








Preface

The work presentedhereforms part of a PhD researchproject that startedin January

1995underthe supervisionof Han van Dop at the Institute for Marine andAtmospheric

ResearchUtrecht(IMAU). Theproject’saimwasto study—andpossiblyimprove—thede-

scriptionof physicalprocessesthataffectatmosphericchemistry, especiallythoseprocesses

thatcannotberesolvedby large-scaleatmosphericchemistrymodels(with grid sizesrang-

ing from 10 to 1000km).

Froma rangeof possibletopicsindicatedin theoriginal projectproposalthe turbulent

transport–reactionproblemin the atmosphericboundarylayer waschosenasthe primary

focusof my research.This choicewasto someextentcoincidentalbut to a largeextentthe

resultof the presenceof a researchprogramon this topic at UtrechtUniversity (involving

PeterBuiltjes,JordiVil à-GueraudeArellano,PeterDuynkerke,KeesBeets,HanvanDop,

StefanoGalmarini,LianneCrone,MaartenKrol, andLaurensGanzeveld) and the Royal

NetherlandsMeteorologicalInstitute(KNMI; involving GéVerver).Thesecolleagueswere

all studyingspecificaspectsof theturbulent transport–reactionproblemandsomehadput

forth evidencethat currentlarge-scaleatmosphericchemistrymodelsare in error due to

somesimplifying assumptionscontainedin thesemodels. However, the precisecontribu-

tion of theneglectedaspectsof theturbulent transport–reactionproblemto inaccuraciesin

the modelswasstill unknown, sinceno simple“parameterizations”of theseeffectswere

available for inclusion in the models. Thus the aim of my studiesbecamethe develop-

mentof a simpleparameterizationfor oneaspect(“segregationeffects”) of thementioned

problem.

I havegreatlyprofitedfrom theencouragement,help,andcommentsfrom thecolleagues

thatarementionedin theabove. PeterBuiltjes wasinvolvedfrom thestartandstimulated

theparticipationin aEuropeanresearchnetwork, PeterDuynkerkesuggestedto metheuse-

fulnessof the mass-fluxapproachfor the problemat hand,KeesBeetsassistedwith the

numericalimplementationof the mass-fluxschemesandtransferredhis large-eddysimu-
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lation codeto me, Jordi Vil à-Gueraude Arellano gave stimulatingcommentsthroughout

thewholeprojectandhelpedwith debugginga large-eddysimulationcodeusedin chapters

3 and4, MaartenKrol critically followed the whole projectandgave accessto his large-

eddysimulationresultsfor the photochemistrycasestudiedin chapters3 and4, Laurens

Ganzeveld implementedchemistryin thesingle-columnclimatemodelandmadeit possi-

ble to run themodelwith outputfrom globalclimateandchemistrymodels,andGé Verver

waswilling to answerthechallengesthat I (not alwaysrightly) madeto his model(which

led to fruitful discussionson bothourmodels’deficiencies).

I thankmy co-authorsKeesBeets,HanvanDop, PeterDuynkerke,Bert Holtslag,and

PierSiebesmafor their contributionsto this dissertation.Furthermore,I particularlywant

to thankmy threeadvisers.Bert Holtslagwasenthousiasticaboutapplyingmeteorologi-

cal knowledgeto atmosphericchemistryproblems,hestimulatedandhelpedmea lot with

thewriting, especiallyby suggestingsomestructuralchangesin thedifferentchapters.Jos

Lelieveldbecameinvolvedwhentheprojectwasalreadywell underway. Hewasvery inter-

estedto know theerrorsassociatedwith neglectingsomeaspectsof theturbulenttransport–

reactionproblemin global atmosphericchemistrymodels,he stimulatedthe development

of thesingle-columnchemistry–climatemodel,andcommentedon themanuscript.Finally,

HanvanDopstimulatedmeto becomeanindependentscientistandtrustedmewith pursu-

ing this researchdirection,he organizeda fruitful cooperationwith the NationalResearch

Institutefor MathematicsandComputerScience(CWI), andhe gave many incisive com-

mentson themanuscript.

I finally wish to thankPierSiebesmafor enhancingmy insight in mass-fluxmodeling,

HarmJonker for his commentson chapter1 andhis calculationof thespectrain appendix

B, PeterBechtold,Aad van Ulden, andtwo anonymousreviewersfor their commentson

chapter2, HansCuijpers for providing his large-eddysimulationcode, two anonymous

reviewersfor their commentson chapter3, StephandeRoodefor his commentson chapter

4, andErik vanMeijgaardfor providing thesingle-columnclimatemodelusedin chapter5.

At seminars,conferences,courses,andshortworkingvisits in EuropeandNorth Amer-

ica I received stimulatinginput to my researchfrom the many contactsI had therewith

atmosphericscientists. Closerto home,at IMAU andKNMI, I hadmany conversations

with PhDstudents,postdocs,andfacultyof both the boundary-layermeteorologyandthe

atmosphericchemistrygroups.Thecommentsreceivedatworkinggroupsessionshavealso

beenvaluable.

ThisPhDprojectwaspartof aneffort, namedCIRK, by thethreepartnersof theNether-

landsCentrefor ClimateResearch(CKO)—IMAU, KNMI, and the National Instituteof

PublicHealthandtheEnvironment(RIVM)—togetherwith CWI, to join forcesin thede-
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velopmentof globalatmosphericchemistrymodels.Theglobalatmospherictracermodel

TM2, andits successorTM3, in useatCKO, waschosenasthemodelof interest.Theareas

of modeldevelopmentwerethe numericsandthe treatmentof subgrid-scaleprocesses.I

spentmostof my researchtime on subgrid-scaleprocesses(thesubjectof this dissertation)

andpartof my timeonthedevelopmentandimplementationof new advectionschemes(see

Petersenet al. 1998).Thefollowing peopleat CWI arethankedfor their leadingrole in the

secondpartof my job: EdwinSpee,Willem Hundsdorfer, JokeBlom, andJanVerwer.

During the four yearsthat the project lastedI stayedwith the groupof Bert Holtslag

at KNMI for 18 months(winter 1996–summer1997). The facilitiesofferedby KNMI are

gratefullyacknowledged.Chapter2 is the resultof this periodat KNMI. Theyearbefore

andthe18 monthsfollowing this visit werespentat IMAU. For thewholeprojectsupport

by the NetherlandsEarthandLife SciencesFoundation(ALW, formerly the Geosciences

Foundation,GOA) is acknowledged,with financialaid from theNetherlandsOrganization

for ScientificResearch(NWO). This work wassponsoredby the NationalComputingFa-

cilities Foundation(NCF) for theuseof supercomputingfacilities.

Utrecht ARTHUR PETERSEN
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The earth’s troposphereis the lowest layer of the atmosphereandhasa thicknessof

about10 km. It is the layer that containsmostof the mass(80%) of the atmosphere.All

weatherphenomenathatwe experiencehave their origin in thetroposphere.It is thestage

for somewell-known environmentalproblems:climatechange,ozonesmog,andacidifica-

tion. Theseproblemsarerelatedto thetraceamountof gasesthatareemittedinto thetropo-

spherefrom anthropogenicsources.Althoughtheseemissionsdo not significantlychange

the compositionof the atmosphere(78% staysN2, and21% staysO2) the traceamounts

of the emittedgases,suchasCO2, CH4, NO, NO2, nonmethanehydrocarbons(NMHC),

andSO2, eitherhave an impacton the radiative balancein theatmosphere,or arereactive

andcanbetransformedinto othergasesandaerosolsthat,in their turn,canhave animpact

on climate,acidification,plant stress,or humanhealth—alldependingon the type of the

speciesandthe concentration.Clearly, societyhasan interestto obtainknowledgeon the

troposphericchemicalcompositionandon thephysicalandchemicalprocessesthatcontrol

the fateof emittedgasesin theatmosphere.Of courseatmosphericphysicsandchemistry

is aninterestingtopic for academicresearchfor its own sake.

Muchof theatmosphericchemistryof, especially, short-livedtracegases(with lifetimes

of severalhours)takesplacepredominantlyin theatmosphericboundarylayer. Theatmo-

sphericboundarylayeris definedasthelayerof theatmospherewhichis directly influenced

by theearth’ssurface.Sincemany of therelevantchemicalreactionstakeplaceduringday-

timeundertheinfluenceof sunlight,theso-called“convectiveatmosphericboundarylayer”

(CABL) is an importantlayer in the troposphere.It is in this layer that—underclear-sky

conditionsandsignificantheatingof the surface—reactive gasesareemittedandbecome

involvedin photochemicalreactions.Theturbulentmixing of chemicallyreactive gasesin

theCABL is thesubjectof thisdissertation.

Firstwe introduceheretheturbulentmotionsthatcharacterizetheCABL. Thermalcon-

vectionis a commonphysicalphenomenonoccurringin theboundarylayer, andis driven

by the transfer(flux) of heatfrom the surfaceto the air above it. This flux resultsfrom a

temperaturedifferencebetweenthesurfaceandtheoverlying atmosphere(thetemperature

differenceis typically causedby solarheatingof the landsurfaceor a relatively warmsea

surface). The heatflux to the atmosphereleadsto an increasein temperature,expansion,
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andassociatedwith that to a decreaseof the densityandto buoyancy forceswhich cause

anupwardaccelerationof air mass.A very well-known exampleof thermalconvectionis

thatover landon sunny dayswith little or no wind (sothatsurfacefriction is not themost

importantsourceof atmosphericturbulence). The solarenergy absorbedat the surfaceis

transferredto the atmosphereasheatin turbulent buoyant plumes. The CABL that then

developstypically reachesa heightof theorderof 1 to 2 km over landin themiddleof the

dayandis fully turbulent.

In this dissertation,theCABL is studiedasa mediumfor turbulenttransportandchem-

ical transformationof reactivegases.We arespecificallyinterestedin thetime evolutionof

the concentrationsof thesegasesin the CABL, andin their exchangebetweenthe CABL

andtheearth’s surfaceandbiosphere.Gasemissionsto theatmospheretake placethrough

bothnaturalprocessesandhumanactivities. Thefocusis on ozonechemistryunderdiffer-

ent chemicalconditions. In summerstronganthropogenicemissionsof ozoneprecursors

canleadto photochemicalsmogformation(i.e.,high concentrationsof ozone).Thechem-

ical destructionof ozoneprecursors,like hydrocarbonsandnitrogenoxides,is specifically

studied—bothfor anthropogenicallyperturbedandfor backgroundconditions.Thegoalof

thisdissertationis to gainincreasedunderstandingof processesthatdetermineatmospheric

chemistryand transporton regional and global scales. Two relatedmattersare also ad-

dressed:first, how wecanincorporatechemistryin aconceptually‘simple’ dynamicmodel

of theCABL, andsecond,whattheimpactof thisdescriptionis in thecontext of large-scale

atmosphericchemistrymodels. We will focus on oneof the unresolved topics in atmo-

sphericchemistrymodeling,that dealwith the time evolution of moderatelyfastandfast

reactingspeciesin theCABL. Here“moderatelyfast” and“f ast” aredefinedrelative to the

turbulentmixing timescale(which is of theorderof 10min).

As anintroductionto thetopic,we will first describetheturbulentnatureof theCABL.

For this purposewe exploit thesimilaritiesbetweenconvectionin theatmosphericbound-

ary layerandRayleigh-B́enardconvectionin the limit of fully developedturbulence.Sub-

sequently, we will elaborateon thecentralproblemof the turbulentmixing of moderately

fastandfastreactingchemicalspeciesin the CABL. After that, the tools that areusedin

this study—i.e.,the models—will be introduced. Finally, we will formulatethe research

questionsandoutlinethestructureof this dissertation.Most referencesareto earlyarticles

on acertaintopic, review articles,andtext books,andarenot intendedto beexhaustive.
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1.1 The CABL asa manifestationof turb ulence

Whileattheendof the1960sstill relatively little wasknownabouttheCABL, theknowl-

edgeaboutthe CABL (including its transportpropertiesfor nonreactive scalars)hasex-

pandedconsiderablysincethen,andtheCABL is now relatively well understood.This has

beenachieved throughboth fine-scalenumericalsimulation,atmosphericmeasurements,

andlaboratoryexperiments(e.g.,Deardorff 1966,1970,1972,1973;Tennekes1970;Willis

andDeardorff 1974;Kaimalet al. 1976;NieuwstadtandvanDop 1982;Stull 1988;Garratt

1992;HoltslagandDuynkerke1998).

It is fruitful to apply the conceptsof chaostheory to the CABL. The CABL can be

treatedasthe fully developedturbulencelimit of Rayleigh-B́enardconvection. Rayleigh-

Bénardconvectionis thearchetypeof thermalconvection.It is thetypeof convectionfound

in a fluid residingbetweentwo horizontalisothermalheat-conductingplates(the bottom

onebeinghotter) in a gravity field (Rayleigh1916; Lorenz1963; Busse1978). Onecan

causea transitionin theflow from a stateof restto a stateof fully developedturbulenceby

increasinga singleparameter, theRayleighnumber, definedas

Ra � g
�

T

Tr

z3
i� ��� (1.1)

wherezi is theheightof thelayer,
�

T is thetemperaturedifferencebetweentopandbottom

of thelayer, g is thegravitationalacceleration,� is thekinematicviscosity, � is thethermal

diffusivity, andTr is a referencetemperature.For a smalltemperaturedifferencemolecular

thermaldiffusivity is able to carry the heatflux from bottom to top plate and the fluid

staysat rest. At a certainthresholdvalueof Ra, the so-calledcritical Ra, a supercritical

bifurcation is encountered(signifying a continuousphasetransition)betweenthe stateof

restandtwo convectivestates,of equalvelocity but oppositedirection.A regularstructure

of rolls with parallelhorizontalaxes is formedabove this threshold. WhenRa is further

increasedmorebifurcationsfollow, andalreadyafterthethird bifurcationthefluid canshow

chaoticbehavior (RuelleandTakens1971;Bergé et al. 1984). As Rafurther increasesthe

numberof degreesof freedomincreasestoo,andlessandlessstructureremainsto beseen

in thefluid. For veryhighRathefluid hasbecomefully turbulent.However, evenRayleigh-

BénardconvectionatveryhighRaretainsatypicalstructureof relatively steadylarge-scale

cells in which highly fluctuating(both in spaceandtime) small-scaleconvectionelements

areembedded(“spoke-patternconvection,” Busse1978). Thusa large varietyof possible

structuresis capturedby Rayleigh-B́enardconvectionif wevary Rafrom zeroto infinity.

Also in theCABL (having evenamuchhigherRa),convectivecellshavebeenobserved

(e.g.,HardyandOttersten1969).Thepatternis thatof cellswith asinkingmotion,covering
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Figure1.1: LES horizontalcross-section(xy-plot) of theinstantaneousverticalveloc-

ity field � atheightz zi � 0.86.A linearscaleof grayshadesis usedwith

adiscontinuityat � � 0. Light shadescorrespondto upwardvelocities.An

insulating,frictionless,solid lid is usedon top of theCABL andaconstant

heatflux prescribedat thesurface.Thespatialresolutionof theLESis 130� 130 � 66 grid cells on a 6 km � 6 km � 1.5 km spatialdomain. See

section1.3andchapter2 for detailsof theLES model.

thelargesthorizontalarea,at thecell center. A polygonalspoke patternis inducednearthe

surfaceby the wide downdrafts;the fluid convergestowardslines—the“spokes”—moves

along the spokestowardsthe hubsof the spoke pattern,and thengoesupwards,ascon-

cludedfrom a fine-scalenumericalsimulation—a“large-eddysimulation”(LES,discussed

below)—of theCABL by SchmidtandSchumann(1989).

In orderto provide somevisualizationof the above-mentionedstructures,we show in

Figs.1.1,1.2,and1.3instantaneoushorizontalcross-sectionsof verticalvelocity, takenfrom

an LES of a CABL. Both the spoke patternnearthe surface(Fig. 1.3) andthe large-scale

organizationof air thatis moving upwards,in “updrafts,” andair thatis moving downwards,

in “downdrafts,” areclearly visible. Halfway the CABL the horizontalscaleof the large-

scaleorganizationis about2zi (seeFig. 1.2), whereherezi is the depthof the CABL.

Furthermore,updraftanddowndraftcoresarevisible aswhite spotswithin theupdraftand
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Figure1.2: SameasFig. 1.1 for heightz zi � 0.5.
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Figure1.3: SameasFig. 1.1for heightz zi � 0.06.
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Figure1.4: LEScross-section(xz-plot)of theinstantaneouspotentialtemperaturefield�
at the middle of the domainin the y-dimension.A linear scaleof gray

gradesis usedwith anartificial discontinuitylocatedat thebordersof the

highest-temperatureplumes.

asblackspotswithin thedowndraft. Theboundariesbetweenupdraftsanddowndraftsare

highly convoluted.In Fig.1.4,averticalcross-sectionof potentialtemperatureis shown(the

potentialtemperatureof anair parcelis thetemperaturethatthesameair parcelwouldhave

at a referencepressure—byconventionthesurfacepressure).Visible on theright aresome

strongthermals,extendinghigh up into the CABL. From Fig. 1.4 onecanalsoconclude

that thehorizontallyaveragedpotentialtemperatureis higherat thetop thanin themiddle

of theCABL (while theheatflux is linearly decreasingwith heightfrom its positive value

at thesurfaceto zeroat thetop). This is amanifestationof thecountergradientheatflux that

is observed for heatin the CABL (e.g.,Ertel 1942;Deardorff 1966;HoltslagandMoeng

1991),andillustratestheadvectiveratherthandiffusivecharacterof buoyantconvection.

Theproblemof thermalconvectionbelongsto thedomainof fluid dynamics.Thefunda-

mentalequationsof fluid dynamicsaregivenanddiscussedin section1.3.Hereweelaborate

on aspectsof chaosrelatedto theseequations,startingwith adiscussionof thecomputabil-

ity of solutionsto theNavier–Stokesequations.TennekesandLumley (1972)plainly stated

thatsinceonecharacteristicof turbulentflows is their irregularity, their randomness,a de-

terministicapproachto turbulenceproblemsis impossibleandthat,instead,onehasto rely

onstatisticalmethods.A quantitativeestimateof thetotalnumberof degreesof freedomfor

a turbulentflow resultsin a valueof theorderof Re9� 4, whereReis theReynoldsnumber,
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a numberbasedon theintegralvelocityandlengthscales� and � . Reis definedas

Re � ������ (1.2)

Comparedto the resolutionneededto computefully turbulentflows directly, the improve-

mentin resolutionof directnumericalsimulation(DNS) hasbeenvery slow over the past

ten years;in simulationsRe is still many ordersof magnitudetoo low to simulateall tur-

bulentscales(Lesieur1997). Wyngaard(1982)expressedthecurrentconsensusview that,

althoughwe cannotsolve theNavier–Stokesequationsfor fully developedturbulenceflow

directlyonthecomputer(dueto thelimited computercapacity)andhaveto besatisfiedwith

someaveragingof flow fields,onepossibilityto computetheflow is by meansof LES.The

philosophybehindLES is that theexplicit descriptionof the largescalessufficesif oneis

interestedin transportproblemsandthattheprocessesat thesubgridscalescanbedescribed

in a statisticalmanner. In this way anenormousreductionin thesimulatednumberof de-

greesof freedomis achieved(e.g.,the LES usedin this chapterhas106 grid cells, which

canberunon many computersnowadays).

