cellsor more. Thechoiceof the horizontal
andverticalresolutionof the Eulerianmodelsshouldtake into accounthephysical

extensionof sourceregionsto make surethatthesearesufciently resohed. Such
considerationgre particularlyimportantwhenusing Eulerianmodelsfor source-
receptorapplicationsandarefurtherdiscussedn Chapter3 and4.

Ontheotherhand,oncewe haveidenti ed theextentof numericaldiffusionerrors,
we shouldconsiderthesewith respecto the actualphysical diffusion. We should
still keepin mind that adwection and diffusion processe$oth determineatmo-
sphericpollution transport.Numericaldiffusion hassimilar propertiego physical
diffusionandthe Eulerianrepresentationf transportshouldbe balancedo simu-
lateaswell aspossiblethe extentof the physicaldiffusionprocesses.

2.2.2 Correctionsof Bott schemefor monotonicity: testing of a new
Iter

In anattemptto diminishthenumericaldiffusionerrorsandtheanisotroy imposed
to themwhenusingthetime-splittingprocedurewe have testedanew lter in the
EMEP model. This Iter hasbeendevelopedby Alain Clappier(SwissFederal
Instituteof technologyin LausanneSwitzerland).Thetheorybehindthis Iter can
befoundin thereference¢Clappier(1998)). Its main propertiesarethat: - it is to
be appliedat fourth orderBott's scheme

- it containsa Iter which ensuresnonotonicity
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- it includesa steepenin@ptionto reducenumericaldiffusionerrors
- it proposes treatmenbf densitieghatreducetime-splittingerrors.

The monotonicity condition on the mixing ratio of a pollutant after a particular
time stepR'™ ! is setto securehatthe new valuedoesnot exceedthelimits from
the previoustime steps.Mathematicallythis is formulatedas:

R'(min) < RY™ ' < RY(max)

whereR'(min) (andR!(max)) is the minimum (andmaximum)valueof the mix-
ing ratio in the currentcell andthe upstreancell:

Ri(min) = min (R}; R} ;) andR{(max) = max(R};R} ;)
(whereR| ;= R{,; whenu< 0andR} ; = R} ; whenu> 0)

The monotonicityconditionwill remove spuriousoscillations,but introducesad-
ditional numericaldiffusionin the solution. This seemgo be a generakesultfrom
the useof lters to securemonotonicity Similar resultswere derived from ide-
alizedtestexperimentswith the EPISODEmodel comparingthe performanceof
the positive de nite versionof the Bott schemewith the performancef themono-
tonic versionof the scheme.Figures2.4 and 2.5 shav the steadystatesolution
for the single grid-cell sourceexperiment,with the positive de nite versionand
themonotoneversionof the Bott schemerespectiely. The experimentsvereper
formedwith the EPISODEmodelin a domainwith horizontalresolutionof 3 x 3
km?. Thetestresultsindicatethatthe monotoneversionis somevhat morediffu-
sive ascomparedo the positive de nite version.A moredetaileddiscussiorof the
resultsfrom thetestexperimentswith the EPISODEmModelis givenin section3.2.

To compensatéor this additionalnumericaldiffusion, Clappierintroduceda steep-
eningoptionthatwould attemptto reducethe numericaldiffusion effect by arti -
cially increasingthe gradientsof the concentrationsThe resultsof a calculation
usingClappiers Iter arepresentedn gure 2.6. Apart from the introductionof
Clappiers Iter, the modelsetupis the sameasin thetestdepictedin gure 2.2.
If we comparethe resultsof gure 2.6 and2.2 we obsenre thatthe Iter doesin
fact reducethe numericaldiffusionin the outermostpart of pollution plume, but
it doesnot seemto contribute to reducenumericaldiffusion effectsin connection
with time-splitting.

In this simpletesttheadvantage®f themonotoniclter arenotvisible. Thereduc-
tion of undershootingindovershootingeffectsarebettervisualizedin testswhere
the sourcesareemittedabove backgroundralues.In section3.2 somefurther ex-
amplesarepresentedvhereadvantage®f usinga monotonelter areidenti ed.
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Figure2.1: Concentratiordistribution with constanuniform wind speed Courant
numberc = 1 andasinglesourceemission.
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Figure2.2: Concentratiordistribution with constanuniform wind speedCourant
numberc = 0:2 andasinglegrid sourceemission.
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Figure 2.3: Concentratiordistribution with constantuniform wind speedin x-
direction,Courantnumberc = 0:28 anda singlesourceemission.

Positive definite Bott. DX = DY = 3km, DT = 180s.
Constant wind of 4.714 m/s blowing from soth-west. C = 0.2
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Figure2.4: Concentratiordistribution whenBott's positive de nite schemds ap-
pliedin EPISODE.
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Monotone Bott. DX = DY = 3km, DT = 180s.
Constant wind of 4.714 m/s blowing from soth-west. C = 0.2
Concentration in ..g/m®
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Figure2.5: Concentratiordistribution when Bott's monotonicschemes applied
in EPISODE.
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Figure 2.6: Sameas gure 2.2, but with inclusion of a newv Iter in the adwec-
tion scheme Notethattheintroductionof a Iter to securemonotonicityimposes
additionalnumericaldiffusion.
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It is dif cult at this momentto make recommendationsn the useof lters to
securemonotonicity The inclusion of a monotonic Iter will remove ctitious
oscillationscloseto sharpgradients.However it will alsoincreasethe numerical
diffusion. The choiceof thenumericalschemewill dependnthespeci ¢ applica-
tions. Generallywhenaverageconcentrationsr long rangetransportarestudied,
numericaldiffusion will be the mostimportantproblemand the inclusion of a
monotonic Iter would increasahe numericaldiffusionerrors.However, in cases
whereexceedance targetconcentration®r concentrationgloseto sourcesare
consideredthe inclusion of a monotonic Iter shouldbe considered. Still, one
shouldbe carefulnotto draw too strongandgenerakonclusiongrom the ndings
from thesimpli ed testexperimentghathave beenperformedsofar. Comparatre
testexperimentswith more complicatedwind elds shouldbe performedbefore
more rm conclusionsnaybedrawn.

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

Thephysicalprocessedescribedasturbulentdiffusionin ary particularmodelare
mixing processewnhichareunresoledatthegivenmodelresolution.Thephysical
processeo be modeledby the diffusionterm aredifferentin differentscalesand
thereforehorizontaldiffusioncoefcient, K, will dependonthegrid resolution.

In the EulerianEMEP modelonly non-resoled physical exchangeprocesseslue
to turbulenteddymotionsin the vertical directionareexplicitly consideredn the
modelformulation. The parametrisatiomf vertical diffusionin the EMEP model
distinguishesdbetweencorvective andneutralor stableconditions.In the unstable
(corvective) boundarylayer, O'Brien (1970)formulationis used.In the stableor
neutralconditions Blackadars mixing lengththeoryis applied(Blackaday1979).
Theactualpro le of K ; is determinedy thelocal Richardsors numberaccording
to IversenandNordeng(1987). The sameformulationis usedabove theboundary
layer height,in the free troposphere .The parametrisatiomf vertical diffusionin
the EMEP modelis further documentedn Jalobsenet al.(1995)and Fagerli et
al.(2002).

Horizontally, the mixing causedby unresoled eddiesis consideredo be small
comparedto the numerical diffusion introduced by the numerical advection
schemes. Therefore,no explicit horizontal diffusion termsare includedin the
EMEP Eulerianmodel.
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Whengoingtowardssmallerscaleshowever, theformulationof turbulentdiffusion
needsto bereviewed. In EPISODEtheseprocessesretreatedexplicitly, with a
rst ordermixing lengthparametrisation( rst orderclosure).Sincethe valuesof
the appliedhorizontalandvertical diffusivities are dependenon the spatialscale
of thesolution,their valueneedto be alteredwheneer theresolutionis changed.

For the horizontaleddydiffusion, therefore EPISODEapply horizontaldiffusivi-
tiesthatarecalculatedaccordingo the expression:

Ky(k) =01 min( x; vy) n?_?x v(i; J;K) (2.2)

wherek is theverticallayerindex, X, Yy isthehorizontalgridsize,and (i,j,k)
is the horizontalturbulenceintensityin gridcelli,j,k.  is parameterisedsrec-
ommendedy Gryningetal. (1987).

Theappliedverticaleddydiffusioncoefcient in EPISODEK ;, is splitinto two
terms:

Kz = K + Ko(u; z); (2.2)

whereK isastandargarametrisatiodependingpnthestability conditions (Shir,
1973;BusingerandArya, 1974),andK ¢ is anadditionalgrid size-speci cempir
ical termwhich hasbeenfoundnecessarin stable Jow wind situations.

TheempiricaltermK g(u ; Zz1) isde nedas:
Ko(u; z1)=(2 21)>=3600 foru > 0:2m/s.
Ko(u; z1)= 2z2=3600 foru < O:1m/s.

with alinearvariationof K o for valuesof the friction velocity u , in betweerD.1
m/sand0.2m/s. In the expressiorabore  zjis thethicknessof the mostshallav
layer (i.e. thelowermostlayer) of the dispersiormodel. This particularchoiceof
Ko is basedon a scaleanalysiswhereit is assumedhat the minimum valuesof
K 2z shouldbe large enough,during a one hour period,to mix an air-column of
thickness z; and2  z;, whenu is lessthan0.1 m/sandlargerthan0.2 m/s,
respectiely. Foru lessthan0.1 m/sandwith avalueof z; equalto 20m, Ky
becomegqualto 0.11m?/s, whichis averylow value.Foru greatetthan0.2m/s
andwith  z; equalto 20m, K o becomesqualto 0.44m?/s.

In a nestingschemeof thetypeto be developedin this project,someintermediate
resolutionshave to be considered The questionthathasto be addresseds which
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diffusionprocesseseedto beincludedfor eachresolution.In futurework we will
try to quantifythe numericaldiffusionandcomparet with the physicaldiffusionat
differentscaledo provide recommendationsn how to treatphysicalandnumerical
diffusionatdifferentscales.
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Chapter 3

EMEP Uni ed model
developmentsto allow for
variable grid resolutions

This chaptedocumentshe mainchangesarriedoutin the modelstructureof the
EMEPUni ed Eulerianmodelthroughtherevisionof thetimeintegrationroutines,
to allow for a e xible choiceof the horizontalresolution.

TheEMEPmModelhasatpresen0verticallayersin -coordinategndis primarily
intendedfor usewith a 50x50kn? horizontalresolutionin the EMEP polar stere-
ographicgrid. The changessummarizechereimply thatthe EMEP atmospheric
dispersionrmodelis now capableto be usedfor dispersionmodelcalculationsin
limited Europearregionswith higherspatialresolution(down to 5x5kn?). Both
the grid resolution,the horizontaldomainextensionand the polar stereographic
grid projectioncanbe now be selectedlependingon applicationneeds Giventhis
newnly acquired e xibility, the choiceof the horizontalresolutionandthe domain
extensionof themodelwould be mostly determinedy the availability of synoptic
meteorologicalnput dataandof resohedemissioninformation.

The EMEP modelwasoriginally designedor long-termcalculationsof the long-
rangetransporof pollution. Thisimpliesthatthedescriptiorof physicalandchem-
ical transformatiorandremoval processes themodelis appropriatdor synoptic
scaleprocessesjown to a scaleof 5x5 km?. Beyondthis ne spatialresolution
the modelshouldbe revisedto accountfor non-tydrostatictransporteffectsand
ner representationsf cloud processeslt is not the intention of this projectto
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provide suchrevisions. Instead the choiceis to nestthe EMEP modelwith local
scalemodelssuchasEPISODEthatcanresole pollution variability at ner scale
andreproduceair concentrationsf pollutantsat hot spotsinsideurbanareas.

Theinitial resultspresentedn this chapterfocuson the EulerianEMEP model's

ability to accuratelydeterminesource-receptorelationships. This is a main ap-
plication of the EMEP modeland previous results,con rmed also by this study

show thatthe modelis largely appropriatefor country-to-gridallocationapplica-
tions at Europearscale. At nationallevel, Eulerianmodelsmay also be usedto

determinethein uence of individual sourcegroupsto the concentrationandde-
positionsover the country However, for nationalscalesource-allocatiomnalysis,
it is recommendedo increasethe resolutionof the modelso that the sourcere-

gion underconsideratioris representedtleastby four gridcells. Theseresultsare
generalfor Eulerianmodels,independentlyf their grid resolution.

3.1 Changesin the Unied model codeto allow for vari-
able grid resolutions

The bestway of improving the numericalaccurag of the modelis to increasehe
resolutionof thegrid. Themaindif culty with this approachs the computational
cost. A doublingof the horizontalresolutionwill quadruplethe CPU costof the
calculation. If the vertical resolutionandthe time stepare alsoimproved by a
factorof two, the computationatostwould be multiplied by afactor16. In order
to reducethis costthe grid must cover a smallerarea. This canbe doneif the
boundaryconditionsareproperlytreatedn a nestingscheme.

3.1.1 Time Stepcontrol in the EMEP model
Time-splitting

Differentprocessesleterminethe atmospheridispersionof pollution: emission,
transportoy advection(x, y andz directions)andliffusion,chemicalreactionsand
removal, both by dry andwet deposition.In reality all theseprocessesccurcon-
tinuously and simultaneously In the model, however, time is divided into nite
time stepsandthe differentprocessesre evaluatedsequentially The sequential
treatmenbf theseprocesseg;alledtime-splitting,mayintroducenumericalerrors
in the calculations.
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In the EMEP modelthe sequencdor time integrationdistinguishedransportpro-
cessedrom chemicaltransformationemissionsandremoval processesn thefol-
lowing way:

1.1)adwectionx(y)
1.2)adwectiony(x)
1.3)adwectionz, verticaldiffusion
2.1)emissionsghemistry
2.2)wetdeposition
3) dry deposition
Therearethreetypesof time stepsnvolvedin this integratingscheme:
tmaster , IS the externaltime stepwhich regulatethe alternanceime between
processeghatis, between:1)adwection/difusionand2)emissionchemicaltrans-

formationand3) removal processes. tmaster iS presentlysetto 1200sin routine
EMEP calculationswvith 50 km resolution.

tadvection IS thetime stepusedfor adwectionanddiffusion transportprocesses.
This is dependenbn the choiceof the grid resolution. A new automatictimestep
controlroutinehasbeenintroducedn the EMEP modelto dynamicallydetermine
thevalueof thetimestepdependingn the selectedyrid size.

tehemistr y IS the internaltime stepfor chemicaltransformation.emissionand
removal processes. This timestepis independenbf the grid resolutionand is
presentlysetto 60sin the EMEP model. Emissionsare consideredas part of the
chemistry(2.1)in themodel,andareincludedasadditionalproductionterms.The
wet depositionprocessef?.2) arealsoconsideredsa partof the chemistryloop.

Dry depositionprocessesre presentlydecoupledrom the chemicalloop. Fur-
ther testsare plannedin the future to investigate the in uence of the integration
sequencén theresultsfrom modelcalculations.

Time-splittingerrorscanbereducedy reducingthetime steps.However, areduc-
tion of the time stepmay increasethe numericaldiffusion errors. Therefore the
time stepmustbe determinedasa compromisebetweerthesetwo requirements.

37



Time stepcontrol in the advectionscheme

The time stepfor transportprocesses, tagvection , iS determinedoy the grid res-
olution. In the EMEP modelwe distinguishbetweenhorizontaladwectionin the
x-direction(1.1), horizontaladwectionin the y-direction(1.2) andvertical adwec-
tion anddiffusion(1.3).

The order of the horizontaladwection (1.1, 1.2) is reversedat eachtime step(x
y z... Y X z). The vertical and horizontaladwection routinesmay be integrated
with differenttime steps. We have also allowed for time stepin the horizontal
directionsto bedifferentatdifferentheights.Thisis to avoid situationswherehigh
wind velocity at jet streamlevels controlthe choiceof the time stepfor thewhole
domain.

After eachadvectioncall, thetime in the differentcells shouldbe the samein the
whole grid. The time betweentwo adwectioncallsis x ed( tmaser ). Theele-
mentarytime stepsfor the onedimensionabdwection( tagvection ) Needsalways
to beanintegerfractionof tmaster -

In orderto optimizethe sizeof thetime step,anautomaticcontrol of thetime step
hasbeenimplementedn themodel.

Thechoiceof the( tagvection ) IS determinedindertheconditionthattheadvection
schemeshouldbe stable(ref. Chapter2). The simplestchoicefor ( tagvection) iS
to prescribea constantvalue,smallenoughsothatthe stability criteriais satis ed
at all timesandplaces. This would however resultin relatively small valuesfor
the Courantnumberandleadto unnecessarilyarge numericaldiffusionerrors. It
additionit would alsomeansmallertime steps therebyincreasinghe total CPU
usage.

Ideally we would like a constantCourantnumberascloseaspossibleto one. This
is not feasiblebecausehe Courantnumberdependsn the wind speedwhich is
varying in both time and space. The quantitieswhich have to be de ned by the
schemeare x and t. Thesemustbe chosensuchthat the Courantnumber
alwaysremainssmallerthanone. If thegrid resolution X is given,only thetime
step t canbeadjusted.

In earlierversionsof themodel t was xedat t = 600s, which ensuredhat
the Courantnumberremainedessthanoneaslong asthewind speeduj wasless
than300km/h (in thecase x =50km). Usuallywind speedstthe earthsurface
aremuchsmallerbut it is notunusuathatthewind speedecomegargerthan300
km/hat high altitudes.In the new version,thetime stepis determinedlynamically
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duringruntimeanddifferent t canbechoseratdifferentheights.

Theone-dimensionagéquatiorfor advectionis:

@_ .G
@ @

In a discretisationrschemethe Courantnumberdetermineghe criteria for stabil-
ity whenintegratingthe adwection scheme. The conventionalexpressionfor the
Courantnumberis ¢y = —)t(j uj. In amapobtainedby projection,the gridwidth on
the groundis usuallynot a constant.To take into accounthevariablesizeof each

cell, the Courantnumberhasto be multiplied by themappingfactorm:
c= m2—Ljuj (u=U/m)

Whenspaceis divided into cells which aretreatedsuccessiely, the schemewill
breakdown if morepollutantsareremovedfrom acell thanthe contentof thecell.
To ensurehatthis doesnot happerthe stability criterionhasto be satis ed:

c 1

If thewind speedu is positive ontheright sideof thecell (u; > 0)andnegative on
theleft sideu; 1 < O, thestability criterionbecomes:

G 1+¢G 1(whenu; 1< Oandu; > 0)

The mappingfactoris varyingwith j. Thevalueof min the upwardcell hasto be
used. The explicit expressionfor the Courant-Friedrich-Leey stability criterion
for acellj canbewritten:

t t
2 . : 2 o
max (m; —Xu,,O) m|n(mj—xuJ 1;0) 1
Givenvaluesof m, x andu, amaximumvaluefor t canbederived

X
max(m?2u;;0)  min(m?y; 4;0)

tmax

For theverticaldirectionthe correspondingxpressionn  coordinatess:
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tVert J
M max( ;;0) min( j_1;0)

To summarizethetime stepcontrolproceedsasfollows:

1) Fix the value for the externaltime loop: dt_master This time stepis x ed
externallyasaninputto the program.This time stepwill controlthetime-splitting
betweeradwection,dry depositionandchemistry

2) For eachharizontallevel, nd thelargestvalue of the time stepwhich doesnt
violatethe stability criterion (dtxy _max ).

3) Findthelargestvalueof thetime stepwhich doesnt violatethestability criterion
in theverticaldirection(dtz_max ).

4) Find thelargestallowedtime stepamongthetime stepscalculatedunder2) and
3) (dtxy z_max ).

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

nxy z = int (dt_master=dtxyz_max) + 1
dixyz = dt_master=nxyz
dtxy z is thethree-dimensiondime stepfor advectionor ( tagvection )

6) Divide dtxy z into parts,with theconditionthateachpartis lessthandtxy _max

nxy = int (dtxyz=dtxy_max) + 1
dtxy = dtxyz=nxy

dixy isthehorizontaltime stepfor adwection.It canbedifferentatdifferentvertical
levels.

7) Divide dtxy z into parts,with the conditionthateachpartis lessthandtz_max

nz = int (dtxy z=dtz_max) + 1
dtz = dtxyz=nz
dtz is theverticaltime stepfor advection.

8) performthe adwectionloops.
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3.1.2 Nesting

During this project,the EMEP modelwill be developedto allow one-way nesting,
whereinformationon pollution transportfrom a hemispheriomodelwith coarse
grid resolution(150 km) will be transferredo a regional modelwith ner grid
resolution(50 km) andfrom this oneto a ner limited aremodelwith resolutions
downscalingto 10and5 km. It shouldbe notedthattwo-way nestingis beyondthe
goalsof this project. However, in future developmentwe shouldaim at modelling
systemthat allows for two-way nesting,so that informationfrom the ner scale
modelcanbe transferredbackto the coarserscalemodel. This shouldbe keptin
mind duringthe developmentof the one-way self nestedmodelsystemto male it
compatiblewith a possibleaxtensionto two-waysnestingin thefuture.

Thereareseveralwaysto introducenesting. The main choicesarethe sizeof the

grids of the modelsto be nestedthe time frequeng andthe positionswherethe

transferof pollutantstakesplace,the chemicalcomponentsvhich aretransferred

andthe type of datawhich is transferredchemicalconcentrationsmixing ratios,
ux es).

The transferof concentrationgrom one grid to anotherwill usuallyinvolve in-
terpolationroutinesin the horizontalandvertical directions. The horizontalinter-
polationis usually unproblematicthe vertical interpolationcanbe more dif cult

becaus¢hemodeluses = % coordinatesn the verticaldirection. ps is the
surfacepressureandpr the pressureatthetop of thedomain. At presentve have
de ned pr = 10* Pa.