After having mentionedthe sheersize of the computationaltask that accompaniesa

solutionto thermalconvection,we have to noticethat the tools that have beendeveloped

in dynamicalsystemstheoryfor lower-dimensionaldynamicalsystems(bifurcations,Lya-

punov exponents,dimensionof attractors,etc.)havesofarnotbeenverysuccessfulfor fully

developedturbulence.In fact,severepracticallimitationsexist onmeasuringthedimensions

of attractorswhenthesearetoo high,asis pointedout by, e.g.,Frisch(1995).Still, thethe-

ory of dynamicalsystemsis conceptuallyhelpful for understandingtheCABL, becauseit

shows thatno singularitiesor externalnoiseareneededto explain its unpredictablebehav-

ior. Onemustfurthernotethatthepracticalapplicabilityof dynamicalsystemstheoryto the

CABL is still underdebate.Thepresenceof coherentstructuresin theflow is oftenseenas

acluethatlower-dimensionaltheoriesof theturbulentflow canbedeveloped.Theskeptical

positionholdsthatevenif fully developedturbulencehasastrangeattractor, thesystemwill

still be too complex to computeon the basisof dynamicalsystemstheory(Guckenheimer

1986). Thereis alsodiscussionon the questionwhetherfully developedturbulencehasa

strangeattractorat all. This discussionhasgonebackand forth sincethe seminalpaper

by RuelleandTakens(1971). Thestrange-attractorview hasbothstrongproponents(e.g.,

Lanford1982)andopponents(e.g.,CrutchfieldandKaneko 1988).

Researchersin the turbulenceresearchcommunityhave tried to reducethe numberof

dimensionsneededto describefully developedturbulence,sincethefirst significantdevel-

opmentsmadein thefield of dynamicalsystemsandchaosin the1970s.Connectedto this

thereis currentlya keeninterestin the studyof coherentstructuresin turbulentflow (like
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Species B

Species A

Figure1.5: Two picturesof turbulencein theCABL superimposed:(i) schematicview

basedon the updraft–downdraft decomposition(plumesand full arrows)

and(ii) thepresenceof eddiesat all scales(designatedby somelargerand

smallereddieswith openarrows). Also shown aretheboundaryconditions

for a simplechemistrycase.

thestructureswediscussedin theabove).Lumley (1990)observedthattheexistenceof co-

herentstructuresis not incompatiblewith a statisticalapproach.Especiallyif thecoherent

structuresscalein the sameway asthe remainderof the flow, they canbe combinedwith

thedisorganizedmotionin astatisticaldescription.This is thecoursewewill follow in this

dissertation.

1.2 The CABL with reactingchemicalspecies

The centraltopic of this dissertationis the turbulent transport–reactionproblem. For

thestudyof chemicallyreactingspeciesin theCABL we will make useof the “mass-flux

approach.” Thisapproachis illustratedin Fig. 1.5.Theair in theCABL canbedecomposed

into two compartments:upward moving air (updraft) anddownward moving air (down-
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draft). Thestructureof theupdraftandthedowndraftarequitecomplex, asis evidentfrom

Figs.1.1–1.3.In themass-fluxapproachtheflow structureis not consideredin detail,but

insteadstatisticalprognosticequationsareusedfor updraftanddowndraftquantities,like

theequationsgivenby ChatfieldandBrost (1987).Oneshouldnotethat this statisticalap-

proachis notdependentonthepresenceof coherentstructures.First,nocoherentstructures

areusedin the theoreticalderivation of the updraft–downdraftapproximationto the flux

(WyngaardandMoeng1992),andsecond,this approximationalsoworks for the neutral

andstablesurfacelayerwhereno convectivecoherentstructuresarepresent(Busingerand

Oncley 1990). So in this dissertationwe do not continueon the“road to chaos”presented

in theprevioussection,but usea statisticalapproachinsteadandcalibratethis approachby

usingLES results.Themass-fluxapproach—wherechemicalreactionscanbeconsidered

separatelyfor updraftanddowndraft—isparticularlysuitedfor chemicallyreactingspecies

in theCABL, aswill beshown in this dissertation.

The turbulent transport–reactionproblemin the atmosphericboundarylayer hasbeen

studiedsincethe early 1970s(e.g.,DonaldsonandHilst 1972; Lamb 1973; Bilger 1978;

Lenschow 1982;FitzjarraldandLenschow 1983;Schumann1989).Thesubjecthasrecently

beenreviewedbyVil à-GueraudeArellanoandLelieveld(1998).As anexampleto illustrate

theproblemwehereconsiderasimplechemistrycase.Thiscaseis similarto theonestudied

by, e.g.,Schumann(1989),andconsistsof anirreversible,binaryreactionA � B � C. In

this dissertationalsomorecomplex casesarestudied,but for this introductionthe simple

casesuffices. SpeciesA is injectedat thesurfaceof theCABL andspeciesB is entrained

at the top (asshown in Fig. 1.5). The two speciesreactat the local reactionrate RA �
RB ��� kAB, wherek is thedimensionlessreactionratecoefficient (thequantityis made

nondimensionalusinga.o.theconvectivetimescalezi  ��� , where��� �! gH zi  Tr " 1� 3, with

H thetemperatureflux at thesurface)andA andB arethelocal concentrations.

Chemicalreactionstake placeon the molecularscale. So in our exampleof reacting

bottom-updiffusingspeciesA andtop-down difussingspeciesB, the turbulent transport–

reactionprocessesproceedmoreor lesssimultaneously:turbulentmixing, moleculardiffu-

sion andchemicalreaction(for a generaldescriptionof theseprocessesseeOttino 1989).

Sincemoleculardiffusion is not an importantmixing mechanismin theCABL, we would

expect that it is not necessaryto considermoleculardiffusion in the turbulent transport–

reactionproblem.This issuewill bediscussedexplicitly in this dissertation.

In large-scalemodelsof atmosphericchemistryandtransport,the modeledconcentra-

tions areaveragesover large grid boxes(rangingin horizontalsizefrom 10 to even 1000

km). Therefore,thehorizontalscalesof turbulentprocessesin theCABL thataresmaller

thanthegrid sizearenot representedby thesemodels.Hence,theeffectsof thesesmaller
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scalesontheresolvedscaleshaveto be“parameterized”(specifiedasafunctionof thevari-

ablesthatareexplicitly modeledonthemodelgrid). In theverticaldimensionthesemodels

typically have several layersin the CABL. Comparedto other scalarsincludedin large-

scalemodels,suchastemperatureandhumidity, anaccuraterepresentationof themixing of

chemicallyreactingscalarsin themodelsrequiresadditionalinformation.This canbeseen

by calculatinga horizontalaverage(denotedby an overbar)over a large grid box (larger

thanthetypical CABL structures)of thechemicalreactionrate:

RA � RB ��� kAB �!� k A B � A � B� � (1.3)

wherethe primesdenotelocal deviationsfrom the horizontalaverage. The term A � B� is

the covarianceof speciesA andB, andits influenceon the averagereactionrate is often

expressedusingtheintensityof segregation

Is � A � B�
A B � (1.4)

The term “intensity of segregation” wasintroducedin the context of engineeringapplica-

tions for binarymixturesby Danckwerts(1952)andappliedto chemicallyreactingbinary

mixturesby Danckwerts(1958). If Is � 0 thenthespeciesarewell mixed,if Is �#� 1 then

thespeciesarecompletelysegregated,andif Is $ 0 thenthespeciesarepre-mixed.

In orderto geta grip on theparametersin theturbulenttransport–reactionproblemthat

determinethevalueof Is, we write (1.4)asfollows

Is � %
AB & A & B

A B � (1.5)

where % AB is the correlationcoefficient for speciesA andB and & A and & B are the rms

valuesof the concentrationfluctuationsof speciesA andB, respectively. Now supposein

first approximationthat % AB is of theorderof � 1 or � 1. Theintensityof segregationthan

only approachesanabsolutevalueof theorderof 1 if theconcentrationfluctuationsof both

speciesA andB arelargecomparedto the meanconcentrationsof the respective species.

Thus,for segregationeffectsto beimportantin atmosphericchemistry, fluctuationsof both

reactingspecieshave to be relatively large. Due to the way they aresetup, mostof the

simplechemistrycasesstudiedin thefirst chaptersof this dissertationarecharacterizedby

largefluctuationscomparedto themeanconcentrations.In thelaterchapterscasesthatare

morerepresentativefor therealchemistryin theatmospherearealsostudied.For thesecases

it is not evidentbeforehandthat theconditionsrequiredfor largeintensitiesof segregation

arefulfilled. If the intensityof segregationstaysbelow an absolutevaluesof the orderof

10' 2 thesegregationprocesscanbeneglectedin atmosphericchemistrymodeling.
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Statistics
computed from

case study
measurements

Measurements
of universal
functions

Elementary
models

Models that
simulate

statistics directly

Case study
measurements

Statistics
computed from
forecast model

output

Forecast models

Figure1.6: Diagramillustratingtherelationsbetweenmeasurementsandmodels.The

whiteboxesrepresentmeasurementsor statisticscomputedfrom measure-

ments. The gray boxesrepresentmodelsor productsgeneratedby mod-

els.Thethick linesrepresenthypotheses,whichbring togethermodelsand

measurements.FromRandallandWielicki (1997).

We will useLES of chemicallyreactingspeciesin the CABL to studysegregationef-

fects.In choosingthis methodwehaveto faceachallengethathasbeenidentifiedby many

authorsfor including chemistryin LES (e.g.Ottino 1989; Cantwell1990; Lesieur1997;

Moeng1998). This challengeis the following: sincechemicalreactionstake placeat the

molecularlevel, LES canhave problemswith thesimulationof fastreactions(sinceevery-

thing thathappensat themolecularlevel is parameterizedin termsof thelargerscales).

1.3 Models for atmospherictransport and chemistry

The focus of the currentstudy is on the modelingof covariancesof reactingspecies

in theCABL. To this enda parameterizationis developedfor covariances,usinga method

basedon a hierarchyof models(theconceptof ‘model hierarchy’is discussedfor climate

modelsby Petersen1999a). The methodis illustratedin the diagramof Fig. 1.6. A fine-

scalemodelingtechnique,LES, is employedto simulatewith high resolutionCABLs that
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containchemicallyreactingspecies.LEScanbeconsideredasaforecastmodelof theturbu-

lentmotionin theCABL. It hasbeentestedsuccessfullyfor dynamicsandthermodynamics

againstcasestudymeasurementsin the realCABL, especiallyby comparingthe statistics

of LESmodelswith thestatisticsof measurements(seeMoeng1998for anoverview). The

concentrationfluctuationsof the chemicallyreactive speciesthat areof specialinterestin

thisdissertation(e.g.,thehydroxyl radicalOH, the“troposphericvacuumcleaner”)andthe

covariancesof concentrationfluctuationsof reactingspecieshavenotsufficiently beenstud-

iedexperimentallyto comparemodelsthatsimulatestatistics,i.e.covariances,directlywith

statisticscomputedfrom casestudymeasurements.Therefore,we useLES asa substitute

for real measurementsin the comparisonwith our statisticalmodels. Oneof the models

we propose(in chapter3) for the covarianceis actuallybasedon a similarity relation,al-

thoughit cannotbeascribedthestatusof anelementarymodel(which is a modelthatcan

be derived from basicphysicalprinciples). Again, experimentaldatathat canconfirm or

refutethis similarity relationarelacking,so that for now only a testof this relationcanbe

performedusingdifferentcasesmodeledwith LES.

The differentkinds of modelsusedin this studydescribedifferent(horizontal)spatial

scales(andcanbeorderedaccordingto thesescales).TheLES modelsthatareusedhave

a horizontaldomainof a few kilometers. The single-columnmodels,that shoulddirectly

simulatethestatisticsof theLES models,representcolumnsfrom large-scalemodels.The

horizontalcolumnsizecantypically varybetween10and500km. Weincludetheproposed

covarianceparameterizationin a single-columnmodel, initialized by output from global

climateandchemistrymodels,to assesstheimportanceof theeffectsstudiedin this disser-

tationfor globalatmosphericchemistry. Herewewill givegeneraldescriptionsof thethree

typesof modelsthatareused.Moredetailswill follow in thevariouschapters.

1.3.1 LES modelsincluding chemistry

Fundamental equations

Thefundamentalequationsof fluid dynamics,theNavier–Stokesequations,for theve-

locitiesui , pressurep, virtual potentialtemperature
�)(

(“virtual” meansthat this tempera-

turealsoaccountsfor the buoyancy effectsrelatedto humidity), andother(nonreactive or

reactive)scalarssl (scalarsarequantitiesthathavenodirection,for instancetemperatureor

concentrationsof chemicalspecies)readin theso-calledBoussinesqapproximation:*
ui*
xi
� 0 (1.6)
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*
sl*
t
� * u j sl*

x j
�

**
x j

0
sl

*
sl*
x j

� Rsl � (1.9)

Hereit is assumedthatnocloudsarepresentandthatthelongwaveradiativeflux divergence

canbe neglected. In (1.6)–(1.9),
0

sl arethe Fickian diffusioncoefficients, Rsl represents

sourcesandsinksof the scalarssl ,
�/(,+

r is the referencevirtual potentialtemperature,and%
r is the referencedensity. A summationover repeatedindicesis assumed.The pressure

in (1.7) is calculatedby enforcingtheconditionof incompressibleflow (1.6). As said,we

assumethat thereareno sourcesandsinksfor virtual potentialtemperature.In theCABL

ReandRaareextremelyhigh,andthereforethethermaldiffusivity � , andFickiandiffusion

coefficients
0

sl areeffectively zeroin theCABL. Eqs.(1.7)–(1.9)areall nonlinearpartial

differentialequations,with an effectively infinite numberof degreesof freedomsincethe

variablesaredefinedfor all  x � y � z" in continuous3-D space.

LES modelsarebasedon theNavier–Stokesequations(1.6)–(1.9).Thesemodelssepa-

ratetheflow andconcentrationfields into large-scale(resolved)fields,indicatedby , and

small-scale(unresolved)fields, indicatedby � � , i.e. ui � ui � u� �i . Usually it is assumed

that this decompositionsatisfiesa setof convenientproperties,theReynoldsrules.Substi-

tution of thedecompositionin theNavier–Stokesequationsthenleadsto thefollowing set

of prognosticequationsfor theresolvedmotions:

*
ui*
xi
� 0 (1.10)

*
ui*
t
���

*
u j ui*

x j
�
* 1
*

xi
� g�/(,+

r
 �/( � �)( ".- i3 �

*  /2u� �j u� �i � 2
3e - i j "*

x j
(1.11)
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*
t
���

*
u j
�/(

*
x j

�
* 2u� �j � � �(*

x j
(1.12)
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*
sl*
t
���

*
u j sl*
x j

�
* 2u� �j s� �l*

x j
� Rsl � R� �sl � (1.13)

wherethemodifiedpressure
1 � p % r � 2e 3, ande � 1

2 2u � �i u� �i is thesubgrid-scalekinetic

energy. ThequantityRsl representssourcesandsinksof thescalarssl . Dif ferentmodelsare

usedin this dissertationfor thesubgrid-scalequantitiesappearingin (1.11)–(1.13).For the

numericaltechniquesusedwe referto thedetailsin chapters2 and3.

Strengthsand weaknessesof LES

As we have alreadymentioned,it is difficult to study the covariancesof chemically

reactingspeciesin the CABL experimentally. LES can provide us with a ‘database’of

numericalresultsthat can be usedto develop and test parameterizations.The CABL is

relatively easyto simulatewith LES.DifferentLES codesgive excellentagreementfor the

CABL and their resultslie within the rangeof available observations(Nieuwstadtet al.

1993). Sincethedetailsof thesubgridmodeldo not significantlyaffect theflow structure

in the CABL—except near the boundaries—weeven employ resultsin this dissertation

generatedusinga LES modelversionwith constantsubgriddiffusivities. Sucha model

approachis similar to a DNS approach,but the smallestresolved scalesareseveral tens

of metersinsteadof thesmallestturbulentscale—theKolmogorov scale.TheKolmogorov

scaleis formally implied assmallestscaleby thedefinitionof DNS.Theuseof aLES with

a constantsubgriddiffusivity asoneof the LES modelversionsthat appearin chapters3

and4 canbedefendedby theobservationthattheeddystructureof theCABL at very high

Re and Rayleigh-B́enardconvectionat lower Re are quite similar (Moeng and Rotunno

1990;Nieuwstadt1990).Thedifferencesbetweenthetwo typesof flow—whichweargued

beforebelongto a continuumof flow types—have beenquantifiedby Beetset al. (1996).

Theseauthorsfound that the spectraat large scalesfrom LES andDNS behave similarly

and that—aswas to be expected—thedifferencesareconfinedto the small scaleswhere

more variability is observed in the CABL as comparedto Rayleigh-B́enardconvection.

However, thecontributionof thesesmallscalesof theflow to theensemble-averagedfluxes

andcovariancesis small. Wyngaard(1998a)warnedthat the differencesin fine structure

betweenhighandlow Reflow maybeimportant.Heobservedthatnotmany problemshave

beenidentifiedfor which thismightbethecase.Wealreadypointedout thatseveralauthors

have identifiedchemistryin turbulentflow asjustsucha problem.

A majorweaknessof LESis thatthesemodelshave,uptill now, almostexclusively been

appliedto idealized,horizontally homogeneousboundarylayers,mainly due to the size

limitation of the numericaldomainandthe assumedperiodic lateralboundaryconditions
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(Moeng1998). And even for suchidealizedboundarylayersthe domainsthat have been

usedaretypically too small, sincemesoscalefluctuationscanbe generatedby turbulence

evenon thelargestscalestin theLES model(Jonkeret al. 1999): for sometypesof scalars

thereappearsto be no spectralgap and mesoscalephenomenahave to be consideredin

conjunctionwith thesmaller-scaleturbulence—orthey couldevendominatethespectra.

Anotherweaknessof LES that is often identified is that assumptions,incorporatedin

subgridmodels,are madeabout the smallestscalesof the turbulent motion. Theseas-

sumptionscanleadto errors(e.g.,Mason1994). However, for the CABL this shouldnot

be considereda problem(Nieuwstadtet al. 1993). What remainsa potentialweaknessof

LES at the smallestscalesis the possibleimportanceof thesescalesfor chemistry, aswe

mentionedbefore.

1.3.2 Single-columnchemistry models

Closuresand their statistical order

In contrastwith LES theensembleaverages(for instanceover a horizontalgrid areaof

a large-scalemodel)aremodeleddirectly in single-columnmodels.Single-columnmodels

for reactive gasesin the CABL solve the following budgetequationfor chemicalspecies

(we do not give detailshereon thethesingle-columnmodelingof thedynamicalandther-

modynamicalquantities):

*
sl*
t
���

* � � s�l*
z
� Rsl � (1.14)

wherefor simplicity we have assumedhorizontalhomogeneityand � � 0. For a simple,

binaryreactionA � B � C thechemicalreactionratesRA andRB aregivenby (1.3). The

covarianceA � B� appearsin (1.3),aswasmentionedin theabove. Moredetailedexpressions

for morereactionswill begivenin chapter3.