If we have two differentcoordinatesystem(1 and?2), at a heightwith pressure
andsurfacepressurgs the coordinatesake thevalues:

— P Pr1
1 Ps Pr1
— P Pr2
2 Ps Pr2

If 1 isknownandwewantto nd thevalueof - inthesecondoordinatesystem
atthe sameheight(or pressurejve get:

— P pr2 — _1(Ps Pra)tpri Pr2
2 Ps Pr2 Ps Pr2

If pr1 andpr, aredifferent, this expressiondoesnot simplify, andthe relation
between ; and ; is dependenbn ps, which vary with time andthe horizontal
position.

If pr1 = pr2 wegetsimply 1 = 5 independentlyntimeandposition.
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Becauseof theuseof coordinatesyertical interpolationis muchsimplerif the
sameop pressurés usedn bothcoordinatesystemslf only thenumberof vertical
levelsis changedrom onecoordinatesystento theother withoutchangingpr, the
valuesof the concentration#n the secondcoordinatesystemcaneasily be found
by interpolatingthe valuesgivenin the rst coordinatesystem.

Therefore,a rst recommendatioiis to choosethe sametop pressurdevel pr in
thedifferentmodelversionghatareto nestedo eachother Theverticalresolution
of the modelscanwell be differentbut it is recommendeavherepossibleto keep
thesamevertical extent.

An additionalproblemmayalsooccurwhenthe meteorologicalnput datausedin

thetwo CTM modelversiongo benesteds notthesame.Then,ps canbedifferent
dependingntheresolutionof themodels.This meteorologicatiatainconsisteng
canbea sourceof errorsandshouldbe consideredn furtherwork.

3.1.3 Useof local meteorlogy data

Using grids with high resolutionreliesnot only on modi cations of the chemical
transportmodel. To be fully effective, it shouldalso be suppliedwith meteoro-
logical datain the sameresolutionand emissioninput datawith sufcient spatial
disagrg@gation.

ConcerninghemeteorologicainputdatatheEMEPEulerianmodelhasupto nov
usedmeteorologicalnput datafrom a dedicatedversionof the HIRLAM (50x50
kmz) model, the so- called PARLAM PSmodel. With this dedicatedNumerical
WeatherPrediction(NWP) model, the meteorologicainput datawas computed
directly in the EMEP grid. In this way, we avoided massconseration and con-
sisteny errorsderived from the interpolationof the meteorologicalelds to the
EMEP grid. Onthe otherhand,it would be dif cult to proceedwith the develop-
mentof dedicatedversionsof operatie NWP modelsin differentscalesbecause
this involves considerableesourcesoth in developing, updatingand validating
the NWP dedicatednodels.

Therefore the Norwegian Meteorologicallnstituteis presentlydevelopinga me-
teorologicalinterpolationroutinethat will securemassconseration of the atmo-
spheric o w. Thiswill allow the useof massconsistentatmosphericelds in the
EMEP model,independentlyf the grid projectionandgrid resolutionof the orig-
inal meteorologicabdata. It is ervisagedto testthis interpolationtechniquewith
thedifferentnumericalweathempredictionmodels(NWP) modelsavailablefor the
Norwegian Meteorologicalnstitutefor differentresolutions.
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The operatve NWP model at the Norwegian Meteorological Institute is the
HIRLAM model(Gustafssoret al, 2001; Kallen, 1996; McDonald and Haugen,
1992). Two differentversionsof the modelarepresentlyoperatve: the HIRLAM
50x50kn? resolutionmodelat regional scale coveringthe EMEP domainandthe
HIRLAM 10x10kn? resolutionmodel,coveringthe northernpartsof Europe.

Other meteorologicamodelled elds availablefor testingat the Norwegian Me-
teorologicallnstitute are the NWP modelling systemsrom the EuropearCenter
for Medium RangeWeatherForecastECMWF) and from the United Kingdom
MeteorologicalOf ce (UKMET).

In addition, the non-hydrostaticmodel MM5 (Fifth Generationof Pennsylania
StateUniversityandNationalCenterfor AtmosphericResearciMesoscalenodel,
Grell et al. (1994), Dudhia (1993)) has beenimplementedinto the numerical
weatherpredictionmodeling systemof the Norwegian Meteorologicallnstitute.
MMS5 is nestedwithin aversionof the HIRLAM modelwith 10kmhorizontalres-
olution. The horizontalresolutionof the MM5 runshasbeenlkm, however, the
runs also include an outer nestwith 3km horizontalresolutionthat obtainsthe
boundaryconditionsfrom the HIRLAM 10 model. The MM5 modelutilizestwo
waysnesting.

MM5 hasbeenappliedoperationallyfor Oslothethreelastwinter seasong order
to supplymeteorologicatiatato NILU' sAir Quality ForecastingystemAirQUIS.
Thedevelopmentndlink of MM5 to AirQUIS hasbeena partof the"A BetterCity
Air" project(Bedrebyluft, 1999). A clearimprovementof wind andtemperature
predictiongor the Osloregion have beenfoundwhenchangingrom theHIRLAM
modelwith 10kmresolutionto MM5 with 1km resolution.Documentatiorof the
operationaimodelsystemthe linkageto AirQUIS andevaluationof MM5 results
canbefoundin Bergeetal.(2000)andBergeandKgltzow (2002).

It is beyond the purposeof this projectto develop the EMEP modelfor useat

resolutionsbelav 5x5kn¥, aswe do not intendto develop the modelfurther for

usewith non-hydrostationeteorologicalelds. However, astheMM5 meteorology
wasavailablefor testingin the Osloregion, we have testedhenew timestepcontrol

routinesof the EMEP modelwith actualmeteorologicatonditionsderived from

MMS.

Figure3.1shawvs theconcentratiorof N O, aroundOslousingMM5 meteorology
with a 1x1kn? grid resolutionand 17 vertical levels. The initial conditionsare
calculatedin a run with 50 km resolutionbut note that the boundaryconditions
have notbeenupdatedduringtherun. The gure shavstheconcentratiorof N O,

after1 daysimulationrun.
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Figure3.1: Preliminarymodelrunson the concentratiordistribution of N O, 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 are not fully meaningful. This testwasmaostly
usefulto checkthe ability of themodelto berunwith differentgrid resolutions.

As not all meteorologicalelds usedasinputin the EMEP modelweredirectly
availablefrom MMD5, this exercisealsohelpedusto identify possiblgoroblemareas
whenrequestingneteorologicalnput datafrom differentNWP. In particular we
hadto make assumption®n the vertical distribution of precipitationbasedonly
on total rain watervaluesfrom MM5, we hadto revise the calculationof surface
ux esandreview thetime consisteng of the meteorologicatata.

The main recommendatiofirom this exerciseis that the testingof differentme-
teorologicalinput datain differentscalesshouldalsoinvolve the evaluationof 3D
precipitationdataandtheinclusionheatandmomentunturbulent ux information.
Thesedatadetermingo alarge extentthe removal of pollution by dry andwet de-
positionin chemicaltransportmodelsbut are not always provided with sufcient
accurag from NumericalWeathePrediction(NWP) models.
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3.2 Initial resultsand recommendations

The resultspresentedherefocus on the ability of Eulerianmodelsto accurately
determinesource-receptaielationshipsAs explainedin Chapter2, the numerical
approximationgo adwectionin Eulerianmodelsintroducedifferenterrorsthat af-
fect the accurag of the results. Thesenumericalerrorsare relatedto non-linear
approximationgo the adwectionequationandthereforethey affect the capability
of Eulerianmodelsto estimatesource-receptaelationships.

Thetheoreticalif culties of Eulerianmodelsto accuratelydeterminegrid-to-grid
allocationwasalreadypointedout by BergeandTarrasor(1992).Bartnicki(2000)
evaluatedthe ability of the Eulerianmodelto calculatecountry-to-countrysource-
receptormatrices. He analysedooth chemicaland numericalnon-linearities al-
thoughhe did not explicitly distinguishbetweenthese andconcludedhatthein-
uence of non-lineareffects on country-to-countrysource-receptomatriceswas
relatvely smallcomparedo othersourcef uncertaintyin modelcalculations.

In this sectionwe analyseexplicitly thenumericalerrorsassociatetb grid-to-grid
allocationcalculationsandto country-to-gridapplications By runningthe EMEP
modelwith differentgrid resolutionsve have beencapableof quantifyingtheerror
relatedto the dispersiorof a singlegridcell sourceandgroupsof sources.

3.2.1 Experimental setup

All theexperimentsn this sectionwe have usedavery simpli ed EMEP modelset
up. The pollutantis consideredaspassve tracer subjectto no chemicaltransfor
mation,althoughit is still removedfrom theatmospheréy dry andwet deposition
processesThesimulationdomaincoverssoutherrScandingia andthe simulation
lastfor onewholemonth(April 1999). The concentrationattheboundarie®f the
domainaresetto zero.

Two differentmodelset-upshave beendeveloped:onerunningwith a grid resolu-
tion of 50x50kn?, andthe otherrunningwith a grid resolutionof 10x10km?. In
the caseof 10km grid resolutionsimulations,a time stepof 300shasbeenused.
In the 50km grid simulation, the time stephave beensetto 1800s. This gives
approximatelfthe sameCourantnumberin bothsimulations.

Usingthemeteorologyandemissiordataavailablefor the 50kmresolutionsimula-
tion, we have constructedneteorologyandemissiongor the 10kmresolutionsim-
ulation. The emission elds have beenhomogeneouslgdistributedin each10km
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gridcell. The meteorologicaleld valuesof eachcell in the 50km grid have been
reproducedn thecorrespondingx5 cellsin the10km grid. Theverticallevelsare
unchangedThisis avery crudeinterpolationthatmay give riseto inconsistencies
(additionaldivergence)in the ner resolutionsimulationbut it senesthe purpose
of this sensitvity analysis.Sincethe physical input meteorologicabndemission
dataare comparablejt becomegossibleto evaluatedirectly the performanceof
thetransportschemeat differentgrid resolutions.

Two differenttestshave beencarriedout, concerningtracerpollution dispersion
from a singlesourceareacenteredcaroundOslo.

In the rst test,the sourceareahasan actualextentof 50x50kn?. Whenthe dis-
persionof thetracerhasbeenreproducedvith the 50kmgrid resolutionmodel,the
sourceareais resohedwith 1 singlegrid cell. Whenthetracerdispersioris mod-
elledwith the 10kmgrid resolutionmodel,thesourceareais resohedwith agroup
of 25 gridcells. Sincethe choiceof timestepsecuresa similar Courantnumberin
both simulations differencesn the performanceof the modelsare mostly dueto
theability of themodelsto resohe the actualsource.

In thesecondest thesourceareahasanactualextentof 100x100kn% aroundOslo.
Notethatthesourcestrengthis 4 timeslargerthanin theprevioustest.In thiscase,
the 50km model canresole the sourcewith 4 grid cells, while the 10km model
resolhesthesourcewith 100gridcells.

Theresultsobtainedin the 10km grid shouldhave lessnumericalerrorsthanthe
correspondingesultsobtainedin the 50km grid and thereforethey canbe used
asreferencefor calculationsdonein the 50km grid. Sinceboth calculationsuse
similar Courantnumbers differencesarein principle causedby the factthatthe
emissionsourceis betterresohed with the ne resolutionmodel. Numericaldif-
fusion errorsareat is largestwhenthereare steepgradientsin the concentration
levels. Thereforetheseerrorsare mostimportantwhenwe considerthe transport
from onesinglegrid cell, thatis, whenthe resolutionof the sourceis at its mini-
mum. If we considelinsteadagroupof sourceglistributedevenly over severalgrid
cells,theseproblemsareconsiderablyeduced.Theconditionto reducenumerical
errorsis to securehatthe sourcedistribution canbe expressedsa sumof Fourier
componentseachwith a wave-lengthlargerthantwice the grid size. The follow-
ing resultsindicatehow large arethe numericalerrorswhenthe resolutionof the
sourcedistribution is low.
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3.2.2 Comparison betweenmodel simulationswith 10and 50km res-
olution

In the rst test,thepollutantoriginatesn anareaof 50x50knt aroundOslo. Figure
3.2 shows the monthly averagedconcentration®f the tracerpollutantcalculated
with the 10km resolutionmodel. We obsene that during this periodthe largest
part of the pollutantmoved north-west. The next gure, shows the dispersionof

thesamepollutantsource put this time the calculationshave beencarriedout with

the 50km resolutionmodel. The resultsof gure 3.2 shav larger level of detail
thanthe correspondingesultsin the coarses0 km resolution.

In orderto comparethe two simulations,we have aggrgatedeach5x5 cellsin

the 10 km grid into one 50 km cell (see gure 3.4). The differencebetweenthe
two simulationscorrespondo the numericalerrorsassociateavith thedescription
of transportfrom a single gridcell asillustratedin Figure3.5. A positive value
in gure 3.5 meansthat the correspondingoncentratiorfrom the 50km model
simulationis larger thanthe concentratiorfrom the 10km modelsimulation. We

obsene thatin 50km simulation,the concentrationsre slightly overestimatedn

the x- andy- directionsand underestimatedh the diagonaldirections. This is

whatonecould expectfrom thediscussionn section2: numericaldiffusionerrors
largerin the diagonaldirections resultingin lower concentrationsDifferencesn

thenorth-westegion canrepresenbver 50%of theconcentratiorvalues.Thisis a
signi cant differenceandsupportghe conclusionthatEulerianmodelsshouldnot
be usedfor quantitatve descriptionsof pollution dispersionfrom single gridcell

sources.

An alternatve, more accuratewvay of determiningthe speci ¢ contritution from
for instancethe Oslo cell, is to calculatethesecontrikutionsasthe differencebe-
tweentheconcentrationsbtainedvhenemissionsriginatein all the cellsandthe
concentrationsbtainedf the Oslocell did not produceary pollutant:

C(Osloemissions¥ C(all emissions} C(all emissiornt Osloemissions)

This is the way the contritutionsare calculatedn actualsource-matricestudies.
It canbe seenthat this procedureintroducesmore numericalerrors(seebelow)

butit is justi ed in orderto avoid spuriousresultsdueto chemicalnon-linearities
in the models(Bartnicki, 2000). In gure 3.6 we showv differencesbetweenthe
50kmgrid simulationandthe 10km grid simulation. The sameprocedures used
asfor gure 3.5 exceptthat now the contribution from the Oslo cell is de ned as
the differencebetweerthe contritution from all sourcesandall the sourceexcept
the Oslocell. If we look at gure 3.6, we obsenre that closeto the Oslo cell the
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Figure3.2: Concentratiorof tracerpollutant(g =m?) obtainedwith a 10kmreso-
lution model. Emissionsrom a 50x50km? sourcearea.
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Figure3.3: Concentratiorof tracerpollutant(g =m?3) obtainedwith a 50km reso-
lution model. Emissionsrom a 50x50km? sourcearea.
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Figure3.4: Concentratiorof tracerpollutant(g =m?) obtainedfrom a 10kmreso-
lution model,aggreyatedto 50km. Emissiondrom a 50x50km? sourcearea.
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Figure3.5: Differencesn concentration®etweerthe resultsobtainedwith 50km
grid resolutionanda 10km grid resolution. Emissionsfrom a 50x50 km?source
area.
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differencesarelargerthanin gure 3.5. Particularlyin thenorthandwestdirections
the neighbouringcells are underestimate¢negative valuesin gure 3.5) andthe
next nearesheighboursareoverestimatedpositive values).Theseoscillationsare
aconsequencef thenon-monotonicityof the scheme.

If now the lter describedn section2.2.2is applied,the oscillationsarereduced
(gure 3.7). If we comparethe resultswith ( gure 3.7) andwithout the mono-
tonic lter (gure 3.6), we canseethatthe Iter reduceghe differencescloseto
the source but increaseshe differencedar from the source. The increaseof dif-
ferencesat large distancess a consequencef the additionalnumericaldiffusion
introducedby the Itering (seesection2.2.2)

Thesenumericalerrorsbecomesigni cantly smallerwhengradientsin the emis-
sion eld becomesmalleror arebetterresohed.

The next testusedemissionsoriginatingover a larger area,100x100kn? centered
again over Oslo, so that the emissionsvere betterresohed by both modelsimu-
lations. Each50x50kn? grid emitsin this casethe sameasin the previous test,
sothatthe total emissionis now four timeslargerthanbefore. The averagedcon-
centrationfrom pollutanttracerderivedwith the 10kmmodelis shavnin 3.8. The
concentratiorderived from the 50kmmodelis givenin ( gure 3.9)andtheaggre-
gated10kmmodelresultis depictedn ( gure 3.10). Differencesdetweerthetwo
areillustratedin ( gure 3.11).

Althoughthelevel of concentrationarenow higherthanin the caseof singlecell
emissionstheactualdifferencesarereducedccompareavith the caseof singlecell
emissionsParticularlyin thenorthwestareawheretheconcentrationarehighest,
the differencesarenow rathersmall. Differencesn the modelrunswith different
resolutionsarein averagebelov 5%, andonly in somespeci ¢ pointsdifferences
canbeupto 15-20%of the concentrations.

This is consistenwith the conclusiondrom Chapter2 that Eulerianmodelsare
bettersuitedto evaluatethe impactof pollution sourcedistributedover areasre-
solvedby 2-4 grid cellsor more.

In summarywhenchoosinghorizontalandverticalresolutionof the Eulerianmod-
elsoneshouldtake into accountthe physical extensionof sourceregionsto make
surethatthesearesufciently resoled. Suchconsiderationsre particularlyim-
portantwhen using Eulerianmodelsfor source-receptoapplicationsat national
level.

The conclusionfrom the analysisabove is that for Europearscaleapplications,
whenthe groupingof cellsrespondgo countrylimits, the EulerianEMEP model
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Figure 3.6: Differencesin concentrationdetweenthe modelresultswith a 50km grid
resolutionanda 10km grid resolution. The emissionriginatein a 50x50km? Oslocell,
distributionsareobtainedasthe differencesetweerthe contritution from all sourcesand
all thesourceexceptthe Oslocell.
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Figure 3.7: Differencesn concentrationdetweenthe modelresultswith a 50km grid
resolutionanda 10kmgrid resolution,whena ltering schemeo securemonotonicityis
applied. The emissionsriginatein a 50x50km? Oslo cell, distributions are obtainedas
thedifferencedetweerthecontritutionfrom all sourcesandall thesourceexcepttheOslo
cell.
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Figure3.8: Concentratiorof tracerpollutant(g =m?3) obtainedwith the 10kmres-
olution model. Emissionsrom a 100x100km? sourcearea.
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Figure3.9: Concentratiorof tracerpollutant(g =m?) obtainedwith the 50kmres-
olution model. Emissionsrom a 100x100km? sourcearea.
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Figure3.10: Concentratiorof tracerpollutant(g =m?3) obtainedfrom a 10kmres-
olution model,aggregatedto 50km. Emissionsrom a 100x100kn? sourcearea.
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Figure3.11: Differencesn concentrationbetweerthe modelresultswith a 50km
grid resolutionanda 10km grid resolution. The emissionsriginatein a 100x100
km? sourcearea
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canprovide source-allocatioralculationswith reasonableccurag. However, at
nationallevel, the groupingof sourcesshouldbe discussednteractiely with na-
tional authorities.The optimalresolutionof themodelwill dependnthetypeand
extentof thesourceghatneedto beresohed.
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Chapter 4

EPISODE model developmentsto
allow for variable grid resolutions

4.1 Changesin the EPISODE modelto allow for variable
grid resolutions

Traditionally EPISODEhasbeenusedto simulategroundlevel concentrationgn
urbanareascloseto pollutantsources.This meansthat the spatiallength scales
of the modelsimulationshave beenrelatively small, i.e. horizontallengthscale
lessthan100km, andverticallengthscaledessthan1000m. Thesdengthscales
meanghatthe ushing time (i.e. thetime it takesfor the air to blow throughthe
modeldomain)is rathershortaswell. Consequentlyonly atmospherigprocesses
with time scalescomparablevith, or lessthan,this ushing time needto be con-
sideredn the model. Whenincreasinghe modeldomainthe ushing time, which
is alsoa measuref themodelmemory increaseaccordingly Thisimply thatpro-
cessesakingplaceon longertime scalesnay becomamportant.For the previous
applicationson the urbanscale,it hasproved sufcient to employ EPISODEwWith
only a smallnumberof verticallayers. When,asin the preseniproject,the inten-
tion is to increaseghe modeldomainto cover the spatialgap betweerthe regional
andurbanscale the numberof verticallayersneedto beincreasediswell. There-
fore the programcodeof the EPISODEmodel hasbeenchangedso asto allow
for auserspeci ed numberandspacingof bothverticallayersandhorizontalgrid
spacing.It shouldbe notedthatonly the Euleriangrid modelof EPISODEis dis-
cussedn this report. WhenEPISODEis appliedin realisticsimulations subgrid
scalemodelsareappliedin conjunctiorwith thegrid modelto describehedetailed
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concentratioristributionscloseto the sources.

4.1.1 Incorporation of automatic time stepcontrol

The time stepusedin the EPISODEmodelis calculatedfor eachnew hour of
simulation. The time stepis calculatedas the minimum value of four different
critical time steps:

For thehorizontaladwectionoperatorin the x-direction(E-W)
For thehorizontaladwectionoperatorin they-direction(N-S)
For the horizontaldiffusionoperato{combinedx- andy)

For the vertical combinedadvectionanddiffusionoperator

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

4.1.2 Description of codechangego allow for exible choiceof model
resolution

Themodelnow includesa e xible choiceof userselectedspatialresolution. The
spatialresolutionboth horizontallyandvertically is readin to the modelasuser
de ned parametersThis makesit possibleto runthe modelonanumberof differ-
entscalesfrom typically 1000meterandup to seseralkilometersgrid resolution.
Resultsfrom testsimulationson both 1km and 3km grid resolutionswill be pre-
sentedbelow.