The fluxesandthe covariancesin (1.14) canbe modeledin several ways in a single-

columnmodel.For theturbulenttransport–reactionproblemeitherfirst-orderclosure(local

or nonlocal)or higher-orderclosure(second-order, third-order, andso forth) canbe used.

Thestatisticalorderof theclosureisheredefinedasthehighestorderof themomentsinvolv-

ing speciesconcentrationfluctuationsthatareprognosticallymodeled.In this dissertation

only first- andsecond-orderclosuresarediscussed.

We will start, in chapter2, with 1-D modelsbasedon the updraft–downdraftdecom-

position,mass-fluxschemes.The mass-fluxschemeswill be usedto model thesefluxes

andcovariances.Themass-fluxclosureis typically categorizedasafirst-orderclosure(e.g.

by Stull 1998). However, sincetwo prognosticequationsarecarried—onefor the updraft
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concentrationandonefor the downdraft concentration—whichcanbe transformedinto a

prognosticequationfor themeanconcentrationanda prognosticequationfor a highermo-

ment involving the concentration(e.g., the flux), one could argue that mass-fluxclosure

canbe considereda higher-orderclosure(albeit not a full second-orderclosure,sincethe

highermomentsareall coupledto eachotherandthesecondmomentsarenot independent

variablesasin a full second-orderclosure).

We useseveralkindsof flux closuresin theotherchapters,somein combinationwith a

first-ordercovarianceclosure.In chapter3 this is developedandcombinedwith a nonlocal

first-orderclosurefor the fluxes. In chapter4 the full second-orderclosureequationsare

studiedand the chemicalcorrectionsthey containfor the flux are comparedto thoseof

mass-fluxschemes,andalsoto first-orderclosure.Finally, in chapter5 againa first-order

closureis usedfor thescalarfluxes.

Strengthsand weaknessesof single-columnmodels

Themain reasonwhy single-columnmodelsareusedin atmosphericchemistryis that

they arecomputationallyinexpensive. The turbulentscalessmallerthanthe grid scalesof

large-scalemodelsareimportantandmustbetakeninto account(for instance,mostof the

vertical transportof chemicalspeciesin the lower atmospheretakesplaceat thesesmall

scales). So if one is interestedin large-scalebudgetsof chemicalspecies(seethe next

section)onecannotgetaroundsingle-columnmodels.But single-columnmodelsarealso

verypowerful researchtools,especiallybecauseof therelatively low computationalcostof

runningsuchamodel:onecanquickly seetheimpactof new parameterizations.Using,for

instance,LES resultsasa benchmarkonecantry to improve on themodelingof a certain

process.

Major drawbacksof single-columnmodelsfor turbulence,assummarizedby Wyngaard

(1998b)—althoughhe considersdynamicsandnot scalartransport—arethat they are (i)

calibratedsurrogatesfor turbulence;(ii) not predictive tools; (iii) not basedon a theoryof

turbulence;and(iv) reston observationalwork (thedrawbackbeingthat thereareinsuffi-

cientobservations:thereis a “f actgap,” hamperingthedevelopmentof turbulencemodels).

Indeed,all thesedrawbacksapply to our covarianceclosure: it is calibratedusinga few

LES cases,may not be applicableto someother cases,is not derived from the Navier–

Stokesequations,and is severely limited by the fact that experimentalmeasurementsof

covariancesof reactingspeciesin theCABL arenot available.Still, basedon our physical

intuition, we have confidencein theparameterization,but it shouldbeusedwith a critical

sense.
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1.3.3 Lar ge-scalechemicaltransport models

Large-scaletroposphericspeciesbudgets(andrelatedconcentrations,depositionfluxes,

shortwave andlongwave radiative fluxesandtransportto thestratosphere)canbemodeled

usinglarge-scalechemicaltransportmodels.Suchmodelshavea horizontalgrid sizevary-

ing from 10 to 1000km. To give anexample,globalmodelssolve the following equation

for theresolvedchemicalspeciesconcentrations3sl :

* 3sl*
t
� 1

a cos4
*  3u 3sl "*65 � *  37 cos483sl "* 4 � 1

h9
*  3� 3sl "*6: � R  3sl " � S 3sl " � (1.15)

where
5
, 4 , and

:
arethecoordinatesin thelongitudinal,latitudinal,andverticaldirection

(pressure-based,terrain-following hybrid coordinatesareusedhere); 3u, 37 , and 3� are the

resolved velocity componentsin the
5
, 4 , and

:
direction; a is the radiusof the earth;

and h9 is a scalefactor from the coordinatetransformation. The term S representsthe

parameterizedsubgrid-scaletransportin theverticaldirectionandthe term R representall

sourcesandsinks,includingdepositionandchemicaltransformations.Thedescriptionfor

boundary-layerturbulent transportand chemicalreactionsin a large-scalemodel is like

(1.14) for every columnin the model. The strengthof large-scalemodelsis that they are

comprehensiveandallow for assessmentsof regionalorglobalscaleenviromentalproblems.

Themajorweaknessis therelatively low resolution(andtheneglector parameterizationof

processesthatoccuron subgridscales).

Dueto thenonlinearityof chemistryandthespatialheterogeneityof anthropogenictrace

gassources,a tendency towardhigherspatialresolutionanda highernumberof chemical

speciescanberecognizedin globalatmosphericchemistrymodeling.For modelsdesigned

to run for several yearswith a largenumberof chemicalspeciesandusingmonthly aver-

agedclimatologicalmeteorology, thehorizontalresolution,thevertical resolution,andthe

numberof transportedspecieshaverecentlydoubledfrom (latitude � longitude)10; � 10; ,
10 layers,and10 speciesin MOGUNTIA (CrutzenandZimmermann1991)to 5; � 5; , 25

layers,and19 speciesin IMAGES(Müller andBrasseur1995),respectively. Modelsthat

useahighermeteorologicaltimeresolutionexist in two types:on-linemodels(whichcalcu-

latethemeteorologyat every time step)andoff-line models(which useclimateor weather

forecastmodeloutputat a time resolutionof 4 to 12 hours). Suchmodelsat this moment

typically usearesolutionbetween2; and5; , 19verticallayers,andupto 70reactivespecies

to simulateozonechemistry(Roelofsetal. 1997;Houwelingetal. 1998).Accordingto Pe-

ters et al. (1995),horizontalgrid resolutionsof 0.5; or better, at least20 layers,and40

to 100 speciesarenecessaryfor an adequatemodelingof anthropogenicperturbationsto

globalatmosphericchemistry. Thenumericalsolutionof (1.15)amountsto a tremendous
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task,giventhedesiredresolutionandnumberof species.Someaspectsof thenumerics—

bothchemistrysolversandadvectionschemes—have beenstudiedandnew methodshave

beendevelopedrecentlyby Spee(1998)andPetersenet al. (1998).

All threedifferenttypesof transportmodelsdescribedin this section,areusedin this

dissertation:three-dimensional(3-D) LESmodels,one-dimensional(1-D) models,and3-D

globaltransportmodels(which in a senseencompassthesecondtype).

1.4 Research questionsand outline of the dissertation

Wewill now formulatemorespecificallythequestionsthatareaddressedin thisdisserta-

tion—thecorrespondingchaptersareaddedbetweenparentheses:

< Canweadequatelydescribethemixing of moderatelyandfastreactingspeciesusing

astatisticalanalysisof thecoherentstructureof updraftsanddowndraftsin theCABL,

assimulatedby LES?(Chapter2, “Mass-fluxcharacteristicsof reactivescalarsin the

convectiveboundarylayer.”) Thefollowing issueswill alsobeaddressed:

1. Canthecovariancebeaccuratelyestimatedusingupdraftanddowndraftconcen-

trations?Accuratemeansaccurateenoughto leadto an improvementof mod-

eledreactionratesin large-scalemodelsof atmosphericchemistryandtransport.

2. Do fastreactionsconstitutea problemfor LES?

< How canwedevelopasimpleparameterizationfor thecovariancesof reactivespecies

basedon mass-fluxcharacteristics?Simplemeanssimplerthana prognosticmass-

flux schemeor second-orderclosureschemefor thescalars,but moreelaboratethan

currentpractice.(Chapter3, “A first-orderclosurefor covariancesandfluxesof reac-

tivespeciesin theconvectiveboundarylayer.”)

< How do second-orderclosuresandmass-fluxclosurescomparefor the contribution

of chemicalhigher-ordermomentsto the flux? Do we needto take thesechemical

higher-ordermomentsinto accountor is a first-orderclosureapproachfor the flux

sufficiently accurate?(Chapter4, “The impactof chemistryon flux estimatesin the

convectiveboundarylayer.”)

< What is the importanceof segregationeffects,relatedto the covariancesof reactive

species,for global-scaleatmosphericchemistrymodeling?(Chapter5, “Segregation

effectsin atmosphericchemistryrelatedto boundary-layerconvection.”)



Chapter 2

Mass-flux characteristicsof
reactive scalarsin the convective

boundary layer

=
Thematerialcontainedin this chapterhasbeenpublishedin Journal of theAtmosphericSciences(56, 37–56,

1999),with C. Beets,H. vanDop,P. G. Duynkerke, andA. P. Siebesmaasco-authors.
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Abstract

Thetransportof nonreactiveandreactivebottom-upandtop-downdiffusingscalars in

a solid-lid convectiveboundarylayer is studiedusing large-eddysimulation(LES).The

chemistryconsidered consistsof an irreversible, binary reactioninvolving the bottom-up

and top-downdiffusingscalars. The mass-fluxor top-hat characteristicsof the reactive

flow are determined.Also, several mass-fluxschemesare run in an off-line mode, that is,

with prescribedprofilesof the massflux and the updraft area fraction,and are compared

to theLES.Top-hatapproximationsare foundto capture about25%of thecovariancebe-

tweentwoarbitrary (nonreactingor reacting)scalarsandabout65%of theflux. Subplume

fluxesare locatedeither in theupdraft for bottom-updiffusingscalars or in thedowndraft

for top-downdiffusingscalars. Themass-fluxschemethat is nearly identical to the exact

plume-budgetequationsgivesthebestperformance. For theparametrizationof lateral ex-

changethismass-fluxschemeincludesgrossexchangeacrosstheinterfacebetweenupdrafts

anddowndrafts,that is, includesalsosubinterface-scaleexchangeprocesses(like theother

dynamicalquantitiesalsoprescribedin an off-line modeusingLESdata). A simplermass-

flux scheme, which doesnot includethe more sophisticatedparametrizationsof subplume

fluxesandsubinterface-scalelateral exchange, is foundto performonlyslightlyworse. The

resultsof this chapter are also valid for the surfacelayer and lower mixedlayer of the

entrainingconvectiveboundarylayer but not for theentrainmentzone.
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2.1 Intr oduction

For many yearsmass-fluxschemeshave beenappliedsuccesfullyin theparameteriza-

tion of scalartransportby cumulusconvection(e.g.,Arakawa andSchubert1974;Tiedtke

1989). More recently, mass-fluxschemeshave beenproposedasattractive candidatesfor

theparametrizationof transportin convectiveatmosphericboundarylayers(CABLs)—both

the dry CABL andthe stratocumulus-toppedCABL—for instanceby ChatfieldandBrost

(1987)andRandalletal. (1992).Themaindifferencebetweenmass-fluxschemesfor cumu-

lusandfor theCABL is thedecompositionthatis applied:cloud–environmentfor cumulus

andupdraft–downdraftfor theCABL. Anotherdifferenceis thatmass-fluxformulasfor the

flux in cumulusresolve 80%–90%of the total flux (exceptnearcloudbase),asshown by

SiebesmaandCuijpers(1995)for shallow cumulus,whereasmass-fluxformulasfor theflux

in CABLs resolveabout65%of thetotal flux (Young1988a;SchumannandMoeng1991a,

WyngaardandMoeng1992;deLaatandDuynkerke1998).Thisdifferenceis relatedto the

presenceof apotentialbarrierin cumulusconvection.As aconsequence,cloudupdraftsoc-

cur in burstsin anotherwisequietcloudlayerandtheverticalvelocitydistribution is highly

positively skewed. Mass-fluxschemesfor theCABL aresensitive to the parameterization

of thepartsof thetotal flux thatarenot resolvedby mass-fluxformulas.Theseunresolved

partsarecalled“subplumefluxes.”

In thischapterwestudythescalartransportcharacteristicsof differentmass-fluxschemes

for transportof nonreactiveandreactivescalarsin theCABL. Thisstudyis partof thedevel-

opmentof a new boundary-layerparameterizationfor large-scaleatmosphericchemistry–

transportmodels(with horizontalgrid sizesrangingfrom 50 to 500 km) that is suitable

for the turbulenttransport–chemistryproblem(discussedbelow). The mass-fluxschemes

proposedearlier in the literaturefor transportof scalars,both in cumuluscloudsand in

CABLs, arecombined,categorized,andevaluatedusingstatisticsfrom large-eddysimula-

tion (LES) of a solid-lid CABL. Thescalarsstudiedarebottom-upandtop-down diffusing

scalars,eithernonreactingor quickly reactingaway. We run the mass-fluxschemesin an

off-line mode,that is, we prescribethe boundary-layerheightandthe vertical profilesof
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the massflux andthe updraftareafraction (both determinedfrom LES). Furthermore,we

prescribeidenticalscalarsurfacefluxesandidenticalscalarentrainmentfluxes(at thetopof

theCABL) in boththeLESandthemass-fluxschemes.

Previousstudieshave shown thatLES is ableto provide detailedandrealisticstatistics

for the CABL (Nieuwstadtet al. 1993). LES modelsare able to computeexplicitly the

mostimportantlengthsandtimescalesof the CABL (typically 25–1000m and10–10000

s respectively). The small turbulencescalesbelow the LES grid sizeof about25 m have

beenfound to have only a minor influenceon the dynamicsof the CABL, and therefore

canbeparameterizedwith arelatively simpleLESsubgrid-scalemodel.Simulatingasolid-

lid CABL ratherthanan entrainingCABL allows for integrationtowardsa (quasi-)steady

stateof the scalarprofiles, facilitating the comparisonwith (quasi-)steadystatesolutions

of themass-fluxschemes(seealsoBrown 1996,who useda solid-lid CABL insteadof an

entrainingCABL for similar reasons).

We categorize the differencesbetweenthe mass-fluxschemesin termsof the param-

etrizationof the differentcomponentprocessesthatappearin theplume-budgetequations

for scalars. Two componentsare relevant to transportof both nonreactive and reactive

scalars,namelytheparameterizationof subplumefluxesandtheparameterizationof lateral-

exchangeprocessesbetweentheupdraftsandthedowndrafts.Anothercomponentonly per-

tainsto reactive scalars,namelytheparameterizationof subplumecovariancesof reacting

scalars. New parameterizationsare proposedfor the subplumefluxesand the subplume

covariances.

In our view the attractivenessof mass-fluxschemesfor scalartransportin the CABL

is threefold,comparedto the first-orderclosureschemesthat arecurrentlyusedin large-

scaleatmosphericchemistry–transportmodels.First, nonlocaltransporteffectsareclearly

embodiedin mass-fluxschemes,which is attractive comparedto theoftenusedlocal first-

orderclosureschemes(cf. HoltslagandMoeng1991;Stull 1993).Second,theeffectsof a

continuousdistribution of fastchemicalsourcesandsinkson the fluxesaretaken into ac-

count(FitzjarraldandLenschow 1983;Schumann1989;Sykesetal. 1994;GaoandWesely

1994;Vil à-GueraudeArellanoet al. 1995;Galmariniet al. 1997;Ververet al. 1997).And

third, theeffectsof horizontalsegregationof reactivescalarson themeanreactionratesare

represented(Schumann1989;Vil à-Gueraude ArellanoandDuynkerke 1993;Sykeset al.

1994;Beetsetal. 1996;Ververetal. 1997;MolemakerandVil à-GueraudeArellano1998).

We herebriefly explain the two last mentionedadvantagesof mass-fluxschemesfor

the transportof reactive scalarsin the CABL. In the mass-fluxschemesthat we study in

this chapterwe usetheupdraft–downdraftdecompositionandtreatbothupdraftanddown-

draft scalarquantitiesasprognosticvariables.Thereforethemass-fluxschemesconsidered
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herecanbe comparedto higher-order(but not fully second-order)closureschemesin the

sensethat they containtwo prognosticvariablesthat provide a modelfor all higher-order

moments. The meanscalarvalue and the scalarflux (a secondmoment)in a mass-flux

schemecanfor instancebewritten in termsof theseupdraftanddowndraftquantities,and

canreplacetheseasindependentvariables.The prognosticequationsfor the meanscalar

valuesincludea direct influenceof the covariances,and the prognosticequationsfor the

fluxes includea direct influenceof the chemistryon the fluxes. In contrastto mass-flux

schemes,first-orderclosureschemesdo not implicitly includethesetwo aspectsof thetur-

bulenttransport–chemistryproblem.

As alreadystatedin theabove, we do not evaluatecompletemass-fluxschemesin this

chapter, that is, we do not dealwith questionsconcerningtheparameterizationof themass

flux and the updraftareafraction. Insteadof this, we areconcernedwith evaluatingthe

scalartransport–reactioncharacteristicsof mass-fluxschemes.

This chapteris organizedas follows. The LES of the solid-lid CABL, including the

studiedcasesof scalartransport,is describedin section2.2. In section2.3 we presentthe

scalarplume-budgetequationsandthe mass-fluxschemesthat canbe derived from these.

TheLESresultsfor thescalarsappearin sections2.4and2.5. In section2.6we presentthe

resultsof themass-fluxschemes.Finally, we briefly summarizeanddiscussthe resultsin

section2.7.

2.2 Description of LES and cases

2.2.1 LES of the solid-lid CABL

The type of boundarylayer studiedhereis a solid-lid CABL (without entrainmentof

heatat thetop of theCABL asopposedto theentrainingCABL), which wasalsousedfor

studyingtransportof reactivescalarsby Beetsetal. (1996)andMolemakerandVil à-Guerau

de Arellano (1998). The dynamicsandthermodynamicsof the solid-lid CABL wasstud-

iedwith LESby Schumann(1993).He foundthatLEScomparesfavorablywith laboratory

measurements.Sorbjan(1996)studiedthedifferencesbetweensolid-lid andentrainingCA-

BLs, of which thelastoneis morerepresentative for therealatmosphere.Both convection

experimentsin tanksandnumericalstudieshave shown that variousturbulencestatistics

in the lower portion of the solid-lid CABL resemblethoseof the entrainingCABL. Dif-

ferencesin the dynamicscausedby the inclusionof entrainmentof heatin the entraining

CABL arereflectedin a lower updraftareafractiona in theupper-partof theCABL. Sor-

bjan (1996)found that a is approximately0.45 throughoutthe whole mixed layer for the
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solid-lid CABL but decreasesto a minimumof 0.25nearthetop of themixedlayerfor the

entrainingCABL. Hereit mustbebornein mindthat,asshown by Nieuwstadtetal. (1993),

theminimumvalueof a differssubstantallyamongLESmodelsof theentrainingCABL: in

their simulationstheminimumvalueof a variesroughlyfrom 0.3 (modelof Schumann)to

0.4(modelof Moeng).Furthermore,Sorbjan(1996)foundthattheaverageupdraftvertical

velocity � u is almostthesamefor bothtypesof CABL at everyheight.

Sincetheaimof thischapteris thestudyof transportof dynamicallypassivescalars(with

varying chemicalreactionrates)in the CABL, we may exploit the easewith which fixed

fluxescanbeimplementedat thetop of thesolid-lid CABL (identicalto thetop of theLES

domain).Theflux at thetopis zerofor potentialtemperatureandzeroor afinite constantfor

otherscalarsof interest.Accordingto theresultsshown in Sorbjan(1996)thesecond(and

third) momentsin thesurfacelayer(andfor somevariablesalsoin thelowermixedlayer)do

notdiffer betweenthesolid-lid andtheentrainingCABL. Wehaveverifiedthatconclusions

reachedin this study concerningmass-fluxcharacteristicsof secondmomentsinvolving

scalarsin thesolid-lid CABL canbeextrapolatedto thelowerpartsof theentrainingCABL

(surfacelayerandlower mixedlayer),but certainlynot to theentrainmentlayerat thetop

of theentrainingCABL. Thestudyof entrainmentprocessesat thetop of theCABL is not

partof thiswork.

Thealgorithmfor the large-eddysimulationsperformedin this studyhasbeenderived

from amodelusedin earlierstudies(NieuwstadtandBrost1986;vanHarenandNieuwstadt

1989;Nieuwstadtet al. 1993)andwaspreviously usedin Beetset al. (1996). Thegeneral

LES modelingapproachwasdescribedin chapter1. Herewe will only describedetails

pertainingto thespecificLES modelusedin this chapter. In this LES modelthe constant

referencedensity % r is taken equalto 1 kg m' 3, the gravitational accelerationg � 9.8 m

s' 2, andthereferencetemperatureTr � 300K. No-slip andfree-slipboundaryconditions

areprescribedat the surfaceandtop of the domain,respectively. The surfaceroughness

lengthz0 is setto 0.16m. Theboundary-layerheightzi � 1500m, theconvectivevelocity

scale��� � g��� � � 0zi  Tr
1� 3 � 1.5m s' 1 and��� � � 0 � 0.069K m s' 1 thesurfacepotential

temperatureflux. Theresultingconvectivetimescaleis t � � zi  ��� � 1000s.

As will be discussedin the next subsection,in this chapterwe considerchemicalsink

termsfor two species(labelledl andm) reactingaway in a binary reactionwith reaction

ratecoefficient k �lm. The resolved andsubgrid-scalesourceandsink termsin the studied

chemistrycasesread

Sl � Sm �!� k
�
lm sl sm (2.1)
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S� �l � S� �m � � k
�
lm 2s� �l s� �m (2.2)

Theequationsfor theresolvedquantities(1.10)–(1.13)aresolvedexplicitly. Thesubgrid-

scaleReynolds stresses,subgrid-scaletemperatureflux, subgrid-scalescalarfluxes and

subgrid-scalecovariancesthat appearin theseequationsare parameterizedas a function

of the resolvedquantities,thenormalstresses,anda timescaleof subgridscaleturbulence> accordingto

2u� �i u � �j �!� C1
> 2u� �i u � �i

*
u j*
xi
��2u � �j u� �j

*
ui*
x j

i ?� j � (2.3)

2u� �i � � � �!� C2
> 2u� �i u � �i

* �*
xi

(2.4)

2u� �i s� �l �!� C2
> 2u� �i u � �i

*
sl*
xi

(2.5)

2s� �l s� �m �!� C3
> 2u� �i s� �l

*
sm*
xi
�@2u� �i s� �m

*
sl*
xi � (2.6)

where > is the ratio of the characteristicgrid size
�

and the squareroot of the subgrid-

scalekinetic energy e. A modeledconservationequationfor all normalstressesis solved

explicitly. TheconstantsC1, C2, andC3 in (2.3)–(2.6)arederivedfrom inertial-subrange

theory, andcanbeexpressedas

C1 � l f

2
1 �  1 � 5A " ' 1B 5 (2.7)

C2 � AC C1 (2.8)

C3 �
C
A C1 � (2.9)

whereA and
C

areconstantswhichappearin theexpressionsfor theinertialsubrangeenergy

andconcentrationvariancespectra.Thefollowing valuesthataretypical for theseconstants

are used: A � 1.5 and
C � 0.7. The filter length scalel f is taken equal to twice the

characteristicgrid size(l f � 2
�

).
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Thegoverningequationsfor theresolvedfield aresolvedexplicitly usingafinite-volume

technique.All termsin thefilteredmomentumequationsarediscretizedusingstraightfor-

wardsecond-ordercentraldifferences,exceptfor theadvective termswhich arediscretized

usingthemethodof PiacsekandWilliams (1970). The leap-frogscheme,with anAsselin

filter to preventdecouplingof oddandeventime levels, is usedfor thetime integrationof

themomentumequations.Conservationof massis obtainedby solvinga diagnosticequa-

tion for thepressure.For theadvectionanddiffusionof temperatureandtheotherscalars

we usethe limited � � 1
3 scheme(Koren1993)for the spatialdiscretization,anda two-

stageRunge–Kuttamethodfor thetime integration(Hundsdorferet al. 1995).For thetime

advancementof chemistrywe usethe routineTwostep(VerwerandSimpson1995),and

straightforwardsecond-ordercentraldifferencesfor the discretizationof the subgrid-scale

covariance.Theentirenumericaldiscretizationfor temperatureandtheotherscalarssatis-

fiesthreeimportantproperties:it is conservative,positive,andmonotone.

Thegrid usedhas130 � 130 � 66 grid pointsin thehorizontalandverticaldirections,

respectively, representinga 6.0 km � 6.0 km � 1.5 km physicaldomain, thus employ-

ing a higherresolutionthanin previousstudieswith theLES model. The time stepin the

modelis approximately0.6s. A grid domainof 32 � 32 � 30wasusedby Sorbjan(1996),

but althoughtheassociatedresolutionis generallyconsideredto besufficient for therepre-

sentationof basicturbulencecharacteristicsof the CABL, we usea relatively high spatial

resolutionto minimize the LES unresolved covariancecontribution to the chemicalsink

termandto beableto performspectralinvestigationson very smallscales.Theunresolved

covariancecontribution is nearlyzeroin the bulk andmuchsmallerthanthe resolved co-

variancenearthebottomandtop boundaries(this canalsobecheckedby comparingFigs.

2.7aand2.8).

2.2.2 Cases

For thenonreactivecase,calledBUTD, wehaveintroducedin ourLESapassivebottom-

up diffusingscalar(BU) anda passive top-down diffusingscalar(TD). Theflux of BU at

thetopof theCABL is put to zero,asis theflux of TD at thebottom.Choosingaflux scale

F� , theconstantinput fluxesof BU andTD aresetto F� and � F� , respectively. Usingthe

convectivevelocityscale� � , ascalar-valuescalecanthenbedefinedass� � F�  � � . If later

in thischapternounitsareassignedto specificquantities,it is assumedthatthesequantities

havebeenmadedimensionlessusingthescalesdefinedhere.

Thereactive cases,calledAB1, AB2, AB3, andAB D , areof the following type: they

consistof bottom-up(A) andtop-down (B) scalarsreactingawayin asecond-orderreaction

(A � B � C).
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To illustratetheeffect of horizontalsegregationon themeanreactionratewe write the

sink termfor speciesA andB dueto thereactionA � B � C as

S ��� k
�
A E BF C sAsB

��� k
�
A E BF C sA sB � s�As�B � (2.10)

wheresA andsB arethescalarvalues(concentrations)of chemicalspeciesA andB. Here

andthroughoutthe restof this chapteroverbarsdenotehorizontalensembleaveragesand

primesdenotefluctuationsfrom theseaverages.Theintensityof segregation,definedas

Is � s�As�B
sA sB � (2.11)

is a measureof the importanceof the covarianceterm s�As�B appearingin (2.10). The in-

tensityof segregationobeys the inequality Is G � 1. The reaction-ratecoefficient k � that

appearsin (2.10)canbemadenondimensionalin thefollowing way:

kA E B F C � s� t� k
�
A E B F C � (2.12)

The nondimensionalreaction-ratecoefficient is alsocalledthe “flux Damköhler number.”

We expectthe largestsegregationeffectsfor fastchemicalreactions(k H 1), andwe will

vary theflux Damköhlernumberfrom zero(nonreactivecase)to infinity. Thethreenondi-

mensionalreaction-ratecoefficientsusedin casesAB1, AB2, andAB3 are0.2,1.0,and5.0

respectively.

As in thenonreactivecase,for all reactive casesonly two boundaryfluxesarenonzero.

Thesearetheconstantfluxesof scalarsA andB into theboundarylayerwith valuesF� at

thebottomand � F� at thetop,respectively. Theothertwo flux boundaryconditionsareput

to zero. Theconcentrationsof scalarsA andB reacha steadystatedueto thepresenceof

thechemicalsink.

A ratherspecialcaseis AB D , for which onedoesnot have to do a chemistryrun nor a

seriesof runsto approximatethe infinite reactionratelimit. Instead,we candiagnosethe

A andB scalarfields for caseAB D from the BU andTD scalarfields in the nonreactive

case.As wasalsodoneby Schumann(1989),we mayuse I sBU � sTD I asa substitutefor

sA if sBU G sTD (sB is thensetto zero)andfor sB if sBU J sTD (sA is thensetto zero).

In otherwords,we canregardscalarsA andB asdiffusingfrom their respectivesourcesat

thebottomandtop of theCABL (without reacting)to a highly complex reactioninterface

of zerothickness.At onesideof this interfacesurfaceonly scalarB is presentandat the

othersideof this interfaceonly scalarA. To defendtheabove outlinedprocedurefor case

AB D , weshow in appendixB thatthescalarsA andB becomeuncorrelatedat thesmallest
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scalethatis resolvedin theLES modelwhenwe increasethereaction-ratecoefficient from

moderateto infinite values. Correspondingly, the unresolvedcovariancecontribution will

becomenegligible for veryhigh reaction-ratecoefficients(asit is for nonreactivescalars).

EachLES run is startedwith a well-developedturbulentlayerandvaryinginitial scalar

profiles(alwayswith equaltotal amountsof bothspeciespresentin theCABL). For cases

with a chemicaltimescalesmallerthantheconvectivetimescalethescalarscomecloseto a

steadystateafterseveralconvective turnovers(turbulentmixing beingthe limiting factor).

For slower chemistry, thedimensionlesschemicaltimescalek ' 1 determinesthenumberof

requiredturnovers.Theaveragingprocessis not startedbeforeit hasbeenverifiedthat the

scalarshave nearlyreachedtheir steady-statevalues(in caseBUTD thescalarswill reach

a quasi-steadystatecharacterizedby a linearflux profile). Thentheaveragingtakesplace

usingeightconsecutivesnapshots(with a timeseparationof 0.25t � ) duringanintegrationof

length2t� . Theonly exceptionto this procedureis caseAB D : weperformthecalculations

for this caseonly on thefinal field of caseBUTD. Thereforetheprofilesfor caseAB D are

somewhatlesssmooththantheotherprofiles.

2.3 Scalarplume budgets

2.3.1 Basicequations

Firstly, we introducetheconvectivemassflux M:

M � % a  � u � � " � (2.13)

with a theupdraftareafraction, � u theupdraftvelocity, and � themeanverticalvelocity.

As statedbefore,we take the density % � 1 kg m' 3 andwe thereforedo not explicitly

include % in our equationsbelow.

We usethefollowing decompositionof thescalarflux:

��� s� � a  � u � � "  su � s" �  1 � a"  � d � � "  sd � s" � a��� s� u �  1 � a" ��� s� d
� M  su � sd " � a��� s� u �  1 � a " ��� s� d � (2.14)

asis doneby SiebesmaandCuijpers(1995).Theindicesu andd indicatethattheaveraging

areasconsistof updraftsanddowndrafts,respectively. In decomposition(2.14)we candis-

tinguishbetweenmass-flux(alsocalled“top-hat”) andsubplumecontributionsto the total

flux, andthe decompositionis exact. The terms ��� s� u and ��� s� d representfluxesassoci-

atedwith subplumecorrelationsof verticalvelocityandscalarquantitiesandaredefinedas��� s� u �  � � � u "  s � su " u and ��� s� d �  � � � d "  s � sd " d.
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Using a and M we canwrite the following mass-conservationequation,or continuity

equation: *
a*
t
���

*
M*
z
� Em � Dm � (2.15)

where,following Siebesma(1997),we haveusedthegrosslateralmass-exchangeratesEm

andDm, alsocalledentrainmentanddetrainmentrates,respectively (thetermsentrainment

anddetrainmentaredefinedrelative to theupdraft).Thesearedefinedas

Em � � 1

A n K L u' ui MON 0
n P  u � ui " dl (2.16)

Dm � 1

A n K L u' ui M.Q 0
n P  u � ui " dl � (2.17)

wherethe integralsareover specificsegmentsof all the interfacesbetweenupdraftsand

downdraftsin a horizontaldomain,A, n is an outward directedunit normalvectorat the

interface(outwardis definedrelativeto theupdraft),u the3-D flow velocityfield andui the

3-D interfacevelocity field. This formulationis generallyvalid for any interface.Sincein

thecaseof aninterfacebetweenupdraftsanddowndrafts� � � i � 0 theintegralscontain

only horizontalcontributions.

The exact updraftanddowndraft scalarplume-budgetequationscanbe written, again

following Siebesma(1997),as

*
asu*
t
�R�

*
Msu*

z
� 1

A interface
n P  u � ui " s dl �

*
a��� s� u*

z

� a  Su � Su
+
subplume" (2.18)

*  1 � a " sd*
t

� �
*

Msd*
z

� 1

A interface
n P  u � ui " s dl �

*  1 � a" � � s� d*
z

�  1 � a"  Sd � Sd
+
subplume" � (2.19)

Thetermcontainingthecontourintegral representslateral-exchangeprocessesandthelast

termsin (2.18)and(2.19)correspondto sourcesandsinks,beingsubdivided into a plume

meananda subplumepart(to bediscussedbelow).

Below we will first discussvariousparameterizationsfor the two typesof subplume

contributionsto theplume-budgetequations.This is followedby adiscussionof parametri-

zationsfor thecontourintegral representinglateral-exchangeprocesses.At theendof this
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sectionwewill definethefivemass-fluxschemesfor scalartransportthatarestudiedin this

chapterasdifferentcombinationsof thevariousparameterizationspresentedbelow.

2.3.2 Subplumecontributions to the plume-budget equations

Subplumefluxes ��� s� u and ��� s� d
In thepastit hasbeenfoundby BusingerandOncley (1990)for thesurfacelayerandby

Young(1988a),SchumannandMoeng(1991a),WyngaardandMoeng(1992),anddeLaat

andDuynkerke (1998)for theCABL that thetop-hatcontribution to theflux, M  su � sd " ,
is a constantfraction �TS s of thetotal flux, in formulaform:

��� s�6U � ' 1S s M  su � sd " � (2.20)

We cangive a theoreticalestimateof � S s, asshown by WyngaardandMoeng(1992),pro-

videdthatthejoint probabilitydensityfunction(pdf) P  � � � s� " of verticalvelocityandscalar

fluctuationsis a Gaussianfunction. In thatcase�VS s � 4  21 " � 0.64.

In themass-fluxschemesfor scalartransportstudiedin thischapterthesubplumefluxes

aretreatedin threedifferentways.First, they canbeassumedto bezero:

��� s� u � ��� s� d � 0 � (2.21)

For a given total scalarflux anda givenmassflux this will result in an overestimationof

 su � sd " in (2.14)by a factor �W' 1S s , accordingto (2.20).

Second,the subplumefluxescan be assumedto be proportionalto the grossplume-

scaletop-hatcontributionsMsu andMsd, respectively, asimplicitly doneby Randallet al.

(1992):

��� s� u � 1 � � S s

a�TS s
Msu (2.22)

��� s� d �!� 1 � �TS s 1 � a" � S s
Msd � (2.23)

In thisparameterizationit is assumedthatthesubplumefluxescanbeabsorbedinto thetop-

hatflux termsby using �X' 1S s M insteadof M in (2.14).Eqs.(2.22)and(2.23)areconsistent

with (2.20).

Third, we proposea new subplumefluxesparameterizationbasedon theresultsshown

in Figs.2.4a,b(to bediscussedin section2.4). This new parameterizationmakesuseof the

fact that purely bottom-updiffusing scalarsonly have a subplumeflux in the updraftand
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purelytop-downdiffusingscalarsonly haveasubplumeflux in thedowndraft.Accordingto

thesuperpositionhypothesisof WyngaardandBrost(1984),any nonreactivepassivescalar

canbewrittenasa linearcombinationof bottom-upandtop-down diffusingscalarfields:

s � A sBU � C sTD � (2.24)

wherethescalarsBU andTD areassumedto have equalbut oppositeinput fluxesfor BU

at thebottomof theCABL andfor TD at thetop of theCABL. If we assumequasi-steady

conditions,thefractionalcontributionsof bothcomponentfieldsto thetotalflux atacertain

height,Y BU and Y TD, are

Y BU � 1 � Y TD � I A I 1 � z
zi

I A I 1 � z
zi
� I C I z

zi

� (2.25)

Thenew subplume-fluxesparameterizationreads:

��� s� u � Y BU
1 � �TS s

a� S s
M  su � sd " (2.26)

��� s� d � Y TD
1 � �TS s 1 � a " �TS s

M  su � sd " � (2.27)

which is also consistentwith (2.20). For scalarsthat have a continuousdistribution of

sourcesandsinksin theCABL, theflux profile candeviate from linearity andthedecom-

positionof thescalarfield in bottom-upandtop-down componentsis not strictly valid any-

more. However, we will apply (2.26)and(2.27)alsoin our reactive cases,sincewe also

foundfor thesecasesthatbottom-upspecieshave subplumefluxesin theupdraftonly and

top-down specieshavesubplumefluxesin thedowndraftonly.