4.1.3 Automatic conversion betweendiffer ent geographicalposition-
ing systems

Geographicapositionsin the EMEP Uni ed model are speci ed with applica-
tion of the so-calledpolar stereographienapprojection.NILUs EPISODEmodel
which traditionally hasbeenappliedon smaller(urban)scale(< 100 km), em-
ploys positionsin latitude/longitudegivenin the UTM (zone)system.In orderto
compareesultsfrom thetwo models,andto facilitatethe applicationof modeled
EMEP dataon the boundarie®f the EPISODEmModel,numericalalgorithmshave
beenimplementedvhich transferpositiondatabetweerthesesystems.
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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 dispersionrmodel EPISODE:is in
its presentversionde ned from the groundandup to a constanteight,H, above
ground. This meansthat the model appliesa stretchedvertical coordinate,or a
sigma-coordinateystemgivenby thefollowing transformation:

= (Xy;z2)=z h(xy)

whereh(x,y) is the heightabose meansealevel of the topograply. In this trans-
formedcoordinatesystemandwith the additionalassumptionsf anincompress-
ible wind eld anda rst orderclosureparametrisatiorof the termsdescribing
the horizontalturbulent diffusion, the adwection/difusion equationthatis solved

numericallyin EPISODEis givenby:

@;
Q- Qua) o) &(a)
@ @i @ @i @ @i
+& KNG 4+ & K(y)@ + & KOG 4.1)
+Ri S

where the rst three terms on the right hand side describethe adwection in
the east/west,north/southand vertical direction, respectiely. The next three
termsdescribethe turbulent eddydiffusionin the samedirections. R; represents
changesn speciesoncentrationslueto photo-chemicateactionsandS; repre-
sentsource/sinkslueto emissionandremoval mechanisms.

Thetransformedrerticalvelocity, ! , is de ned by:

! W U=  V—; (4.2)

@ _
+@—0 (4.3)



Suggestedalternative sigma-coordinate transformation to be applied in
EPISODE

The vertical extent of the model domaincould be changedso that the modelis
de ned from the groundand up to a constantheight, Hp, above sealevel. This
meanghatthemodelappliesa stretchederticalcoordinatepr a sigma-coordinate
systemgivenby thefollowing transformation:

= (xYi2) = Hos hix: ¥)

Ho h(x;y) (4-4)

The bene t of this transformis thatthe modelsurfaceslevel out, thatis, become
morehorizontal,with increasingdistancefrom the ground. This levelling out will
make themodellevelsin EPISODEIN betteragreementvith thetransformedres-
suresurfacesin the Uni ed EMEP model, and thereforethe needfor extensive
verticalinterpolationof boundaryalueswill bereducedvhenthesemodelsareto
be coupled.

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

D(x;y) Ho h(xy), h(x;y) = Ho D(x;y) (4.5)

With thede nition (4.4): =0forz=h(x,y)and =Hgforz=Hp (=const.).This
meanghat 2 [0; Hg].

Notealsothat:

(4.6)

Sl

@
@

where is eitherx ory.

In this transformedcoordinatesystem,andwith the sameadditionalassumptions
asabove (incompressiblevind eld andsimpli ed parametrisatiorof the terms
describingthe horizontalturbulentdiffusion), the adwection/difusion equationin
EPISODEbecome:
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Thenew verticalvelocity, ! , is de ned by
u @ v @
! H —— (H —_ 4,
woHo g Mo g (4.8)
andtheincompressiblevind eld shouldsatisfythe continuityequation:
D D I'H
@uD) , @vD), @!Ho) _ 4.9)

@ @ @

Work hasnow beeninitiated to performthe necessarghangesn the modelcode
of EPISODEto implementthis new vertical coordinatedransformation.

4.2 Revision of the chemicalscheman EPISODE

4.2.1 The presentchemicalroutine in EPISODE

PresentlyEPISODEusesthe so-calledphoto-stationarystateassumptiorthat is
basedn aninstantaneousquilibriumbetweerthefollowing threereactions:

1)NO,+h ' NO+O
2)0+ 0,+M ' 03+ M
3)0s+ NO ¥ NO,+ O,

The steady-statassumptiorimplies thatthe sumof nitrogen(N Oy) andoxidant
(Oy) is conseredonamolecularbasiswhereN O4 andOy arede ned as:

[NOx] = [NO]+ [NO2]
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[Ox] = [O3] + [NO7]

This givesa second-dgreeequationin O3 to besolved:

[O3] = (b P k¥ 4ac)=2a

wherea=-ks, b=ks [Ox] [NOy]) j1 andc= j1[Oxl.

Finally N O, concentrationarecalculatedy:

INO2] = [Ox] [Og]

In the presentversionof EPISODEthe following reactionrate constantsare as-
sumed:

ji=001(1 O05%)exp %2 !

sin

ks =4.5E-4 s ! ppbt?

where

N is thecloudinesgyivenin octals(N = O: clearsky; N = 8: overcast)
is heightof thesunabove thehorizon.Unit: degree

T is temperatureUnit: K

4.2.2 Evaluation of the chemicalreaction coef cients in the steady-
stateassumption
In the EMEP chemistrythe following reactionratesareapplied:
For thephotolysisof N O»
Jiemep = 0:01108(cos )93%7 exp( 0:183sed ))
where
=solarzenithangle(i.e. = /2- )

This appliesto clearsky conditions. Interpolationbetweenpre-calculateccloud
situationds usedto take cloudsinto account.

And for thereactionof Oz with N O:
ksemep =(1.8E-12pxp( 137C=T) [cm® molecule ! s 1]
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Thereactionratesandthe resultingequilibrium concentration®f N O, N O, and
O3 througha diurnalcycle for eachmonththroughtheyearis shavnin gure 4.1.
This wascalculatedby assumingnitial concentratior(i.e. beforeequilibrium) of
100g =m® N O, 100g =m3 N O, and20g =m?® O3. Valuesfor temperaturand
solarradiationtypical for Oslowereusedin the calculations.This shavs thatthe
parametevaluespresentlyusedn EPISODEunderestimatehe photolysisof N O,
andoverestimatehereactionof N O + O3 comparedo the morerecentlyupdated
ratesusedin the EMEP chemistry Thus, the N Oyx-Ox chemistryin EPISODE
tendsto predicthigherN O, concentrationgndlower ozoneandN O concentra-
tions thanwhat a chemistrywith more updatedreactionrateswould have given.
The discrepang is largestin winter and amountsto up to about10% for N O,
giventhe conditionsmentioned.The effect for arealwinter situationfor Oslowas
not tested.For a situationwith substantiallyhigherN O concentrationasmay be
experiencedn traf c areaspracticallyall ozonewill be consumedy thereaction
with N O, andthe N O, concentratiomwill simply equaltheinitial ozoneconcen-
tration. Thus,for this type of situation,theimportanceof thereactionrateswill be
small. It is recommendedhowever, to updatethe ratesandto apply similar rates
asin theEMEP chemistry

4.2.3 Thevalidity of the presentsteadystateapproximation

The photo-stationargteady-statapproximatioris a highly simpli ed description
of theatmospherichemistry Physical processesuchasdeposition(wet anddry)
aswell asall otherchemicalreactionsaareneglected.Furthermorethis approxima-
tion assumesninstantaneousquilibrium,which in reality takesa certaintime to
reach. It is thereforeof importanceto investigate underwhat conditionsthis ap-
proximationis valid andwhenotherphysicalandchemicalprocessearenecessary
toinclude.

The time scalefor the photo-stationarstatesystemis of the orderof 100-1000
s, dependingon how far the concentrationgrior to the calculationare from the
equilibrium state. Normally, however, a time scaleof the orderof 100-200s or
lesswill besufcient to reacha statecloseto equilibrium. For areascloserin time
to the emissionsourcethanthis, calculationsrepresentatie for a pre-equilibrium
stateshouldbe carriedout aspointedout by Grgnslei etal (2000).

Whereaghe pre-equilibriumstateis a questionof only the threereactionsl)-3)
approachingequilibriumon a smallspatialscale the questionon the otherside of
the spatialrange thatis, for howlong is the photo-stationarystatevalid, is more
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Figure4.1: Diurnal cyclesin equilibrium concentrationsand reactionrate con-
stantsusing the parametevaluespresentlyin EPISODE (bold) and in the re-
cently updatedEMEP model (thin lines). The left column shovs NO, N O,
andOz in g =m3. The middle column shaws the reactionrate coefcients for
NO+ O3 ! NOyin[ppb ! s 1] andscaledby 10*, andtheright columnshows
thephotolyserateof N O, [s 1] scaledbp 10°
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compl« to answerandinvolvesmary moreprocesseto consider

Theseprocessemcludebothphysicalones thatis, wetremoval or exchangewith
waterdroplets,surfacedry depositionand uptale in vegetation,aswell asother
chemicalreactions,as night-time chemistry reactionswith organic components
andheterogeneoushemistry

Whentheaimis to predictpeakconcentrationg N O», normallyoccurringin win-
ter with low solarradiation,night-time chemistrycould be potentiallyimportant.
Thisincludesthefollowing reactions:

4)NO;+ O3 | NO3+ O,
5)NOz+h ! NO,+ Oz
6)NO3+ NO; ! N,Os
7)NO+ NO;3 ! 2NO,
8)N2Os+ Ho0 | 2NO, + 2H*

Reaction8) represents net loss of gaseousitrogen (transformationto nitrate

particles)and occurswhenN»Os reactswith waterin the presenceof wet (del-

iquescentiaerosols.Thesereactionsare called night-time chemistrybecausehe

photolysisof N O3 (reaction5) is extremely rapid whenthereis solar radiation.
Thus, thesereactionshave minor importancewhenthe sunis above the horizon.

Moreover, the netloss of nitrogen(throughreaction8) requiresa sufcient rela-

tive humidity and aerosolloading presentat night to be effective. Without solar

radiation,a certainfraction of the gaseousitrogenmay be presentasN O3z, and

may furtherbein thermalequilibriumwith N,Os if N O, is alsopresent.At low

temperaturegasin winter) N,Os is favoredcomparedo N O3. For thenight-time
chemistryto beimportantrequires however, thatbothN O, andO3 arepresentat

nightin orderto initiate theformationof N O3. Oftentheexcessof N O compared
to O3 in urbanareaswill reduceO3 to very low concentrationsit night dueto the

lack of photolyticdecayof N O, (reactionsl)-3). Furthermorein urbanareashe

N O concentrationwill normallybesufciently highthatthereaction?) transforms
theformedN O3 rapidly backto N O.

At the boundarief the urbanareas'fresh” ozonemay reactwith N O, through
reaction4), andtherebyinitiate the night-time nitrogenreactions. On the other
side, thesereactionsare fairly slov comparedo the photo-stationarystatesys-
tem. The reactionrate constantfor reaction4) at 298K is 3.2E-17molec/cn¥s,
which amountsto a productionrateof N O3 of the orderof 5 g =m3 pr hour, as-
suming40g =m3 O3 and80g =m® N O,. With a constantO3 concentratiorof
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40g =m?, this givesa chemicallife time (e-folding time) of N O, of about17h.
Normally, though,the O3 concentratiorwould be substantialljoweredby N O-
rich air massegsidethe urbanarea reducingthe potentialto form N O3.