Subplumecovariancess�As�Bu
and s�As�Bd

In thesamemanneraswedid in (2.14)for theflux, wewrite thefollowingdecomposition

of thecovariance:

s�As�B � a  sA
u � sA "  sB

u � sB " �  1 � a"  sA
d � sA "  sB

d � sB "
� as�As�Bu �  1 � a" s�As�Bd � (2.28)

The first two termson the rhs togetherconstitutethe top-hatcontribution to the covari-

anceand the last two termscontainthe subplumecovariances.Thesesubplumecovari-

ancesappearin theformulasfor thesubplumecontributionsto chemicalsinksandsources,
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Su
+
subplume and Sd

+
subplume. The subplumecontributions are relevant only to sinks and

sourcesrelatedto second-orderchemicalreactions. In the two plume-budgetequations

(2.18)and(2.19)thechemicalsink termsfor our typeof reactivecaseslook asfollows:

Su �!� ksA
u sB

u (2.29)

Sd �!� ksA
d sB

d (2.30)

Su
+
subplume��� ks�As�Bu � � k sA � sA

u sB � sB
u u

(2.31)

Sd
+
subplume��� ks�As�Bd � � k sA � sA

d sB � sB
d

d � (2.32)

As we will show in this chapterthesubplumecontributionsto thetotal chemicalsinksand

sourcesaresubstantial,sothey mustbeparameterized.

Wewill treatsubplumecovariancesin two waysin themass-fluxschemesstudiedin this

chapter. Firstly, we canassumethemto bezero:

s�As�Bu � s�As�Bd � 0 � (2.33)

For our reactive cases,theuseof (2.33)will leadto underestimatingtheabsolutevalueof

the intensityof segregation Is (it will be lessnegative)andconsequentlyto overestimating

themeanreactionrate,resultingin lowersteady-stateconcentrationsof scalarsA andB.

Second,we proposea new parameterizationfor thesubplumecovariancesbasedon the

resultsshown in Fig. 2.7b (to be discussedin section2.5). Analogousto the fluxes,we

assumethatthetop-hatcontribution to thetotal covarianceis a constantfraction � AB of the

total covariance:

s�As�B U � ' 1
AB asA

u sB
u �  1 � a" sA

d sB
d � sA sB

�Z� ' 1
ABs�As�Btop hat� (2.34)

The valueof � AB is approximately0.25: only 25% of the total covarianceis resolved by

the top-hatterm. Theexperimentalbackingfor this valueof � AB is discussedextensively

in section2.5 (whereFig. 2.7b is discussed)andappendixA. We proposethe following

parameterizationfor thesubplumecovarianceson thebasisof this result:

s�As�Bu � 1 � � AB

2a� AB
s�As�Btop hat (2.35)
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s�As�Bd � 1 � � AB

2  1 � a" � AB
s�As�Btop hat � (2.36)

limiting the valuesof s�As�Bu
ands�As�Bd

on the negative sideto � sA
u sB

u and � sA
d sB

d,

respectively. Eqs.(2.35)and(2.36)aresimilar to (2.26)and(2.27)for thesubplumefluxes,

exceptfor thefactthatin (2.35)and(2.36)it is assumedthatthecontributionsof theupdraft

and the downdraft subplumecovariancesto the total covarianceare equal. This is why

the factor 2 appearsin the denominatorsof (2.35) and (2.36). As said in the above the

parameterizationproposedherefor thesubplumecovarianceswill bedefendedon thebasis

of LESresultsin section2.5.

2.3.3 Lateral-exchangeterms

Thecontourintegral for the lateralscalarexchangeprocesses,appearingin (2.18)and

(2.19),canbewrittenasa sumof two terms:

1

A interface
n P  u � ui " s dl �  Em � Dm " si � ai

7 �
Rs� i � (2.37)

wheresi is the meanscalarvalueat the interfacebetweenupdraftsanddowndrafts,ai is

the perimeter/arearatio of the updrafts, 7 R is shorthandfor n P  u � ui " , and the primes

denotefluctuationsrelative to the interfaceaverage,which is denotedby the overbarwith

index i . Thefirst termon therhsof (2.37)is aninterface-scaletermandthesecondtermis

a subinterface-scaleterm.

In our mass-fluxschemesfor scalartransportwe will usetwo parameterizationsof the

lateral-exchangeterms. Both parameterizationsprovide a closurefor the rhs of (2.37) in

termsof theupdraftanddowndraftquantitiessu andsd.

First,we follow ChatfieldandBrost(1987)andwrite

 Em � Dm " si � ai
7 �

Rs� i � rdsd � rusu � (2.38)

with

ru � max �
*

M*
z � 0 (2.39)

rd � max
*

M*
z � 0 � (2.40)

In this parameterizationonly net advectionoccursfrom one draft to the other (with the

directiondependingon the sign of
*

M  * z). This canbe regardedasa parameterization
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of the interface-scalelateralexchangeonly, substitutingsu andsd for si dependingon the

directionof thenetmassexchange.

Second,we include the parameterizationusedextensively in cumulusschemes(e.g.,

ArakawaandSchubert1974;Tiedtke1989):

 Em � Dm " si � ai
7 �

Rs� i � Ess
d � Dss

u � (2.41)

with Es andDs being“scalarentrainment”and“scalardetrainment”quantities.Thediffer-

encebetween(2.38)and(2.41)is that Es andDs—providedthatthey areassignedpositive

values—arerelatedto grossexchange,Es to advectionfrom downdraft to updraftand Ds

to simultaneousadvectionfrom updraftto downdraft. Thus,contraryto (2.38),(2.41)does

includea parameterizationfor thesubinterface-scalelateral-exchangeprocess.Theplume-

budgetequations(2.18)and(2.19)now become

*
asu*
t
�[�

*
Msu*

z
� Ess

d � Dss
u �

*
a��� s� u*

z
� a  Su � Su

+
subplume" (2.42)

*  1 � a" sd*
t

� �
*

Msd*
z

� Ess
d � Dss

u �
*  1 � a" ��� s� d*

z

�  1 � a"  Sd � Sd
+
subplume" � (2.43)

As Young(1988b)andSchumannandMoeng(1991b)did, we candetermine Essd �
Dssu " asaresidualtermof either(2.42)or (2.43).However, it is alsopossibleto determine

uniqueprofilesof Es andDs, providedthatwe imposesomeconstraint.It is convenientto

impose,asis implicitly doneby SiebesmaandCuijpers(1995),

Es � Ds � Em � Dm � (2.44)

Substitutingthe continuity equation(2.15) in (2.42) and(2.43), andnoting that we have� � 0 in ourLES, resultsin

Es  su � sd " � su
*

M*
z
� a� su*

z
� a

*
su*
t
� a  Su � Su

+
subplume" (2.45)

Ds  su � sd " � sd
*

M*
z
�  1 � a" � sd*

z
�  1 � a"

*
sd*
t

�  1 � a "  Sd � Sd
+
subplume" � (2.46)

We mustbeawarethat thequantitiesEs andDs definedby (2.41)and(2.44)arenot guar-

anteedto bescalar-independent.Also, Es and Ds do not have to bepositive. Theclosure
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Scheme Lateral-exchangeterms Subplumefluxes Subplumecovariances

 Em � Dm " si � ai
7 �

Rs� i ��� s� u and ��� s� d sA
� sB
� u andsA

� sB
� d

MF1 (2.41),(2.45),and(2.46) (2.26)and(2.27) (2.35)and(2.36)

SC95 this chapter(new) this chapter(new)

MF2 (2.38),(2.39),and(2.40) (2.26)and(2.27) (2.35)and(2.36)

CB87 this chapter(new) this chapter(new)

MF3 (2.38),(2.39),and(2.40) (2.22)and(2.23) (2.35)and(2.36)

CB87 RSM92 this chapter(new)

MF4 (2.38),(2.39),and(2.40) (2.21) (2.33)

CB87 no ref. (zero) no ref. (zero)

MF5 (2.38),(2.39),and(2.40) (2.22)and(2.23) (2.33)

CB87 RSM92 no ref. (zero)

Table2.1: Compositionof mass-fluxschemesfor scalartransportwith referenceto

equationsin this chapterand with referenceto correspondingliterature:

Chatfield and Brost 1987 (CB87), Randall et al. 1992 (RSM92), and

SiebesmaandCuijpers1995(SC95).

assumption(2.41), in combinationwith determiningEs and Ds from (2.45) and (2.46),

might even leadto plume-budgetequationsthatdo not have stablesolutions(dueto nega-

tive Es and Ds). In sections2.4 and2.5 we will determinethebehavior of Es andDs for

differenttypesof scalarsfrom LES.Also wewill specifytherewhichprofilesof Es andDs

areusedin our mostcomprehensivemass-fluxschemefor scalartransport.

2.3.4 Mass-fluxschemesfor scalar transport

Now we have cometo the point wherewe candefinethe mass-fluxschemesthat we

will evaluatein this study. The mass-fluxschemescanbe consideredascomposedof the

basicscalarplume-budgetequations(2.18) and (2.19) with differentpermutationsof the

parametrizationspresentedin theabovefor thesubplumefluxes,thesubplumecovariances,

andthelateral-exchangeterms.As saidbefore,themass-fluxschemesarerun in anoff-line

mode.

In Table2.1we definefive mass-fluxschemes(MF1 up to MF5) for transportof nonre-

activeandreactivescalarsin theCABL. Thecolumnpertainingto thesubplumecovariance

parametrizationis only relevantto thereactivecases,sofor thenonreactivecaseBUTD we
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Figure2.1: Profilesof (a) bottom-updiffusing scalarBU and(b) top-down diffusing

scalarTD, determinedfrom LES; thesteadydeviation from thebulk value

is plotted,calculatedby subtractingthe vertically integrated(andsteadily

increasing)scalarquantitiesfrom theverticalprofiles.Mean,updraft,and

downdraftvaluesareshown.

effectively have four differentmass-fluxschemes(for this caseMF5 is identicalto MF3).

Weusethesameverticalgrid resolutionin themass-fluxschemesasin theLES,namely66

layers.

Sincethenew proposalsfor theparameterizationof subplumefluxesandsubplumeco-

variancesarebasedon LES results(to be presentedin sections2.4 and2.5) andsincethe

parameterizationof lateralexchangeaccordingto SiebesmaandCuijpers(1995)alsouses

LES resultsasinput, schemeMF1 hasthe closestresemblanceto the exact plume-budget

equations.Goingdown thelist of schemes,lesssophisticatedparameterizationsareusedfor

thethreecomponentprocessesandwe expectin generalthat theperformancewill become

worse(although,asit turnsout therecanbe “compensatingerrors” at play, resultingin a

betterperformanceof arelativelysimpleschemecomparedto arelativelycomplex scheme).
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2.4 LES resultsfor nonreactivescalars

2.4.1 ScalarprofilessBU and sT D

Updraft anddowndraft profilesof bottom-upand top-down diffusing scalarsBU and

TD, obtainedfrom the LES by way of conditionalsampling(averagingover areaswith

respectively positive andnegative vertical velocities),areshown in Figs. 2.1a,b. The BU

andTD scalarprofilesarein quasi-steadystate(with the gradientsnot changingin time),

sincethereis a constantinflux at either the bottom or the top boundaryand thereis no

sink for eachof the two scalars. Thereforewe have subtractedthe (steadily increasing)

boundary-layeraveragedscalarvaluesfrom theprofilesbeforeplottingthemin Figs.2.1a,b,

respectively.

A striking(but notperfect)symmetrybetweenbottom-upandtop-down transportmech-

anismsexists in the solid-lid CABL. For both scalarswe find countergradientfluxesnear

theirrespectivezero-fluxboundaries:astrongercountergradientflux nearthetopfor theBU

scalaranda weaker countergradientflux nearthe bottomfor the TD scalar. The counter-

gradientfluxesof thescalarsarecausedby thepresenceof relatively fastcoreswithin both

updraftsanddowndraftsthatquickly vertically transportsthescalarsthroughtheCABL. In

the entrainingCABL we do not find a countergradientflux of top-down diffusingscalars,

sincethereis lessverticalsymmetryin theentrainingCABL.

2.4.2 Fluxes `ba saBU and `ba saT D

Theflux profilesfor caseBUTD plottedin Figs.2.2a,barenearlylinear, which means

thatthescalarprofilesin Figs.2.1a,barecloseto quasi-steadystate.

In Figs.2.3a,bthe ratiosof the top-hatcontribution to the total flux � S s areshown for

bottom-upandtop-downdiffusingscalars,respectively. Wefind thatthetheoreticalestimate

(basedonGaussianassumptions)of �TS s � 0.64holdsquitewell for theBU andTD scalars,

althoughtheBU scalarshowsasomewhatlowervalueof �TS s nearthetop,wherethefluxes

becomesmall.A valueof 0.6for �TS s wasalsofoundbeforeby BusingerandOncley (1990)

from measurementsin thesurfacelayerfor all stabilities,by SchumannandMoeng(1991a)

andWyngaardandMoeng(1992)from LES of theclearandstratocumulus-toppedCABL,

and by de Laat and Duynkerke (1998) from measurementsin the stratocumulus-topped

CABL. For thesolid-lid CABL wedonotfind thehighervalueof � S s for theTD scalarthat

wasfoundbeforeby WyngaardandMoeng(1992)for theentrainingCABL (which is again

dueto thefactthattheentrainingCABL is lesssymmetricalin thevertical).

In Figs. 2.4a,bthe LES resultsareshown for the decompositionof the total fluxesas
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Figure2.2: Fluxesof (a)bottom-updiffusingscalarsBU or A and(b) top-down diffus-

ing scalarsTD or B, determinedfrom LES.
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Figure2.3: Ratios of top-hat contribution to total flux for (a) bottom-updiffusing

scalarsBU or A and(b) top-down diffusingscalarsTD or B, determined

from LES. The vertical lines indicatethe theoreticalvalueof 0.64 for a

Gaussianjoint pdf P  � � � s� " .
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Figure2.4: Fluxdecompositionfor (a)bottom-updiffusingscalarBU and(b) top-down

diffusingscalarTD, determinedfrom LES.

givenin (2.14).It turnsout thatthesubplumeflux of scalarBU is locatedonly in theupdraft

andthatthesubplumeflux of scalarTD is locatedonly in thedowndraft.This factwasused

in our subplume-fluxparameterization(2.26) and (2.27). Although Chatfieldand Brost

(1987)andHuntetal. (1988)referonly to updraftsandnotto downdraftswhendealingwith

subplumefluxes,ourresultthatthesubplumeflux of scalarTD is carriedalmostcompletely

by thedowndraftsshowstheimportanceof subdowndraftfluxesfor scalarfieldswhichhave

a significanttop-down component.This is alsoevident in the resultspresentedin Young

(1988b)for theverticalvelocitybudgetin thedowndraftspresentin theentrainingCABL.

2.4.3 Lateral entrainment and detrainment rates EBU , DBU , ET D, and
DT D

ScalarentrainmentanddetrainmentratesEBU, DBU, ETD, andDTD determinedfrom LES

using(2.45)and(2.46)areshown in Figs.2.5a,b. The breakdown of closureassumption

(2.41) is evident from the large negative valuesof Es and Ds nearthe respective zero-

flux boundaries(EBU and DBU nearthe top, and ETD and DTD nearthe bottom). Using

theseEs andDs profilesin a mass-fluxschemewould give rise to unstablesolutions.The

causeof this problemis the fact that near the problematicboundariesthe subinterface-

scalelateral-exchangeterm 7 �Rs� i givesriseto transportfrom thedraft with thelowermean
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Figure2.5: Entrainmentanddetrainmentrates,determinedfrom LES caseBUTD for

(a)bottom-updiffusingscalarBU and(b) top-down diffusingscalarTD.

scalarvalue to the draft with the higher meanscalarvalue. This is possibledue to the

presenceof strongcountergradientfluxesnearthoseboundariesandthepresenceof smaller

eddiesthatarenotrepresentedin theplume-budgetequations.Sincein theentrainingCABL

countergradientfluxesareonly foundfor bottom-updiffusingscalars,thisproblemwouldin

therealatmosphereonly occurfor purelybottom-updiffusingscalarsandwouldbeconfined

to thetoppartof theCABL.

As said,if we try to modelthis processwith (2.41),usingunchangedprofilesof Es and

Ds, we inevitably getanunstablemass-fluxscheme.Sincein practicewe do not dealwith

purely bottom-upandtop-down diffusingscalarfields we proposethe following practical

solution to the problem. We will ensurepositivity by taking E � max EBU � ETD " and

D � max DBU � DTD " andusethesescalar-independentE andD insteadof Es andDs in

mass-fluxschemeMF1.

2.5 LES resultsfor reactivescalars

2.5.1 Steady-statescalarvaluessA and sB

Thesteady-statescalarvaluesfor thereactivecasesarelistedasboundary-layeraverages

in Table2.2.As to beexpected,thesteady-statescalarvaluesdecreasewith increasingreact-
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Case k sA , sB Dat Daeff Is

gih
AB sjAsjB dzg
sjAsjB dz

AB1 0.20 2.8 0.55 0.13 � 0 � 34 0.18

AB2 1.0 1.8 1.8 0.32 � 0 � 68 0.22

AB3 5.0 1.4 7.2 0.49 � 0 � 90 0.23

AB D D 1.4 D 0.48 � 1 0.25

Table2.2: Dimensionlessreaction-ratecoefficient (flux Damköhler number)k, and

LES resultsfor bulk quantities: meansteady-stateconcentrationssA and

sB, turbulent Damköhler numberDat, effective Damköhler numberDaeff ,

bulk intensity of segregation Is, and bulk ratio of top-hatcontribution to

total covariance.

ion-ratecoefficients.Thevariablethatultimatelydeterminesthesteady-stateconcentrations

is thecovarianceterms�As�B in (2.10).A measureof theimportanceof this covarianceterm

ateachheightis theintensityof segregationIs, definedin (2.11)andplottedin Fig. 2.6.We

find that Is becomesmorenegative for higherreaction-ratecoefficients,slowing down the

horizontallyaveragedreactionrateby asmuchas90%(comparedto thehorizontallywell-

mixedassumption)in caseAB3. In Table2.2 we have alsogiven for eachcasethe “bulk

intensityof segregation,” which representsthefractionalchangein bulk-averagedreaction

rate(comparedto the bulk well-mixedassumption).For the casesstudiedin this chapter,

thebulk valueof Is is for thelargestpartdeterminedby thehorizontalsegregationplottedin

Fig.2.6. In general,however, verticalsegregationmayalsogiveanimportantcontributionto

theboundary-layeraveragedsegregation.Concerningthesteady-stateconcentrationslisted

in Table2.2, we mustbe aware that the steady-stateconcentrationof 1.4s� for scalarsA

andB in caseAB D is basedon oneinstanteneousLES field only (assaidbefore). Still

we expecttherealvalueto deviatenot morethan0.05s� from this value,andwe therefore

concludethat the reaction-ratecoefficient k � 5 � 0 in caseAB3 is already“close” to the

infinite reaction-ratelimit.

The boundary-layeraveragedscalarvaluesfor the reactive casesshown in Table 2.2

illustratethe limitation of chemicalreactionsdueto incompletemixing by convective tur-

bulence(cf. Beetset al. 1996;MolemakerandVil à-GueraudeArellano1998).We seethat

for increasing“turbulentDamköhlernumber”(definedasDat � k sA  s� ), whichis basedon

awell-mixedassumption,theeffectiveDamköhlernumber, definedasDaeff �  1 � Is" Dat,

reachesafinite limit. Thusit canbeconcludedthattheconvergenceof Is to its limiting value
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Figure2.6: Intensitiesof segregationfor bottom-upandtop-down diffusingscalarsA

andB in casesAB1, AB2, andAB3.

of � 1 exactly counteractsthe increaseof Dat toward infinity. Thesteady-stateconcentra-

tions reacha limiting valueof 1.4s� , correspondingto an effective Damköhlernumberof

0.5. This limiting valueis determinedfrom a manipulationof thescalarfieldsof thenon-

reactive case,andno seriesof runswith increasingreaction-ratecoefficientsneedsto be

performed.MolemakerandVil à-GueraudeArellano(1998)usingdirectnumericalsimula-

tion (DNS)of aconvectiveboundarylayerinsteadof LESdid performsuchaseriesof runs

with their model. They foundanasymptoticvaluefor theeffective Damköhlernumberof

about0.8,50%higherthanour result. Thesourceof this largedifferenceprobablylies in

themuchlowerRayleighnumberRa(andReynoldsnumberRe)usedin DNS comparedto

LES. In our LES RaandReareseveralordersof magnitudelarger thanin their DNS and

arecloseto realatmosphericvalues.Concerningtheturbulentcontrolof chemicalreactions

foundhere,oneshouldbeawareof thefactthatweherestudyaspecialchemistrycasewith

equalinputfluxesandequalboundary-layeraveragedconcentrations.A similareffectneeds

not bepresentin otherchemistrycases.

2.5.2 Fluxes ` a saA and ` a saB
In Figs.2.2a,balso,thefluxesof thebottom-upandtop-down scalarsA andB in there-

activecasesareplotted.Theequilibriumbetweenflux divergenceandchemicaldestruction
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Figure2.7: (a)Total covariancesof reactivebottom-upandtop-down diffusingscalars

A andB and(b) ratiosof top-hatcontribution to total covariance,deter-

minedfrom LES.

resultsin nonlinearflux profiles.Thefactthattheshapeof theflux profilesof thetop-down

diffusing scalarsdiffers somewhat from that of the bottom-updiffusing scalarsindicates

that in mostof the caseswe have not yet reachedan exact steadystate. However, since

wefoundsmalltendenciesfor theboundary-layeraveragedconcentrations,weconsiderthe

scalarsto becloseenoughto steadystatefor thepurposesof this chapter. Thenonlinearity

of the flux profilesbecomesstrongerfor higherreactionrates. The flux profilesfor case

AB D (not shown) arecloseto thoseof caseAB3. Justasthereexistsa minimumlimit on

theconcentrationsthereis a maximumlimit, for thespecificcasesstudiedin this chapter,

on thenonlinearityof theflux profilesfor higherandhigherreactionrates.In othercases,

for examplewith premixed emissions(positive covariances)or in caseswhereoneof the

specieshasa muchhigher initial concentrationthanthe otherspecies(for the sake of the

argumentkeepingthefluxesfixed),thejust-mentionedlimits do not have to bepresentand

the nonlinearityof the fluxescanbe larger thanin the casesstudiedin this chapter. Pre-

liminary resultsfor othercaseswith largerflux divergencesleadusto expectthat themain

resultsof this chapterapplymoregenerally.
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2.5.3 CovariancesaAsaB
Figs.2.7a,bshow profilesof thetotal covariances�As�B andthefractionaltop-hatcontri-

bution � AB � s�As�Btop hat s�As�B, respectively. In thelastcolumnof Table2.2 theboundary-

layer averagedratiosof top-hatcontribution to total covariance(weighedwith the covari-

anceat eachheight) are listed. Theseboundary-layeraveragedquantitiesare the ones

that shouldbe modeledcorrectlyby the mass-fluxschemesin order to reachthe correct

boundary-layeraveragedsteady-stateconcentrationsof scalarsA andB. Theprofile of the

total covarianceis not very sensitive to the changein reactionrateby a factorof 25 be-

tweencasesAB1 andAB3: s�As�B changeslessthan50%. And also � AB changeslessthan

50%. CaseAB1 hasthe lowest � AB, indicatingthatsubplumecovariancesbecomelargest

for Dat in theorderof 1. For nonreactingscalarsthecovariances�BUs�TD is smallestandthe

fractionalcontribution of the subplumecovariancesis somewhatsmallerthanfor reactive

scalars(notshown). In appendixA weshow that � 12 =0 � 25 o 0.10for all typesof scalarsin

thesolid-lid CABL. In theparameterizationfor thesubplumecovariances(2.35)and(2.36)

in schemesMF1 to MF3 wewill use� AB � 0.25.Onthebasisof experimentsin theentrain-

ing CABL Young(1988a)findsvaluesof �Tp,p (thefractionaltop-hatcontributionto thetotal

potentialtemperaturevariance)in thesurfacelayerandlowermixedlayerthatlie within the

statedrange.Also LES resultsfor a casein theentrainingCABL (not shown; this caseis

alsobasedon simulatinga steadystatein theCABL with equalbulk quantitiesof reactive

bottom-upandtop-down diffusingscalars)confirmthatonecanextrapolatetheresultto the

surfacelayer andlower mixed layer of the entrainingCABL. The top-hatformula for the

covariance,however, breaksdown for reactionsthat mainly take placein the entrainment

zone.We anticipatethatsuchconditionsdo not oftenoccurin reality. In futurestudieswe

will assesstheimportanceof this problemfor realisticcasesin atmosphericchemistry.

In orderto assessthe assumptionmadein (2.35)and(2.36) that the subplumecovari-

ancesareequalfor updraftsanddowndrafts,we have plottedin Fig. 2.8 the termsof the

covariancedecompositiongivenin (2.34). Only onecase(AB2) is shown; theothercases

givesimilarresults.Apparentlythesubupdraftandsubdowndraftcontributionsarenotequal

at eachheight,asassumedin our subplumecovariancesparameterization,but comparedto

thelargedifferencesfoundfor thesubplumecontributionsto thefluxes,thesubplumecon-

tributionsto thecovariancearerelatively closeto eachotherin size.We expectthatthedif-

ferencesdo not have a largeinfluenceon theperformanceof themass-fluxschemes,since

thechemicalsinksandsourcesarerelatively small termsin (2.18)and(2.19)(not shown)

andareonly importantin the boundary-layeraveragedbudget,in which they balancethe

input termsfrom theboundaryfluxes.

Complementaryto our updraft–downdraftanalysesof s�As�B, we have alsoinvestigated
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thebehavior of s�As�B for thedifferentcasesin spectralspace(seeappendixB).

2.5.4 Lateral entrainment and detrainment rates EA, DA, EB, and DB

For the profiles of EA , DA , EB, and DB (not shown) we find similar resultsas for

EBU, DBU, ETD, and DTD, respectively (shown in Figs. 2.5a,b). The only differenceis

that nearthe zero-flux boundariesthe profiles do not becomenegative but only become

zero.This is dueto thefactthatthelargechemicalsink termnearbothboundariesprevents

strongcountergradientfluxesfrom occuring(seeFigs.2.10a,bfor typical LES profilesof

scalarsA andB, respectively). Nevertheless,we will alsouseE � max EBU � ETD " and

D � max DBU � DTD " in schemeMF1 for thereactivecases.
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Figure2.9: Meanquasi-steadyprofilesof (a) bottom-updiffusing scalarBU and(b)

top-down diffusingscalarTD in nonreactivecaseBUTD, modeledby four

mass-fluxschemesandcomparedto LES. The steadydeviation from the

bulk concentrationis plotted.
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2.6 Resultsof mass-fluxschemes

2.6.1 Non-reactive caseBUTD

The quasi-steadyresultsof four mass-fluxschemesareshown in Figs.2.9a,b(for this

caseschemeMF5 is identical to schemeMF3). The LES resultsare also plotted. The

effect of using the new subplume-fluxesparameterization(2.26) and (2.27) is a change

in the gradientin the bulk of the CABL to a (stronger)countergradientprofile. The two

schemescontainingthe new subplume-fluxesparameterization(schemesMF1 andMF2)

modelgradientsin thebulk of theCABL thatarecloserto theLESresultsthanthemodeled

gradientsby theothertwo schemes.

Adding subinterface-scalelateralexchange(schemeMF1 comparedto schemeMF2)

resultsin largerscalarvaluesnearthe influx boundariesof thescalars(morein agreement

with LES) anda correspondingdecreaseof scalarvaluesin the bulk of the CABL. The

behavior neartheinflux boundariesis comparablefor threeof theschemes(MF1, MF3, and

MF4) andis closerto LESfor theseschemesthanfor schemeMF2.

Thediscrepanciesbetweenall mass-fluxschemesandLESnearthezero-fluxboundaries

aredueto the two differentclosureassumptionsstudied,(2.38)and(2.41). However, as

saidbefore,we canarguethat for realisticscalarfields consistingof both bottom-upand

top-down parts,the problemsnearthe zero-fluxboundariesfor the purely bottom-upand

top-down diffusingscalarsaremitigated.

Althoughnoneof theschemesmatchestheLES results,we canconcludethat themost

comprehensivescheme(MF1) that is closestto theexactplume-budgetequationsgivesthe

bestoverallperformanceof theschemesconsidered.

2.6.2 ReactivecasesAB1, AB2, and AB3

In Table2.3 theboundary-layeraveragedsteady-stateresultsfor the reactive casesare

listedfor all fivemass-fluxschemes.Wehaveaddedtheresultsfor asimplebulk boundary-

layer schemewithout covarianceparameterization,which is alsoindicative for the results

of nonlocalscalartransportschemeswithout (implicit) covarianceparameterization.From

Table2.3it becomesclearthatschemesMF1 throughMF3 haveasimilargoodperformance

for theboundary-layeraveragedresults.Thesearethethreemass-fluxschemesthatinclude

thesubplume-covariancesparameterization(2.35)and(2.36).SchemeMF4 performsworse

but still givesa muchimprovedperformancecomparedto thebulk scheme,dueto thefact

thattheupdraft–downdraftscalardifference su � sd " is erroneouslyoverestimatedby afac-

tor �W' 1S s . Finally, schemeMF5 doesnot give muchimprovementin performancecompared
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Case LES BULK MF1 MF2 MF3 MF4 MF5

AB1 2.76 2.24 2.56 2.51 2.54 2.46 2.32

( � 19%) ( � 7.2%) ( � 9.1%) ( � 8.0%) ( � 11%) ( � 16%)

AB2 1.78 1.00 1.68 1.62 1.64 1.49 1.21

( � 44%) ( � 5.6%) ( � 9.0%) ( � 7.9%) ( � 16%) ( � 32%)

AB3 1.43 0.45 1.48 1.41 1.39 1.24 0.86

( � 69%) (+3.5%) ( � 1.4%) ( � 2.8%) ( � 13%) ( � 40%)

Table2.3: Bulk meansteady-stateconcentrationsof scalarsA andB (theseareequal),

determinedfrom LES andmodeledby five mass-fluxschemes.In brackets

therelativedeviation from theLES valueis given.For comparisonwe have

also includedthe resultsof a bulk boundary-layerschemewithout covari-

anceparameterization(BULK).

to thebulk scheme.

For caseAB2, Figs. 2.10a,bshow the scalarprofiles modeledby the five mass-flux

schemesin comparisonto the LES results.As in the nonreactive caseBUTD the profiles

modeledby schemeMF1 areclosestto the LES profilesnearthe influx boundaries.And,

also as in caseBUTD, the effect of including subplumefluxesexplicitly is a significant

changeof thegradientin thebulk of theCABL.

The subplume-covariancesparameterizationis the determiningfactor for the perfor-

manceof the mass-fluxschemesin the reactive cases.Thereforewe have plottedin Fig.

2.11theprofilesof the intensityof segregation Is for caseAB2. Comparedto theprofiles

of Is modeledby schemesMF4 andMF5, theprofilesmodeledby schemesMF1, MF2, and

MF3 arerelatively closeto LES.

Dueto thefactthatthesubplume-covariancesparameterizationhasthelargestimpacton

theboundary-layeraveragedsteady-stateconcentrations,theotherdifferencesbetweenthe

mass-fluxschemesareirrelevantfrom thebulk pointof view. However, in thestudiedcases

we have prescribedthefluxesat thebottomandtop. For a correctinteractive modelingof

the emission(deposition)at the surfaceandscalarentrainment(detrainment)fluxesat the

top it is alsoimportantto correctlymodelscalarprofilesnearthebottomandtopboundaries

of theCABL.
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Figure2.10:Meansteady-stateprofilesof (a)bottom-updiffusingscalarA and(b) top-

down diffusingscalarB in reactivecaseAB2, modeledby five mass-flux

schemesandcomparedto LES.
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andB in caseAB2, modeledby five mass-fluxschemesandcomparedto

LES.Theline stylesareasin Fig. 2.10.
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2.7 Summary and discussion

In this chapterwe have studiedthe mass-fluxcharacteristicsof scalartransportin the

CABL. We have explicitly evaluateddifferentparameterizationsfor componentprocesses

thatcanbeincludedin mass-fluxschemesfor transportof nonreactiveandreactivescalars.

Thebestperformanceis obtainedwith themass-fluxschemesthat is nearlyidenticalto the

exactscalarplume-budgetequations.

Wehaveshownthatasubplume-fluxesparameterizationbasedonthedifferentbehaviors

of bottom-upandtop-downdiffusingscalarsisbestableto modelthegradientsof bottom-up

andtop-down diffusingscalarsin thebulk of theCABL. Furthermore,we have shown that

for anadequatemodelingof thelateral-exchangeprocessesbetweenplumesonealsohasto

takeinto accountthesubinterface-scalelateral-exchangeprocesses.Mass-fluxschemeMF3

givesa satisfactoryperformancein modelingthe boundary-layeraveragedconcentrations

of reactive scalars,the slightly moresophisticatedschemeMF2 performsworse,andthe

mostsophisticatedschemeMF1 givesthe bestperformance.However, we think that the

improvementgainedin schemeMF1 is not worth the increasein complexity. We advice

using schemeMF3, in which the lateral-exchangetermsare parameterizedaccordingto

(2.38)–(2.40)andthesubplumefluxesareparameterizedaccordingto (2.22)and(2.23).

For reactive scalarsinvolved in a binary reaction(eitherasa reactantor asa reaction

product)with moderateor fastreactionratesrelative to theconvectivetimescale,mass-flux

schemesoffer the advantageof intrinsically modelingthe covariancesof reactants.This

givesa measureof the intensity of segregationof the scalars,which can give important

correctionsto the meanreactionrate. The covarianceis dominatedby the subplumecon-

tribution (75%of the total covarianceis causedby subplumecovariancesandtheremaing

25%is representedby thetop-hatapproximation).We have usedthis resultin threeof the

five mass-fluxschemesstudiedandit turnedout to bethedeterminingcomponentprocess

parameterizationfor correctlymodelingthe boundary-layeraveragedsteady-stateconcen-

trations. In typical reactionschemesfor atmosphericchemistrymany importantreactions

aremoderatelyfastor fastcomparedto the convective timescale(like the NO � O3 and

C5H8 � OH reactions).However, at presentit is not clearwhetheror not the segregation

of chemicalspeciesdueto convectionis an importanteffect that hasto be parameterized

in large-scaleatmosphericchemistrymodels.Theuseof thetop-hatapproximationfor the

covarianceandtheparameterizationfor thesubplumecovariancesthatweproposehere,can

help in assessingthe importanceof the effect. The uncertaintyof about40% in the value

of � AB (thefractionaltop-hatcontributionto thetotalcovariance)is acceptablein this light.

Theprimaryconcernis to modelmoreaccurateeffectivereactionratesin large-scaleatmo-
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sphericchemistry–transportmodelsthanis currentlythecase.Theeffective reactionrates

modeledwith mass-fluxschemesthat includethe subplumecovariancesparameterization

are more accuratethan the meanreactionratescalculatedwithout this parameterization,

evenwith thelargeuncertaintyin � AB.

One must be aware that one can not directly include the mass-fluxschemeMF3 in

large-scaleatmosphericmodels. In this chapterwe have prescribedthe profilesrelatedto

boundary-layerdynamicsthatareneededto drivethemass-fluxschemes(i.e., themassflux

andtheupdraftareafraction,or, equivalently, thesecondandthird momentsof the turbu-

lent verticalvelocity; seeappendixC). In practicenot all of thesedynamicalquantitiesare

availablein large-scaleatmosphericmodels,andit mustberecognizedthatit is notyetclear

whetheraddingthemto themodelswill leadto a scalartransportschemethat is at leastas

accurateandrobustastheschemesthatarecurrentlyusedfor scalartransportin theCABL.

In futurestudieswe will addressthis issue.





Chapter 3

A first-order closure for
covariancesand fluxesof reactive
speciesin the convectiveboundary

layer

=
Thematerialcontainedin this chapterhasbeenacceptedfor publicationin Journal of AppliedMeteorology,

with A. A. M. Holtslagasco-author.
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Abstract

Covariancesandfluxesof reactivespeciesin theclear convectiveatmosphericbound-

ary layer (CABL)are studiedandparameterized.Thecovariancesresultfromcorrelations

betweenreactivespecies.Thesemay havea significantinfluenceon the modelledreac-

tion rates in atmosphericchemistrymodels,but are usually neglected. To facilitate the

representationof covarianceeffectsin large-scaleatmosphericchemistrymodels,wehave

developeda new first-order closure for covariances.Theclosure is basedon top-hatdis-

tributionsas is commonin mass-fluxschemes.In additionwe utilize an existing nonlocal

first-orderclosureexpressionfor theflux,which representsthecombinedeffectsof gradient

mixing and nonlocalconvectivemixing. We showhow the latter also includesthe impact

of chemistryon thenonlocalflux contribution. Theimpactof theclosuresis illustratedfirst

for artificial, simplechemistrycases.Theresultsareevaluatedusinglarge-eddysimulation

(LES).Bycomparingresultsfor theentrainingandsolid-lid CABLit is establishedthat the

covarianceclosureworkssatisfactorilyawayfromtheinversion.Subsequently, theclosures

areevaluatedagainstLESfor a photochemicalcasewith 10reactionsinvolving6 modelled

species.Theaccuracyof themodelledcovariancesis foundto bewithin a factorof 2, which

is sufficientto improvethemodelledconcentrations.
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3.1 Intr oduction

The turbulent mixing of fast reactingchemicalspeciesin the clear convective atmo-

sphericboundarylayer (CABL)—here“f ast” is takenrelative to theturbulent timescale—

hasbeenknown for quitesometime now to requirespecialtreatmentin large-scaleatmo-

sphericchemistrymodels(e.g.,Lamb1973).An importantaspectof theturbulenttransport–

chemistryproblemis the fact that reactive speciesarenot alwayswell-mixeddueto short

chemicaltimescalesassociatedwith certainimportantreactions—shorterthanor compara-

ble to theconvectivemixing timescale(seeVil à-GueraudeArellanoandLelieveld1998for

a precisedefinitionof chemicaltimescales).

Reactingspeciesconcentrationscan be (anti-)correlated.The correlationsare repre-

sentedin the expressionsfor the meanchemicalreactionratesby covarianceterms,and

canhave a significantimpacton theserates(e.g.,DonaldsonandHilst 1972;Bilger 1978;

Schumann1989;Krol et al. 1999).Covarianceeffectsrelatedto convectiveboundary-layer

mixing canhaveimpactson large-scalespeciesbudgets.However, atpresentnoestimateof

large-scalecovarianceeffectsexists. This is mostly dueto the fact that thereis no simple

covarianceparameterizationavailable that can readily be includedin large-scalemodels.