4.2.4 Needsin chemicalschemeslependingon modeling scale

The chemicalschemeappliedin a numericalmodel hasto be designedfor the
modeldomainandthekind of chemistrythatis in focus.In the presenprojectit is
nottheaimto developacompletelynen chemicalmechanismChemicalreaction
schemesrefreely availablefrom avarietyof existing models suchasEFA's Mod-
els 3, UAM-AERO, SAPRC-90EURAD etc.,andthe planis to studyseveral of
theseto identify schemeghat representmprovementsto the presentsteady-state
approachn EPISODEandthatarestill practicalto apply A box-modelsoftware
tool for visualizingandtestingdifferentchemicalschemeslevelopedat NILU and
Univ. of Bergenwill beusedin thiswork.

An exampleof this on-goingactiity is shawvn belon. A box modelusingthe Univ.
of Bergen chemistry fairly similar to the EMEP chemistry was run for a mid-
winter situationfor 60 N with andwithout the night-time chemistry respectiely.
This wasaccomplishedby turningon andoff thereaction

O3+ NOy ! NOs.

Themodelwas rst runfor 5 dayswithout emissionsthenconstanemissiorrates
of 1 ppb/hof N Oy andVOC and CO wasassumedfollowed by a periodof 1.5
dayswithout emissions Figure4.2 and4.3 showv the time seriesof the calculated
concentrations.At the end of day 7, the calculationswithout night-time chem-
istry shav higherconcentration®f N O, and O3 thancomparedo the run with

the night-time chemistryincluded. Note thatthe axis arelogarithmic. With these
assumptionshe N O, concentratiorin the scenariowith night-timechemistrybe-
comesaroundhalf of thatwithout suchchemistryincluded. The differencecould
be explainedby the net loss of nitrogenthroughN,Os. Thus, for a time scale
of days,the night-time nitrogenchemistryis potentiallyimportantfor predicting
N O, concentrationsiccurately This kind of evaluationwill be continuedin the
following phaseof the project.
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Figure4.2: Time seriesof ozoneandnitrogenspeciesalculatedwith a standard
photochemicaschemgsimilar to the EMEP chemistry).
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Figure4.3: Time seriesof ozoneandnitrogenspeciesalculatedwith a standard
photochemicakcheme(similar to the EMEP chemistry)whenthe night-time ni-
trogenchemistry(i.e. N O3 andN,Os reactionsiareneglected.
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4.3 Initial resultsand recommendations

Numerousexperimentshave beenperformedto testthe in uence of both total
modeldepthandverticalmodelresolutionon the calculatedgroundlevel concen-
trations. The model hasbeentestedwith vertical levels rangingbetween3 and
15, andwith a total modeldepthrangingbetweer200 m up to 2000m. Sincethe
importanceof both modeldepthandverticalresolutionalsodepend®n the mete-
orologicalconditions the experimentshave beenperformedwith differentmeteo-
rological forcing; covering unstable neutraland stabledispersionconditions. In
orderto beableto interpretthe modelresultsproperly thetestshave beende ned
in asimpli ed manner If thetestexperimentsaretoo comple (or realistic)differ-
entprocessesancounteracttherebyobscuringheprocessesnderconsideration.
The experimentgo be presentedbelon have all beenperformedwith a horizontal
grid resolutionof either1km or 3km. Thesearethe mostprobabledimensiongor
theself-nestedEPISODEversionto bedevelopedin the next stage®f this project.

In uence of modelresolutionon ground level concentrationscloseto sources

In anEuleriangrid modeltheemissionsrenormallyintroduceddirectly asamass
injectionin thegrid box containingthe source.This masswill thenactasanaddi-
tive contrikution to the estimatedneanconcentrationWith increasingsizeof the
grid boxes(i.e. decreasingesolution)this procedurdeadsto anarti cial diffusion
of the emittedpollutantmass. Moreover, sincepollution sourcesnostoften are
distributedquite randomlywith hugegradientsn emissionstrengthfrom onegrid

cell to the next, the grid modelsoften facethe problemof properlyresolvingthe
resultingconcentrationelds.

Sincethesdssuesarecloselyrelatedto modelresolutionaseriesof simpli ed test
experimentdhave beenperformedwith the EPISODEmModelin whichthefocushas
beento look at the effect of changingresolutionwhenmodelingthe concentration
distribution resultingfrom concentratedources Thesetestshave beenperformed
with the two horizontalresolutionsof 1km and3km. The horizontaldimensions
of the model domainhasbeenchosenas 66km and 54km in the east-westand
north-southdirection,respectrely. In the 1km resolutionexperimentshegrid di-
mensionarethus66times54,andin the3kmteststhey are22times18. Vertically
the modelhasbeentestedwith a numberof differentresolutionsandtotal model
heights. Basedon thesetestsa total numberof 10 vertical layersand a model
heightof slightly lessthan2000m(1850m)seemdo besufcient in orderto keep
thegroundsourcepollutantsbelown thetop boundaryuntil they areadvectedout of
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the lateralboundaries.For comparisorreasonsandto testthe sensitvity of ver-
tical resolution,testresultsfrom experimentswith only 3 layersspanninga total
modeldepthof 200mwill alsobe presentedThethicknessof eachlayeris given
in Table1 for the two differentvertical resolutions.Note thatthe thicknessof the
two lowermostlayersareequalin the 3 and10 layersimulationsmeaningthatthe
injectedgroundlevel emissionsexperiencdadenticalinitial dilution.

Table 1: Thicknessf theverticallayersof EPISODEIN the 10 and3 layerexperi-
ments.

10layers 3layers
layerl 20 20
layer2 30 30
layer3 50 150
layer4 100
layer5 150
layer6 200
layer7 250
layer8 300
layer9 350
layer10 400
Total model | 1850m 200m
height

All theresultsto be presentedrom theseexperimentshave beencomputedwith
applicationof avery simpli ed meteorologicasituation.A constantvind speecbf
1m/shasbeenapplied,with stabledispersionconditions(Monin-Okukhov length
slightly abose100m).With theseatmosphericonditions yaluesof aroundl m2?s 1
arefoundfor theverticaldiffusivity (K;;) in EPISODE For thehorizontaldiffusiv-
ities, valuesof 60 m?s 1 and20m?s ! arefoundfor the 3km and1km resolution
experimentsrespectrely. This simpli ed meteorologyis appliedin ordernot to
obscuregheinterpretatiorof theresolutiondependencef themodelresults.

In the rst experimentswith 3km horizontalresolutionN O emissionsverespec-
i ed in onegridcell closeto the westernborderof the modeldomain,i.e. in grid
cell (3,9). The wind direction was speci ed as westerly therebyadwecting the
emittedpollutantwith a speedof 1 m/s eastvardin the grid system. A constant
sourcestrengthof 9 g/s (amountingto an hourly emissionof 32.5kg) wasgiven,
andno removal processesvereincludedin the simulation. A total simulationpe-
riod of 24 hourswasthenperformedbothfor the deep(10 layers;1850m model
height)andthe shallov (3 layers;200m modelheight)modelcon gurations. For
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both simulationsa steadystateconcentratiordistribution was reachedwithin the
entiremodelareaafterapproximatelyl8-19hours.With theprescribedvind speed
this correspondsoughlyto the ushing time of themodeldomain(18.3hours).At
theemissiongrid squarea steadystatewasreachedafterabout3 - 4 hoursof sim-
ulation. The calculatedstationarysolutionalongthe groundlevel centerlineof the
resultingconcentratiorplumeis shavn in gure 4.4.afor thetwo experiments.

As seenin this gure the shallov modeltendsto overestimatehe concentration
closeto the sourcegrid cell, while a systematiaunderestimations found further
downwind. Thisis a generalfeatureseenin all of the emissionexperimentsper
formedwith thesetwo modelcon gurations. Thereasorfor the lower dovnwind
valuesin theshallov modelis thattheupperboundaryactasasink of massthereby
forcing the concentratiortevels downwards. The highervaluescloseto the source
in the shallov modelversionon the otherhandis causedy thelarge stepin verti-
calthicknessetweerthesecondandthird layerin theshallov modelascompared
to the moregentleincreasean layerthicknessn the deepmodel. Additional tests
have shawvn that this overestimationdisappeamhen one or two more layersare
usedto spanthetotal modelheightof 200m.

Theexperimentpresenteih gure 4.4.ahavealsobeerrerunonalkm horizontal
grid coveringthe sametotal modeldomain,i.e. 66 km x 54 km. In orderto make

theseexperimentsassimilar aspossible the total emissionrateof 9 g/swerenow

distributedevenly asemissionsof 1 g/sin eachof the 9 grid squaresoveringthe
previous 3 km emissiongrid square.The stationarycenterlinesolutioncomputed
for this ne resolutionsimulationis shavn in gure 4.4.bfor the deepandthe
shallov modelsetup.As onewould expectthe concentrationslongthe centerline
is higherin the ner (1 km) thanin the coarsen3 km) simulation. However, in

orderto comparehe ne andcoarsemodelresultsbetterthel km grid valueshave

beenaveragedbackto 3 km values.This averaginghasbeenperformedsimply by

averagingthe nine 1 km grid valueswithin each3 km grid square.In gure 4.4.b
theresultingcenterlineconcentratiorof theaveragedraluesarepresentedogether
with the originally computed3 km values.Focusingon the downwind solution, it

is interestingo notethatthe 1 km simulationin theshallov model,whenaveraged
to 3 km, becomealmostidentical with the 3 km simulationin the deepmodel.
Thetestresultsshawv thatbothincreasedorizontalandverticalresolutionleadsto

signi cantly higherdownwind concentratiorevels.

In the previous experimentshewind directionwaswesterlyi.e. parallelto oneof
the directionsin the grid system.In orderto investigatethe modelscapabilityto
simulatetransporin moregeneraldirections the emissionexperimentshave been
rerunwith awind directionfrom south-westi.e. directed45 tothegrid axes.The

69



resultsfrom theseexperimentscorrespondingo the onesshovn in gures 4.4.a-
4.4.b,arepresentedn gures 4.5.a- 4.5.b. Theeffective grid-spacingncreasdyy
a factorof aboutl.4 for the propagting solutionwhenthe transportdirectionis
diagonalascomparedo directionsalongthegrid axes. This meanghatwe should
expectsomeavhatlower concentrationi this experimentbecaus®f lesseffective
resolution. In addition, as discussedn more generaltermsin chapter2 above,
sincethe modelappliesa time-splittingtechniquewherebythe modelsnumerical
adwectionoperatorsare performedin an alternatingsequencean increasein the
numericaldiffusionis to be expected.Exceptfor the solutioncloseto the source,
whereresolutionis poorandthemodelaccurag therefords low, theconcentration
levelspresentednh gure 4.5.a- 4.5.b.arein generalowerthanthecorresponding
onesshavn in gure 4.4.a- 4.4.b. The effect of increasingthe horizontalresolu-
tion is also more pronouncedn the experimentwith south-westerlywind. With
this wind directionthe concentratiodevels downstreanof the sourceareaaresig-
ni cantly higherin thel km shallov modelsimulationthanin the3 km deepmodel
results. This is shawving theimportanceof ne resolutionalsofor the solutionat
larger distancesgrom the sources Note, however, thatwith 1 km resolutionin the
deepmodel,thedifferencedetweerthe modeloutputwhenthewind changdrom
westerlyto south-westerlys rathermaiginal. The major differenceis closeto the
sourceareawhereothertypesof nearsourcemodels(oftentermedplume-in-grid-
models)mustbeappliedto give adetailedpictureof theconcentratiordistribution.