This chapteraimsto fill this gap. Futurestudiescanusethe covarianceparameterization

proposedhereto performlarge-scaleassessments.

Wedevelopafirst-orderclosurefor thecovariance,whichis supportedwith anargument

basedonthestudyof mass-fluxcharacteristicsof reactivespeciesin theCABL in chapter2.

Theclosuremustbesimple,i.e., first order, sincefor morecomplex higher-orderclosures

(e.g.,Sykeset al. 1994;Ververet al. 1997)too many prognosticvariableswouldhave to be

addedto large-scalemodels. The proposedclosurecanreadily be includedin large-scale

models.

The parameterizationaims to representall contributions to the turbulent and chemi-

cal productionof covariances:from the smallestscale(millimeters) to the largestturbu-

lent scales(several kilometers),assuminguniform emissionsof emittedspecies. These

turbulence-relatedcovariancesaddto the covariancesdueto nonuniformemissions(e.g.,
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Sillman et al. 1990; Krol et al. 1999), taken togetherthey representthe total covariance.

The covariancesdue to nonuniformemissionsshouldbe parameterizedseparately, since

the scalingbehavior of the covariancesdependson the scaleson which heterogeneityis

presentin theemissions.Theparameterizationof covarianceeffectsrelatedto nonuniform

emissionsdeserveseparatestudyandarenot treatedin this chapter.

The fluxesof chemicallyreactive speciesaremodeledwith the first-orderflux closure

given by CuijpersandHoltslag (1998). This closurerepresentsthe combinedeffectsof

gradientmixing andnonlocalconvectivemixing. We make visible how theeffect of mean

chemicalsourcesandsinksonthenonlocalpartof theflux is includedin thisclosure.How-

ever, the influenceof chemicalhigher-ordermomentson the flux throughthe flux budget

(e.g.,Fitzjarrald andLenschow 1983; Hamba1993; Sykeset al. 1994; GaoandWesely

1994;Galmariniet al. 1997a;Verver et al. 1997)is not includedin the flux closure. Our

approachis to treatspeciesfor which the chemicaltermsin the flux budgetaredominant

asnontransportedspecies,i.e., specieswhoseconcentrationbudgetcanbe adequatelyde-

scribedby consideringonly local chemicalproductionanddestruction.

Besidesstudyingsimple bimolecularchemistrywe put emphasison daytimephoto-

chemistryin the CABL (covarianceeffects were found by Galmarini et al. 1997bto be

typically lessthan1%for anighttimechemistrycase).We useresultsfrom large-eddysim-

ulation(LES) of theCABL to evaluatethecovarianceandflux closuresin eithercase.The

closuresareincludedin a one-dimensional(1-D) modeldrivenby averageverticalprofiles

for thedynamicsobtainedfrom theLES. Two LES-with-chemistryruns,onepresentedin

chapter2 andanothersimilar to theonepresentedby Krol etal. (1999),areused,aswell as

onenew LES-with-chemistryrun specificallyperformedfor this study. Togethertheseruns

cover nearlyall typesof atmosphericLES caseswith chemistryreportedin the literature.

Thesearethecasespublishedby Schumann(1989),Sykesetal. (1994),Beetsetal. (1996),

Molemaker andVil à-Gueraude Arellano (1998),Petersenet al. (1999, chapter2 of this

dissertation),andKrol et al. (1999,their uniform-emissioncase).As a referencecasewe

alsoinvestigatethebehavior of nonreactivebottom-upandtop-down diffusingscalarfields.

The theoryandbackgroundof covariancesis discussedin section3.2. The first-order

covarianceandflux closuresandthedifferent1-D modelversionsstudiedin thischapterare

introducedin section3.3.Simplechemicalcases(involving theirreversible,binaryreaction

A � B � C) areusedto illustratethe effectsof the covarianceparameterizationandthe

nonlocalflux termin section3.4. In section3.5 thephotochemistrycaseis studiedandthe

closuresareevaluatedfor this case.Finally, in section3.6, the resultsof this chapterare

summarizedanddiscussed.
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3.2 Theory and background

Theproblemof representingatmosphericboundarylayer transportandchemicalreac-

tionsin large-scalemodelsis mathematicallydescribedby thebudgetequationfor themean

concentration,which reads *
si*
t
���

* ��� s�i*
z
� Ri � (3.1)

wherehorizontalhomogeneityandzeromeanverticalvelocityhavebeenassumedfor sim-

plicity. We will give a brief review of the covariancetermsthat form part of the mean

chemicalreactionrateterm Ri (for a moreextensive review, seeVil à-Gueraude Arellano

andLelieveld 1998). In this studywe limit ourselvesto first- andsecond-orderreactions.

For second-orderreactions,covariancesof speciesoccur in the term Ri in (3.1). For ex-

ample,for thesimpleirreversible,binary reactionA � B � C themeanreactionrateat a

certainheightis givenby

RA � RB �r� k A B �!� k  A � A � "  B � B� " ��� k  A B � A � B� " � (3.2)

wherek is thereactionratecoefficientandA andB arespeciesconcentrations.Theoverbars

denotehorizontalaveragingandtheprimedquantitiesrepresentdeviationsfrom theaverage.

Inclusionof covariancetermslike A � B� eitherslows down (if the termsare negative) or

speedsup (if thetermsarepositive) modeledreactionratesfor binaryreactions,compared

to estimatesbasedon meanconcentrations.

Following LambandSeinfeld(1973)wewrite Ri in thegeneralcaseas

Ri � M

ms 1

:
imkm

N

ns 1

 sn � s�n ".t nm � (3.3)

in which
:

im is thestoichiometriccoefficient for speciesi in reactionm, km is thereaction

ratecoefficientfor reactionm, and
C

nm is thereactionorderof speciesn in reactionm. M is

thetotal numberof reactionsandN is total numberof species.If a covariancefor a certain

reactionin (3.3) is negative the involvedspeciesaresaidto be “segregated.” Segregation

canbepartial,andis quantifiedusingthequantity“intensity of segregation” (this canalso

bepositiveandthenrepresentsthedegreeof “premixedness”).Theintensityof segregation

 Is" i j for thereactivecoupleof speciesi and j at a certainheightis definedass�i s� j   si sj " ,
andis boundedon the negative sideby the valueof � 1 (total segregationof the species)

andunboundedon thepositiveside(thevaluegoesto infinity for premixedspeciesemitted

from a point sourceif thebackgroundconcentrationsarezero).1

1Thefact that in principle the intensityof segregationcango to infinity will beprovedhere.Theintensityof
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The possibleimpact of covarianceeffects relatedto convective boundary-layermix-

ing on large-scalespeciesbudgetscanbeillustratedfor thefollowing two importantatmo-

sphericoxidationreactions:

OH � RH � HO2 � products

and

OH � NO2 � HNO3 �
whereRH is a generichydrocarbon.Isopreneis animportantexamplefor our study, since

the chemicaltimescalefor the breakdown of this hydrocarbonis comparableto the con-

vective mixing timescale(covarianceeffectsfor the OH � isoprenereactionwerestudied

by Davis 1992).For conditionswherereactionswith hydrocarbonsconstituteanimportant

sink for OH, thespeciesOH andRH will bestronglyanticorrelated.In caseswhereRH and

NO2 arecorrelated(for exampleif they bothhave upwardfluxes)OH andNO2 will typi-

cally alsobeanticorrelated.Dueto thepresenceof (anti-)correlationsthe local budgetsof

RH andNOx ( � NO � NO2) arealtered,sincethementionedoxidationreactionsrepresent

majorsinksof RH andNOx. If patternsof (anti-)correlationsextendover largerareasalso

large-scalebudgetsareaffectedby covariances.

It is usefulto makeadistinctionbetweenthe“horizontal” andthe“vertical” bulk covari-

ance,which aredefinedhere.Proceedingfrom horizontallyaveragedcovariancestowards

volume-averagedcovariances,wewrite A � B� —notethattheprimesheredenotedeviations

from thevolumeaverage—asthesumof theboundary-layeraveraged“horizontalbulk co-

variance”and“verticalbulk covariance”:

A
�
B
� � A

�
B
�

hor � A
�
B
�

vert � (3.4)

segregationat acertainheightcanbewritten as

u
Isv i j w 1

A x A syi sy j dA

1
A x A si dA 1

A x A sj dA z
in which A is thefixedhorizontalareaover which averagingtakesplace.Now supposingwe concentratecertain

amountsof both speciesin an infinitesimally small volume(occupying an infinitesimally small areaat a certain

height),thenumeratorwill beinfinite andthedenominatorwill haveafinite value(thedenominatoris independent

of thespeciesdistribution). Thefactthatthenumerator(thecovariance)goesto infinity if thespeciesareconcen-

tratedin aninfinitesimallysmallvolumecanbeprovedby way of thefollowing argument.Supposethatthesmall

areain whichthespeciesareconcentratedatacertainheightis proportionalto { andthattheconcentrationsonthis

smallareaareproportionalto {}| 1. Theproductof concentrationsis thenproportionalto {~| 2, but this productis

still “located” in thesamesmallareathat is proportionalto { . Hencethenumeratoris proportionalto { | 1, which

doesgo to infinity if {~� 0. Notethatin thisargumentwekeepthetotalamountof bothspeciesin areaA fixed.



3.2. THEORY AND BACKGROUND 61

with

A
�
B
�

hor � 1

zi

zi

0
A � B� dz (3.5)

A
�
B
�

vert � 1

zi

zi

0
A B dz ��� A � � B� � (3.6)

Likewisewedefineanddecomposethebulk intensityof segregation,Is
+
total � Is

+
hor � Is

+
vert,

with

Is
+
hor � A � B� hor� A � � B� (3.7)

Is
+
vert � A � B� vert� A � � B� � (3.8)

The vertical bulk covarianceis relatedto vertical meangradients,andcanbe resolved by

choosinga vertical resolutionthat is fine enoughto resolve the gradients,provided that

one can model the gradientscorrectly. The horizontalbulk covarianceis unresolved in

large-scalemodelsdue to computationalconstraints.Of course,therearecomputational

contraintson the vertical resolutiontoo, but the horizontal resolutionneededto resolve

covariancesthataredueto convectionin theCABL will not bereachedfor many yearsin

thefuture.

The modelingof (horizontal)covariancesmay start from the budgetequationfor the

covariances�i s� j at acertainheight(in zeromeanflow),

*
s�i s� j*

t
��� ��� s� j

*
si*
z
� ��� s�i

*
sj*
z
�
* ��� s�i s� j*

z
� 2D

*
s�i*
z

*
s� j*
z
� Ri j � (3.9)

with D theFickiandiffusioncoefficient. Thereactiveterm Ri j canbewritten in thefollow-

ing compactform:

Ri j � M

ms 1

:
imkm  s�i � s� j "

N

ns 1

 sn � s�n ".t nm � (3.10)

Thefirst two termson therhsof thecovariancebudget(3.9) representgradientproduction,

the third term representsturbulent transport,the fourth term moleculardiffusion, andthe

last termchemicalproductionor destruction.Themoleculardiffusiontermis small in the

CABL andcanbeneglected.
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Differentmodelingstrategiesfor the covarianceshave beenproposedin the literature.

Thefirst articleson therole andtheparameterizationof covariancesin atmosphericchem-

istry modelingappearedin the 1970s. The budgetequation(3.9) wasclosedin different

ways. For example,on the onehand,DonaldsonandHilst (1972), focussingon reactive

plumes,neglectedthe gradientproductionandthe turbulent transportterms,leaving only

Ri j ontherhsof (3.9)—inwhichsubsequentlythethird-ordermomentswereneglected.On

theotherhand,Lamb(1973)neglectedthechemicalterm Ri j andonly consideredgradient

productionandturbulent transporteffectson (co-)variances(usingmixing-lengththeory).

Bilger (1978)retainedboththegradientproduction,theturbulenttransport,andthechemi-

caltermsin (3.9).His strategywasto let turbulenceproducefluctuationsof relativelyslowly

reactingspeciesandlet chemistryproducefluctuationsof relatively fast reactingspecies.

We will usea similar separation—betweentransportedandnontranportedspecies—inour

parameterization,asis describedin thenext section.

To substantiateour claim thatcurrentlyno applicableparameterizationfor covariances

in large-scalemodelsexistsin theliterature,weherediscusssomeclassificationsandparam-

eterizationsthathave beenpresentedbefore.Classificationsof reactionsthatarediffusion-

limited have beengivenby, e.g.,DonaldsonandHilst (1972)andStockwell(1995). How-

ever, theseclassificationsdealwith the moleculardiffusion–chemistryprobleminsteadof

the turbulent transport–chemistryproblem. The applicationof classificationsbasedon

the moleculardiffusion problemto the turbulent CABL is problematic.For the turbulent

transport–chemistryproblemthe useof simpebulk parameterizationshasbeensuggested

by, e.g.,ThuburnandTan(1997)andMolemakerandVil à-GueraudeArellano(1998).One

proposal(Molemaker andVil à-Gueraude Arellano 1998)is to generatelook-up tablesof

covarianceeffectsfor all relevantarchetypesof reactivecases.However, it is not clearhow

this approachshouldbe worked out (which casesto select,how many differentcasesare

needed,etc.),norhow accurateit canbe.For completenesswementiontwo othermodelap-

proacheshere,full second-orderclosuremodelsthat incorporatecovariancesthrough(3.9)

(Sykesetal.1994;Ververetal. 1997)andLagrangianmodels(Croneetal.1999).However,

theseapproachesfor calculatingcovariancesaretoo complex to be includedin large-scale

models.
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3.3 First-order closures

3.3.1 Covariances

Our approachto obtainthecovariancesis a diagnosticone,usingamass-fluxargument.

Mass-fluxschemes(e.g.,ChatfieldandBrost1987)arehigher-orderclosureschemesin the

sensethat they canbewritten in termsof two prognosticequations,onefor themeancon-

centrationandonefor theflux. Mass-fluxschemesuseanupdraft–downdraftdecomposition

for theatmosphericboundarylayerandareusuallyformulatedin termsof two prognostic

variables,updraftconcentrationanddowndraftconcentration,for eachspecies(seechapter

2). Themeanconcentrationandtheflux canbewrittenasfunctionof updraftanddowndraft

concentrationsasfollows:

si � a si
u �  1 � a" si

d (3.11)

��� s�i �  M 
% "� 0

si
u � si

d � (3.12)

in whicha is theupdraftareafraction,theindicesu andd denotethatthehorizontalaverag-

ing is doneoverupdraftsanddowndrafts,respectively, M is themassflux in theatmospheric

boundarylayer, M � a%  � u � � " , and % is thedensity. Themeanverticalvelocity � is

typically smallandwill beneglectedin thefollowing. Theparameter� 0 in (3.12)typically

varieswith the speciesandwith height. The mass-fluxapproximationemployed hereas-

sumesthat � 0 is aconstantequalto 0.64,whichfollowsfrom boththeoreticalconsiderations

(WyngaardandMoeng1992),experimentalevidence(Young1988a;BusingerandOncley

1990;deLaatandDuynkerke1998),andLES results(SchumannandMoeng1991a;Wyn-

gaardandMoeng1992;chapter2 of thisdissertation).Notethat(3.11)and(3.12)arevalid

for bothnonreactiveandreactivespecies.

For the surfacelayer andmixed layer of the dry CABL, we proposedin chapter2 the

following estimatefor thecovariance:

s�i s� j � 1

� 1
a si

u sj
u �  1 � a" si

d sj
d � si sj � (3.13)

with � 1 aspeciesandheightdependentparameter, heretakento beaconstantequalto 0.25.

This valueof � 1 is justified in chapter2, consideringseveral cases.Expression(3.13) is

analogousto thetop-hatformula for thevariancederivedby Randallet al. (1992),thedif-

ferencebeingthatwe take theempiricallydeterminedfactor � 1 into account.Theaccuracy

of theestimateof � 1 wasreportedin chapter2 to beabout40%,reflectingthescalardepen-

denceof (3.13). Evenwith this relatively low accuracy it is guaranteedfor thegivenvalue



64 CHAPTER 3. FIRST-ORDER CLOSURE FOR COVARIANCES AND FLUXES

of � 1 thattheinclusionof (3.13)in the Ri termin (3.1) leadsto animprovedestimateof Ri ,

asfarascovarianceeffectsareconcerned.

In orderto use(3.13) to determinethecovariance,we needthe updraftanddowndraft

concentrationsof the reactingspecies. To obtain expressionsfor updraft anddowndraft

concentrationswe invert (3.11)and(3.12),yielding

si
u � si �  1 � a" � 0 M  % " ��� s�i (3.14)

si
d � si � a � 0 M  % " � � s�i � (3.15)

Substituting(3.14)and(3.15)in (3.13),andusing  M  % "�� 1
2 � � 0 & S (seeappendixC) we

arriveat

s�i s� j �� A
��� s�i ��� s� j
& 2S � (3.16)

where

A � 4� 0 a  1 � a"� 1

U 2 � 6 � (3.17)

We have useda � 0.5 in the approximatingstepin (3.17). Theerror associatedwith this

approximationis smallerthan10% in the mixed layer, sincetheretypically 0.35 J a J
0.5; in thesurfacelayera is closeto 0.5 (seeYoung1988a;SchumannandMoeng1991a;

Nieuwstadtet al. 1993).

Testswith LES dataleadsto the conclusionthat (3.16) is valid for all species—ifone

substitutesthe fluxes taken from LES. However, in modelsthat usea first-orderclosure

for the flux—which do not includethe chemicalhigher-ordermomentsthat appearin the

flux budget(discussedbelow)—thefluxesof reactive specieswith a very shortlifetime (in

the orderof seconds)cannotbe accuratelymodeled.This is dueto the importanceof the

chemicalhigher-ordermomentsin theflux budgetfor suchspecies.Thereforewe employ

thefollowing methodin our covarianceparameterizationto solve this problem(detailscan

be found in appendixD). We make a separationbetweentransportedandnontransported

species.The transportedspeciesaredefinedasthosespeciesfor which the turbulentflux

divergencein the concentrationbudget(3.1) cannotbe neglected,andthe nontransported

speciesasthosefor which it can. Ideally oneshouldmake thedistinctionon thebasisof a

certainvaluefor theDamköhlernumber(for instance,10). Speciesthatarenot bothchem-

ically producedanddestroyedandspeciesthat areemittedor depositedshouldbe treated
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as transportedspecies. The covarianceparameterizationmakesuseof (3.14) and (3.15)

for the concentrationsof transportedspeciesandsubsequentlydeterminesthe concentra-

tions of nontransportedspeciesfrom a chemistrycalculation. Eq. (3.13)finally givesthe

covariancesbasedon the calculatedupdraftanddowndraft concentrationsof all reacting

species.Thusonly for the specialcaseof two reactingtransportedspecies(3.16)canbe

useddirectly to calculatethecovariance.Notethatfrom theupdraftanddowndraftconcen-

trationsof nontransportedspecieswe candeterminethefluxesthrough(3.12). Only if we

usefluxesof nontransportedspeciescalculatedin thatway, (3.16)canbeusedto calculate

covariances—thisis thenequivalentto using(3.13).