Sinceone of the main quality requirement®f the transportmodelis its ability to
consere pollutantmass,the total modelmassfor eachhour hasbeencalculated
for all of theabove describedemissionexperiments.The resultingtime seriesare
presentedogetherin gure 4.6.

As seenin gure 4.6, all of the experimentswith the deepmodel conseresthe

masscontinuouslyemittedfrom the sourcearea(32.5kg N Oy perhour). After 16

hoursthe solutionsreachthe downwind borderof themodeldomain,andsincethe

distancefrom the sourceto this borderis somevhatdifferentfor the experiments
with westerlyandsouthwesterlywind, thetransitionto a steadystatemasshalance
is slightly differentin the variousexperiments. Even thoughthe shallov model
conseresthe massaswell, the aw of this modelcon guration is revealedafter
3 to 4 hoursof simulation. At this point the massstartsto leak out of the top

boundary For air quality simulationswhich areto berun on modelscalef about
100 km or less,the model depthshouldbe chosenhigh enoughso asto ensure
that surfaceemissiondgnsidethe modeldomainstaysbelow the top of the model

duringatime scalecomparabldo the ushing time of the modeldomain. Figure
4.6 shaws thatthis requirementss ful lled in the testexperimentswith the deep
modelcon guration.
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In uence of modelresolutionon computedconcentrationsfurther away from
sources

In orderto investicate the in uence of modelresolutionon the time-dependent
transporpropertief the EPISODEmModel,aseriesof experimenthave beenper
formedin whichacloudof aninertgasinitially hasbeenspeci edwithin themodel
domain,andthenthis cloud hasbeentransportedhroughthe modeldomain. To
helpinterpretingthe resultsan analytic puff solutionhasbeenappliedto describe
theinitial concentratiordistribution of the cloud, andin someof the experiments
thetime dependenanalyticsolutionhasalsobeenappliedasboundaryconditions
at the openboundarief the model. Furthermoreapplicationof an analyticso-
lution facilitatequantitatve assessments the errorsintroducedby the numerical
model.

The analyticalpuff-solution which hasbeenappliedin theseexperimentss given
by thefollowing formula:

[x xo u(t to)l*+[y yo v(t to)]® 22
qexp 4Kyt 4K 2zt

401 K (Kzn)?

Ce(x;y;2;t) = (4.10)

whereq is themassof the pollutantcloud,xg andyyg is thepositionwherethemass
g wasemittedat time tg. Ky andK;; arethe horizontaland vertical diffusivi-
ties, respectrely. Expression4.10)is a valid solutionof the adwection/difusion
equationthatis solved numericallyin EPISODE,(i.e. eq. 4.1) aslong asthe dif-
fusivities are constantandthatthe diffusivity in the horizontalis independenbn
direction. To comply with this EPISODEhasin theseexperimentsbeenrun with
constantiffusivities of Ky = 20 m?=s andK ,,= 1 m?/s. Furthermoregq. 4.10
is only valid for instantaneousmissionsat groundlevel, andwith total re ection
attheground. Eq. 4.10is describinga normal(bell-shapedyistribution, andthe
traditionalway of expressinghis distribution is foundby substituting:

b= (2Kpt)2and , = (2K 1)

where { and ;, arethestandarddeviationsin the horizontalandvertical direc-
tion, respectiely.

In all of the testexperimentsto be discussedelow the initial size of the cloud
hasbeengivenby p =1300mand , =300m. This meanghat95.45% of the
pollutantmassis found within horizontaldistanceof 2 y from the centerof
the bell-shapedunction andbelowv the heightof 2, from the ground(68.27%
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insideonesigma,99.73%within 3 sigma). Theinitial positionof the bell-shaped
distribution hasbeenlocatednearthe upwind boundaryof the modeldomainand

the simulationhasthen beenrun for the time neededto adwect the solution out

of the modeldomain. Throughouttheseteststhe horizontalextent of the model

domainhasbeenidenticalwith the modelsetupof the previously describedemis-

sionexperimentsj.e. arectangulaareaof 66 km, and54 km in the east/wesand

north/southdirectionrespectiely. Again a constanwind speedof 1 m/shasbeen
applied.

In gure 4.7.aand gure 4.7.ba cross-sectiomf the calculatedconcentrationsn

thelowermostmodellayerarepresentedor bothadeepandashallav modelsetup.
Thecross-sectiogoesthroughthe maximumvalueof the bell shapedlistribution

andis directedalongthewind vector Thecurvesin gure 4.7.ashav thecalculated
concentrationsfter1 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 evidentthatthe shallov EPISODEmodel
increasinglyunderestimatethe true solutionasthe cloudis adwectedthroughthe
modeldomain. For the deepmodel experiment,on the other hand, only small
deviationsare seen,and by comparingthe resultsafter 14 hoursand 1 hour, the
deviation do not seemto increasesigni cantly during the simulation. The maxi-
mum calculatedconcentratiorafter 14 hoursfor the deepmodelis only about5
% smallerthanthe true solution,whereaghe maximumecalculatedconcentration
in the shallov modelis lessthan 1/3 of the analyticalsolution. However, with
the appliedpositive de nite Bott schemeijt seemghatthe phaseerroris smallin
bothexperimentssincetheformsof the solutionsarenot shiftedin time compared
to the analyticalsolution. Note that applicationof the shallov EPISODEmodel
only leadsto a dampingof the amplitudeandnot to a horizontalwideningof the
pollution cloud.

Thereasorfor thestrongamplitudedampingin the shallov modelis thattheverti-
cal extentof themodeldomainis lessthanthevertical scaleof the pollution cloud.
Consequentlysinceno outersolutionis speci ed at the openboundariesi.e. the
boundaryaluesareonly givenaszeroconcentrationghe uppermodelboundary
actasaresenoir of cleanair. Thereforeasthecloudadwectsthroughthemodeldo-
mainthepollution masgyraduallyleakoutatthemodeltop andcleanair mix dowvn
from above. Forthedeepmodeltheleakagdhroughthemodeltop donotrepresent
asigni cant problemsincethe vertical extentof the pollution cloudis well within
the modeldepth. The severeamplitudedampingin the shallov modelcould have
beenreducedby specifyingbetterconcentratiorvaluesat the openboundarief
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the model. Theseconcentrationgould, for example,have beentaken from the
modeloutputof a modelsimulationperformedon alargerandcoarsemodelgrid,
i.e. by aoneway nestingprocedure.The maximumpotentialin sucha procedure
canbeillustratedby rerunningthe aborve experimentbut this time with theanalyt-
ical solutionspeci ed at the openmodelboundaries.The resultingconcentration
distribution after 14 hoursthenbecomesasshavn in gure 4.7.c. The curvesin
gure 4.7.cshouldbecomparedo thecorrespondingurvesin gure 4.7.b.

As shavnin gure 4.7.cthe applicationof a perfectboundarysolutionsolvesthe
problemsof underestimationn the shallov modelcon guration. The computed
solutionsarenow almostidenticalandthe deviationsfrom the analyticalsolution
is now only aresultof the errorsintroducedby the nite differencerepresentation
of the model equation. The differencesbetweenthe curvesin gure 4.7.band
gure 4.7.cclearly demonstratehe importanceof the boundaryconditions,and
the improvementsseenin gure 4.7.c alsoindicatethat nestingproceduresan
greatlyenhancanodelperformance.

In orderto investigate the effect of poorerhorizontalresolution,leadingto in-
creasedumericaldiffusion,the deepmodelexperimenthasbeenrerunwith 3 km
horizontalresolution. The resultingconcentratiordistribution after 14 hoursof
simulationis shovnin gure 4.8. Sincetheanalyticalsolutionis notappliedatthe
openboundariesn this experiment, gure 4.8 shouldbe comparedwith the deep
modelresultsshavnin gure 4.7.b.

Figure 4.8 shaws clearly thatlack of horizontalresolutionmay causesigni cant
dampingof the calculatedconcentrations Note that about95 % of the pollutant
massshouldbe found within a horizontalinterval of [-2 4, 2 1], whichin this
experimentis a lengthvarying betweens.3 km at the startof the simulation,and
7.5km after14 hours.With 3 km resolutionthewhole pollution cloudis therefore
initially of lessextentthan2 grid distancesand consequentlyhe modeltendto
smearutthetruesolutionoveratoolargehorizontalarea.ln reality theemissions
constantlycreatesa multitude of pollution cloudswith a hugespreadin spatial
scale. Wheninterpretingresultsfrom real casesimulationsone shouldtherefore
be aware of that the smallerfeatures with spatialscalescomparableo the grid
resolutionwill besubstantiallyunderestimatedl hereasorfor theslightdifference
betweerthe analyticsolutionsin gure 4.7.band gure 4.8, is thatthe valuesare
computedor thegrid pointsonly, andthe analyticsolutionis thereforegivenwith
lessaccurag in gure 4.8thanin gure 4.7.b.

In gure 4.9theresultsareshovn for asimulationin the1 km grid whentransport-
ing the pollution cloud diagonallythroughthe modeldomain. This experiments
hasonly beenperformedwith the deepmodelcon guration andwithout applica-
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tion of the analyticalsolutionat the openboundaries.The differencebetweerthe
previous 1 km experimentis thatthe wind directionhasbeenchangedrom west-
erly to south-westerlyandthat the initial position of the cloud hasbeenmoved
closerto the south-westerlgornerof themodeldomain.

Thereis a somavhat strongerdecreasén the maximumecalculatedconcentration
after 14 hourswhenthe wind directionis changedrom westerlyto southwest-
erly. Whenthe wind waswesterlya 5 % decreasavas found, and this hasnow
increasedo 10 %. Thereasorfor this is probablya combinationof poorerhori-
zontalresolutionandsomespuriouseffectsof thetime-splittingmethodappliedin
the EPISODEmodel. The poorerresolutionstemsfrom the factthatthe effective
spacingbetweenthe gridpointsincreaseby a factorof 1.4 whena signal moves
diagonallythroughthemodeldomainascomparedo propagtionalongoneof the
horizontalgrid axes. This will tendto smooththe solution. In addition,the alter
ationsof the sequencesf the numericaloperatorsn the time-splittingprocedure
addsto this smoothingof the solution. Neverthelessasshavn in gure 4.9 the
overall impressionis thatthe directionaltransportdependences of rathermoder
ateimportanceat leastaslong asthe overall vertical and horizontalresolutionis
decent.
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Stationary horizontal centerline concentration computed in a 3 km resolution grid

8 &5 3 &

— Calculated in 3km grid, 3 layers verticaly and 200 m model height

8 &

=
&

— Calcutated in 3km grid, 10 layers vertically and 1850 m model height

Concentration { aim®)
R H RS

&

10

0 2 24 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 35 38 40 42 44 45 48 50 52 54 6 58 G0 62 64 66
Distance in km along the plume centerline

Figure4.4.a

Stationary horizontal centerline concentration computed in a 1 km resolution grid

— Calculated in 1 km gnd, 3 layers vertically and 200 m model height
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Stationary horizontal centerline ation as
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Figure4.5.a

Figure4.5.b

Figure4.5.c
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Figure4.6

All theresultspresentedofar have beencalculatedvith the positive de nite ver-
sionof the Bott adwectionschemgBott, 1989). As mentionedearlief this scheme
is not strictly monotonic,i.e. it may producearti cial local extremain areasof
stronggradients. Becauseof this aw the EPISODEmodel hasin mary appli-
cationsbeenrun with the monotonic and positive de nite versionof the Bott
schemgBott, 1993). To geta quantitatve measureof the differencesntroduced
by interchangingheseadwection schemesthe previous resultspresentedn g-
ure 4.7.a- gure 4.9 have beenrecalculatedwith applicationof the monotonic
Bott scheme.The generalimpressiongrom thesecalculationsarethatthe mono-
tonic schementroducea marked dampingof the computedsolution. Thererunof
the deepEPISODEmModelwith westerlywind andwith the monotonicadwection
schemeappliedgivestheresultshavnin gure 4.10.For comparisorthe previous
resultswith the positive de nite schemas includedaswell.

Applicationof themonotonicschemdeadsto areductionof themaximumconcen-
tration of about12 % ascomparedo the highestvalue computedby the positive
de nite version. In additionthereseemdo be somephaseerrorin the adwective
propertiesof the monotonicschemesincethis solutionseemdo propagtefaster
thanthe analyticsolution. Thusthe monotonicsolutionis almost1 km aheadof
both the analyticand the positive de nite solutionafter 14 hoursof simulation.
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Similar featuresareseerwhenthe simulationsareperformedn a 3 km resolution
grid, seeFigure4.11,andwhenthey arerepeatedor the 1 km grid simulationwith
wind from south-westsee gure 4.12.

It shouldalsobe mentionedhat calculationsof thetotal modelmassin the abore
experimentshave revealedthatthe massconserationrequirements properlysat-
is ed. Whetherthe wind is directedalongthe grid axes or not, or whetherthe
monotoneor positive de nite Bott schemds appliedhave no detectablén uence
on the massconsenrationin theseexperiments. The modelmassasa function of
simulationtimeis givenin gure 4.13for four of theabove describedxperiments.

Conclusion

Within the presentprojectthe EPISODEmodel have beenchangedso asto al-
low e xibility in the choiceof modelresolutionboth horizontallyand vertically.
Themodelsensitvity to changesn resolutionhasbeentestedn varioussimpli ed
experiments.Thetestresultshave revealedthatthe modelis ableto computeso-
lutionsthatis in agreementvith expectedresultsandevenreproduceanalytically
derived solutionswith a high degreeof accurag. The requiremenbf masscon-
senationis 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,
seemdo betoo diffusive. Neverthelessthe experimentalresultshave shovn that
underestimatiois to be expectedor spatialfeaturef the concentratiordistribu-
tion with scalescomparablevith the grid resolution.Moreover, theresultsclearly
demonstratehat the model heightmustbe chosenproperly For urbanscaleap-
plications(i.e. for grid domainswith horizontalresolutionlessthan100 km) the
modelshouldbehigh enoughsothatfurtherincreasén modelthicknesshasnggli-
giblein uence onmodelperformancevhenmodelingthetransporbf groundlevel
emissionswithin the modeldomainover a time scalecomparablevith the model
ushing time. Furthermoregxperimentswith applicationof analyticalsolutions
atthe openboundarie®of the model,have clearlydemonstratethatthe computed
concentrationsn theinterior of themodeldomainarevery sensitve to the bound-
ary conditions.This factmotivatesthe continuingwork of establishinga modeling
tool with nestingcapabilities which enablesmproved estimatesf the boundary
conditionsfor the nestednodelsimulations.
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Figured.7.a

Figure4.7.b

Figured.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

Remaining developmenttasks

Theinitial developmentof a Norwegiancoupledmodelsystemcapableof describ-
ing air pollution problemsat differentscaleshasbeendocumentedn this report.
Thedevelopmentwork is still farfrom nished but it is progressingn accordance
to the original project plan. Baseduponthe experiencegainedduring this rst
year thefollowing developmenttaskshave beenidenti ed for furtheranalysisin
thenearfuture:

5.1 Explicit treatmentof physical diffusion processes

The physical processeto be modeledby the diffusiontermaredifferentin differ-
entscales.Therefore the horizontaldiffusion coefcient, K, which is a measure
of the strengthof the atmospheric¢urbulence,will dependon the grid resolution.
For large grid cells (50x500r 150x150km?) the numericaldiffusionwill usually
be muchlargerthanthe physical diffusion at thesescales.For this reasonno ad-
ditional diffusiontermhasbeenincludedin the EMEP modelwhenusinga 50 km
grid resolution. At higherresolution,however, for scalesof 5x5kn? or less,the
physical diffusion will graduallybecomemoreimportant,andthe diffusionterm
hasto beincludedexplicitly in the schemeasit is donein the presentversionof
EPISODE In anestingschemesomeintermediateesolutionhave to beconsidered
(3x3,5x50r 10x10km? for example)andthequestiorof whichdiffusionprocesses
to includein the schemeneedgo be addressedin future work within this project
we will try to quantify the numericaldiffusion and compareit with the physical
diffusion at differentscalesin orderto provide recommendationsf the physical
diffusionprocesseto beincludedin the parametrisatiomat differentscales.
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5.2 Analysis of monotonicity versus numerical diffusion
errors

Theinclusionof amonotoniclter will remove ctitious oscillationscloseto sharp
gradients. However it will alsoincreasethe numericaldiffusion. The choice of
the numericalschemewill dependon the speci c applications. Generally when
averageconcentrationsr long rangetransporarestudied the numericaldiffusion
will bethemostimportantproblemandnomonotoniclter shouldbeincluded.For
certainsource-receptapplicationsthe useof monotonic Iters canbebene cial.
In the casewhereexceedanceo target concentration®r concentrationgloseto
sourcesarefocused the inclusionof a monotonic lter shouldbe considered.In
thenext stage®f this project,comparatie testexperimentswith morecomplicated
wind elds shouldbe performedfor eachtype of applicationbeforemore rm
conclusiongnaybedrawn.

5.3 Transcontinental modeling

Thedevelopmenbf the EMEPmodelcodeto enablea e xible choiceof themodel
resolutionalsoallows the extensionof the modelto a hemispheriadomain. The
modeldomainmay now be extendedto cover the northernhemispherewith the
sameEMEP polar stereographigrid projection. To keepCPU usagein a man-
ageabldevel, the recommendedpatialresolutionfor the hemispheriosersionof
themodelis 150x150km?. In this scalethe synopticscaleatmospherico ws driv-
ing long-rangeransporiof photo-oxidantgnd ne particlesmaystill beresohed,
sothatthe samephysicalandchemicalparametrisationasin the regional EMEP
modelcanstill beapplied.

The main limitation for the extensionof the EMEP modelto describetranscon-
tinental pollution transportin the northernhemispherds the availability of the
necessaryneteorologicainputdataathemispheriscaleandglobalemissiordata.
Emissiondataat global scaleis currently available throughthe Global Emission
InventoryActivity (GEIA). Thedatahassufcient spatialresolutionfor modelling
purposeshut it might be necessaryo updatethe emissionestimatedor someof
the componentsMeteorologicaldataat hemisphericscalecanbe provided by the
EuropeanCenterfor Medium-Rangé/NeatherForecasf ECMWF), however, the
meteorologicalelds will needto be evaluatedfurther for usein chemicaltrans-
port modelapplications.Specialattentionshouldbe paid to the 3D descriptionof
precipitation elds becauseheseareat presentnot givenin the standardarchives
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from ECMWF andto testapproacheto includeheatandmomentunturbulent ux
information. Thesedatadetermingo alargeextenttheremoval of pollution by dry
andwet depositionin chemicaltransporimodelsbut arenot alwaysprovided with
sufcient accurag from NumericalWeatherPrediction(NWP) models.

5.4 Regionalscalemodeling

Chemicaltransportmodelsare strongly dependenbn their input meteorological
andemissioninput data. The EMEP modelis now ableto run with differentgrid
resolutionover differentareasbut in orderto be operationathe modelsrequires
reliablemeteorologicahndemissiondatainformationat thesedifferentgrid reso-
lutions.

Concerninghe meteorologicalnput data,the Norwegian Meteorologicalnstitute
is presentlydevelopinga meteorologicalnterpolationtechniquethat secureson-
senationof theatmospherienasso w. Thiswill allow theuseof massconsistent
atmosphericelds in the EMEP model,independentlyof the grid projectionand
grid resolution. |t is ervisagedto testthis routinewith the differentNWP models
available for the Norwegian Meteorologicalinstitute (HIRLAM, ECMWF, UK-
MET, MM5) for differentresolutions. The testingof meteorologicainput data
will alsoinvolve the evaluationof 3D precipitationdataand turbulent exchange
information,asindicatedunderthe sectionon Transcontinentainodeling.

In co-operatiowith theNorwegianauthoritiesandemissiorexperts,work is under
way to improve theaccurag andresolutionof certaintypesof Norwegiannational
emissionsourcegp.e. shing eet). This informationis a pre-requisitefor the
studyof source-receptaelationshipgrom theseparticularsourcesFollowing the
recommendationfom this progresseport, the actualresolutionfor the calcula-
tion of source-receptarlationshipshouldbe choserno securethatthesetype of
sourcess sufciently resohed.

5.5 Local/Urban scalemodeling

Theimplementatiorof the proposechew vertical coordinatewill be performedn
the EPISODEmodel,andthe effect of this alterationwill be documentedn test
experimentsspeciallydesignedor this purpose.

Thework on the chemicalschemesvithin the EPISODEmodelwill becontinued
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alongthelinesdescribedn sectiond.2.4above.

TheEPISODEmModelis at presenfppliedwith meteorologicatlatafrom the MM5
model,on a grid systemwith 1 km resolution. Since EPISODE:is to be run on
coarserresolutionsas well, work will be initiated to implementthe necessary
changego allow for the combinationof MM5 and EPISODEon more general
choicesof resolution.

5.6 Nesting

A largepartof thework in thenext phase®f theprojectwill beconcernedvith the
implementatiorof the one-way self-nestingcapabilitiesof EMEP andEPISODE.
This involvestherevision of the treatmenif boundaryconditionin both models.
Thegoalis to allow for anautomatic o w of informationfrom the coarsegrid to
the ne grid modelversion. The concentrationsit the boundarieof the ne grid
shouldbe storedat speci c time intervals and thenusedto updatethe boundary
concentrationsluringtherunin the ner grid. Thisrequiresfor instancetheinter
polationof the concentrationgn the vertical and horizontaldirections. Different
interpolationtechniqueshouldbeevaluatedandtestsshouldbeperformedn order
to determinghe extentof possibleunptysicaleffects. This work will involve con-
siderablere-formulationsn the modelcodesandthereforean extensve resources
will beallocatedo this partof the projectwork.
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