As saidbeforetheaccuracy of about40%for � 1 reflectsthespeciesandheightdepen-

denceof the ratio that wasneglectedin the approximation.This leadsto an accuracy of

abouta factorof 2 in A . This accuracy is alsofoundwhenonecomparesestimatesof A in

theliterature(determinedfrom measurementsof
�

andq in thelowerCABL). For example,

evaluatingthesimilarity relationsfrom Stull (1988,pp.371–373)for
� � q � and� � 2 atz zi �

0.1andassumingthat ��� � � � 0.9 ��� � ��� 0 and��� q � � 0.9 ��� q ��� 0 atthatheight,givesA � 2.6,

while evaluationof thesimilarity relationsfor thesamequantitiesin anonentrainingbound-

ary layer from Sorbjan(1989,pp. 113–115)gives A � 1.5 (independentof height,sinceit

concernslocal scalingrelations). However, from the resultsgiven by WangandStevens

(1999) for the stratocumulus-toppedCABL we canconcludethat for the covarianceq �t � �l
of total watercontentqt andliquid waterpotentialtemperature

�
l the closure(3.13)only

workswell in thesurfacelayerandnot in themixedlayer. In thischapterwewill determine

with which accuracy thecovarianceclosureworks in thesurfacelayerandmixed layerof

theentrainingandsolid-lid clearCABL.

Theform of (3.16)allowsusto deducethat

A � %
si sj% S si
% S sj � (3.18)

wherethe % ’s arethecorrelationcoefficients,definedin thestandardway:

%
si sj � s�i s� j

& si & sj �
% S si �

��� s�i& S & si �
% S sj �

��� s� j
& S & sj

�
Accordingto theabovewe have that A is scalar-independentwithin a factorof 2. A similar

assumptionhasbeenusedby Vil à-GueraudeArellanoetal. (1993b)to estimatethecovari-

ancesof reactingspeciesin theneutralsurfacelayer: they assumedconstantvaluesfor the

separate% ’s,alsoleadingto aconstantestimateof A . Thedifferencesbetweenourapproach

andtheirsarethatwe apply it for theCABL andthatwe canalsodealwith nontransported

species.AppendixA providesanoverview of theimplementationof thecurrentproposalin

atmosphericchemistrymodels.
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3.3.2 Fluxes

To modelthefluxesfor our purposewe follow CuijpersandHoltslag(1998),who pro-

posefor theverticalflux ��� s�i of a scalarsi :

��� s�i ��� K
*
si*
z
� ��� s�i NL � (3.19)

whereK is a diffusivity, si themeanscalarprofile,and

��� s�i NL � C 1
L

zi

���
& S

1

zi

zi

0

��� s�i dz � (3.20)

Here
C

1 is assumedto bea constant(in generalthis parametercanvary with height),L is a

lengthscale,zi theboundary-layerheight,��� theconvectiveverticalvelocityscale,and & S
thestandarddeviation of theverticalvelocity fluctuations.Theterm ��� s�i NL representsthe

nonlocalcontribution to theflux. For moredetailson thebackgroundof expression(3.20)

we referto CuijpersandHoltslag(1998).

The eddydiffusivity andthe lengthscalearegivenby K � ck & S L and L � cl z  1 �
z zi " , respectively, with theconstantsck � 0.4andcl � 1.8.Furthermorewetake

C
1 � 1.6.

Thiscombinationof constantswaschosensinceit givesthemostsatisfyingperformanceof

nonreactive scalardispersionin the CABL. Note that thesevaluesaresomewhat different

comparedto Cuijpersand Holtslag (1998). This is relatedto the different length-scale

formulationused.

For a scalarwith a linearflux profile (3.20)provides:

��� s�i NLB � C 1
L

zi

� �
& S

1

2
��� s�i � 0 � ��� s�i � zi � (3.21)

where ��� s�i � 0 and ��� s�i � zi
are the surfaceflux andthe entrainmentflux, respectively, and

“B” is addedto the subscriptto make clear that this nonlocalcontribution to the flux is

relatedto thefluxesat theboundariesof theCABL. In thischapterwearestudyingreactive

speciesandthereforewe will evaluatetheperformanceof (3.19)and(3.20)for caseswith

nonlinearflux profiles. In fact (3.19)and(3.20)have not beenrigorously testedfor such

casesbefore,becausenearlyall scalarfieldsstudiedby CuijpersandHoltslag(1998)have

linearflux profilesin theCABL.

To emphasizethe differencebetween(3.20)and(3.21)we decomposethe flux asfol-

lows:

��� s�i �r� K
*
si*
z
� ��� s�i NLB � ��� s�i NLI � (3.22)
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with ��� s�i NLB alreadygiven by (3.21) and ��� s�i NLI � ��� s�i NL � ��� s�i NLB . The additional

subscript“I” denotesthe internalnetchemicalsourceor sink, representedby the term Ri ,

that causesa nonlinearflux profile in the CABL (note that � � s�i NLI � 0 for linear flux

profiles).Within thefirst-orderclosurethis nonlinearityis causedby thechemistrythrough

(3.1). Theconditionfor ��� s�i NLI to benonzero,assuming(quasi-)steadyconditions,is that*
Ri  * z ?� 0, i.e.,verticalinhomogeneityof thereactionrateis needed.

Thenonlocalflux expression(3.20)proposedby CuijpersandHoltslag(1998)is anex-

tensionof theexpressionproposedearlierby HoltslagandMoeng(1991),sinceit includes

theadditionaleffectof thenonlinearityof theflux profileon thenonlocalflux contribution.

Sincethis is a first-orderclosureno chemicalhigher-ordermoments,thatappearin higher-

orderclosures,aremodeled. For scalarswith a linear flux profile CuijpersandHoltslag

(1998)amountsto a simplificationof HoltslagandMoeng(1991),sinceits formulationis

scalar-independent,while HoltslagandMoeng(1991)applieda bottom-up/top-down de-

compositionof thescalarfield (WyngaardandBrost1984),which resultedbothin ascalar-

dependentK anddifferentcontributionsto the nonlocalflux (3.21) relatedto � � s�i � 0 and��� s�i � zi
, respectively. Moreover, HoltslagandMoeng(1991)assumedthe contribution of��� s�i � zi
to be zero. A preliminarystudyfor the solid-lid CABL indicatedthat if a scalar-

independentK is used,inclusionof a contribution relatedto ��� s�i � zi
(symmetricalto the

contributionrelatedto � � s�i � 0) in thenonlocalflux expressionleadsto asignificantimprove-

mentof themodeledprofiles(Petersenet al. 1997). This wasconfirmedfor theentraining

CABL by CuijpersandHoltslag(1998).

3.3.3 Incorporation in a 1-D model

Differentcombinationsof closuresaretestedin this chapterby includingthemin a 1-D

model. The1-D modelsolvesthespeciesbudgetequation(3.1). Thedifferencesbetween

the modelversionsshow the impactof eitherthe covarianceparameterizationor the non-

local flux term. The closuresarecombinedin threeversionsof the 1-D model,asgiven

in Table3.1. The“covariance–nonlocal”versionof the1-D modelis thestandardversion,

whichincludesthecovarianceexpression(3.13)andthefull nonlocalflux expression(3.22).

Thesecondversiondoesnotcontainthecovarianceclosure(“no-covariance–nonlocal” ver-

sion). And the third 1-D modelversiondoesnot containthe covarianceclosureand the

nonlocalflux contribution (“no-covariance–local”version). It only containsthe local flux

contribution � K
*
si  * z andnocovarianceclosure.

TheLESprofilesof & S areusedbothto constructtheprofilesof K throughK � ck & S L

andto determine M  % " through  M  % "�� 1
2 � � 0 & S , which is neededin (3.14)and(3.15)
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1-D modelversion Description

“Covariance–nonlocal” standardversion:covarianceclosure(3.13)and

nonlocalflux closure(3.22)

“No-covariance–nonlocal” no covarianceclosure

andnonlocalflux closure(3.22)

“No-covariance–local” no covarianceclosureand

only local flux contribution in (3.22)

Table3.1: 1-D modelversions.

aspartof thecovarianceparameterization(seeAppendixA). Theeddydiffusivity profile K

is typical for localfirst-orderclosureschemesfor theflux, i.e., it doesnothavelowervalues

thanusual.

Resultsof the1-D modelareshown for two casesin this chapter:onesimplechemistry

case(SL1, introducedin section3.4) andthe photochemistrycase(introducedin section

3.5). The vertical resolutionof the 1-D modelvariesdependingon the case.The vertical

resolutionis thesameasthatof thetheLESmodelusedfor thespecificcase,thatis, 66and

64 layersin CABL for caseSL1 andthephotochemistrycase,respectively. For thephoto-

chemistrycasealsoa high-resolutionversionof the1-D modelis used(with 17 additional

layersin thesurfacelayer, seesection3.5).Thefollowingaveragingproceduresareapplied:

for caseSL1 the 1-D modelis integratedtowardssteadystateandfor the photochemistry

casethe instantaneous1-D modelresultsin the middle of the LES averaginginterval are

used(seeappendixE).

3.4 Simplecaseswith oneirr eversible,binary reaction

3.4.1 Description and LES results

We simulatetwo typesof CABLs, the entrainingCABL andthe solid-lid CABL. The

differencebetweenthe two typesis that for thesolid-lid CABL thereis no entrainmentof

heatat the top of the CABL, andthis top is fixedat heightzi by a solid lid. Thesolid-lid

CABL wasstudiedwith LES by Schumann(1993). He found that LES comparesfavor-

ably with laboratorymeasurements.Themaindifferencesbetweenentrainingandsolid-lid

CABLs werestudiedby Sorbjan(1996). Themajordifferenceis a higherskewnessof the

verticalvelocity fluctuations(equivalentto a lowerupdraftareafraction,seesection3.3) in
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Case k w
�

[m/s] zi [m] t
�

[s] � A � � B � Dat
+
A Dat

+
B Is

+
hor Is

+
vert Is

+
total

E0 1.1 720 650

E1 1.2 1.1 720 650 2.0 2.2 2.6 2.4 � 0.46 � 0.40 � 0.86

SL0 1.5 1500 1000

SL1 1.0 1.5 1500 1000 1.8 1.8 1.8 1.8 � 0.60 � 0.08 � 0.68

Table3.2: Bulk quantitiesfor simple caseswith one irreversible, binary reaction:

dimensionlessreaction-ratecoefficients k, convective velocity scales� � ,
boundary-layerheightszi , time scalest� , meanconcentrationsof species

A andB, turbulentDamköhlernumbersDat
+
A andDat

+
B, andbulk intensi-

ties of segregation Is (horizontalandvertical contributions,andthe total).

Additionally thenonreactivecasesE0andSL0 arelisted.

the top half of theentrainingCABL. Thesecond(andthird) momentsin thesurfacelayer

(andfor somevariablesalsoin the lower mixed layer) do not differ betweenthe entrain-

ing andsolid-lid CABL. Themainadvantageof thesolid-lid CABL is thatwe candirectly

prescribethefluxesat thetopof theCABL, whichmakesintegrationstowardssteadystates

possible.

All casesstudiedin thissectionconcerntheinjectionof aspeciesat thesurface(denoted

by BU or A) and anotherspeciesat the top of the CABL (denotedby TD or B) until a

(quasi-)steadystateis attained.Table3.2 lists someof the bulk quantities,andfluxesand

concentrationsareshown in Figs.3.1and3.2. CasesE0andE1areentrainingCABL cases,

andSL0 andSL1 aresolid-lid CABL cases.For eachcasewe take thesurfaceflux of the

bottom-updiffusingspeciesasthe flux scaleF� , henceall fluxesin Fig. 3.1aareequalto

F� at thesurface.Theconcentrationscales� � F�  � � is derivedfrom this flux scale.If no

dimensionsaregiven in this chapterfor certainquantities,we have usedzi ,
� � , ands� to

make thequantitiesdimensionless.

CasesE0 and SL0 are usedas referencecasesfor transportwithout reaction. They

consistof thenonreactive bottom-updiffusingspeciesBU andtop-down diffusingspecies

TD. Theflux profiles��� BU � and��� TD � arelinear(seeFig.3.1),sincethefieldsarein quasi-

steadystate.Theconcentrationprofilesplottedin Fig.3.2ashow aclearasymmetrybetween

bottom-upand top-down transportin the entrainingCABL. While somecountergradient

transportis observed for speciesBU, it doesnot occur for speciesTD in the entraining

CABL. As wasalreadyfound by Petersenet al. (1997)andCuijpersandHoltslag(1998)

we alsofind herethat inclusionof a nonlocalflux termfor the top-down diffusingspecies
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Figure3.1: Fluxesof (a) bottom-updiffusingspeciesBU or A and(b) top-down dif-

fusingspeciesTD or B.

improvestheestimatedflux giventheLES concentrationprofile (not shown). Comparedto

theentrainingCABL bottom-upandtop-down transportaremoresymmetricalin thesolid-

lid CABL. Thissymmetryis reflectedin theverticallysymmetricprofileof theupdraftarea

fractiona in thesolid-lid CABL (seechapter2). Evencountergradienttransportoccursfor

theTD speciesin caseSL0.

ThechemistrycasesE1 andSL1 consistof thetwo speciesA andB, denotingreactive

bottom-upandtop-downdiffusingspecies,respectively. Thesecasesaresimilar in thesense

thatbothare“unmixed” cases(cf. Schumann1989),in which speciesA andB have about

equalconcentrations(exactly equalin thesolid-lid CABL case).To achieve this situation

in the third hour of the entrainingCABL run (seeappendixE), we initialize the field of

the speciesat t � 0 s with zeroconcentrationfor speciesA anda concentrationof 7.3s�
below heightzi 0 and73s� above heightzi 0 for speciesB. Furthermorethe dimensionless

reactionratek is nearlyequalfor the casesE1 andSL1 (seeTable3.2). The “turbulent

Damköhlernumbers,” definedasDat � A � k � B� andDat � B � k � A � , arealsogivenin Table

3.2 arecloseenoughto eachotherso that onecanconsiderthe casesto be similar with

respectto thechemistry, keepingasonly relevantdifferencethe typeof CABL. Hereboth

theconcentrationsandthereactionratecoefficientk areassumedto bedimensionless(e.g.,

k � s� t � k � with k � the dimensionalreactionrate coefficient). The turbulent Damköhler

numberis theratio of theturbulenttimescaleandthethechemicaldestructiontimescaleof
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Figure3.2: Concentrationsof (a) inert bottom-upandtop-down diffusingspeciesBU

andTD, (b) reactive bottom-updiffusing speciesA, and(c) reactive top-

down diffusingspeciesB. For the inert speciesthesteadydeviation from

the bulk value is plotted as calculatedby subtractingthe vertically inte-

grated(andsteadilyincreasing)scalarconcentrationfrom theverticalpro-

files.
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Figure3.3: (a) Covariancesof reactive bottom-upand top-down diffusing speciesA

andB and(b) intensitiesof segregationfor speciesA andB.

thespeciesbasedontheboundary-layeraveragedconcentration—theactualratiois givenby

the“effectiveDamköhlernumber”Daeff � 1 � Is� total Dat. SincetheDamköhlernumbers

arein the orderof 1 the chemicalreactionhasa time scalethat is comparableto the time

scaleof turbulentconvectivemixing.

Thereare somedifferencesbetweenentrainingand solid-lid CABLs for the reactive

casestoo. DifferencesbetweencasesE1andSL1 in thenonlinearityof theflux profilesare

relatedto differencesin theprofilesof themeanreactionrateat � k � 1 � Is� A B, andthus

to differencesin the profilesof the speciesconcentrationsandthe intensityof segregation

(thedifferencein thelatteris small,ascanbeseenin Fig. 3.3b,discussedbelow). Another

differenceis thattheentrainingCABL caseE1doesnot show thecountergradienttransport

for the bottom-updiffusingspeciesfound in caseE0, while the solid-lid CABL caseSL1

doesshow countergradienttransportfor speciesA (seeFig. 3.2b). The differencesin the

concentrationprofilesbetweenthecasesE1 andSL1aredueto thedifferencein symmetry

betweenbottom-upandtop-down transport(aswasalreadyfoundfor thenonreactivecase)

andthefactthattheentrainmentflux in caseE1 is smallerthantheentrainmentflux in case

SL1.

Theprofilesof covarianceandintensityof segregationareplottedin Fig. 3.3. We find

that thedifferencesbetweencasesE1 andSL1 arerelatively small. In bothcasesmostre-

actionoccursnearthetop of theCABL (not shown; it canbecheckedby combiningFigs.
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3.3a,bandthecovariancesshow a maximumneartheCABL top. In Table3.2 thehorizon-

tal, vertical, andtotal bulk intensitiesof segregationfor the reactive casesare listed. We

find a largedifferencebetweentheotherwiseverysimilar casesE1andSL1 for therelative

contributionsof Is� hor andIs� vert. In thesolid-lid CABL theverticalbulk covarianceis much

smallerthanin theentrainingCABL. Thisis dueto thefactthattheconcentrationof thetop-

down diffusingspeciesin thesolid-lid CABL staysrelatively constantin thelower CABL.

Theimplicationfor large-scaleatmosphericchemistrymodelingof a largenegativevalueof

Is� vert is thattheability of large-scalemodelsto resolvetheverticalgradientsof thereacting

speciesin theCABL is alsoimportantfor anaccuratemodelingof theboundary-layeraver-

agedreactionrate.ComparingFig. 3.3bto Table3.2weobservethat Is� hor, thecontribution

of the horizontalcovariancesto the bulk intensityof segregation,is systematicallylower

thanthevaluesof Is at eachheight. This is dueto thesignificant,negative contribution of

Is� vert to thetotal bulk intensityof segregation.

3.4.2 Closureevaluations

Thecrucialparameterin thecovarianceparameterizationis � , definedin (3.17). In the

implementationof the covarianceparameterization(3.13),asis describedin appendixD,

we effectively assumethat � is constantequalto 2.6. Herewe evaluatethis assumption

for a simplechemistrycasein theentrainingandsolid-lid CABL. Theprofilesof � based

on LES resultsareplotted in Fig. 3.4. For caseSL1 � is closeto the constantvalueof

2.6 that is usedfor � in this dissertation.The fact that � is higherfor caseE1 is dueto a

highervalueof   0 for thetop-down diffusingspecies(notshown). Thehighervalueof   0 is

relatedto thebottom-up/top-down asymmetryin theentrainingCABL andwasalsofound

for theinertcaseE0by WyngaardandMoeng(1992).FromFig. 3.4weconcludethatin the

surfacelayerandmostof themixedlayer (below z¡ zi ¢ 0.8) theaccuracy of theestimate

�£� 2.6is aboutafactorof 2. Theeffectof entrainmentontheperformanceof thecovariance

parameterizationis significantlylarger thanthestatedaccuracy rangearoundtheinversion

(z¡ zi ¤ 0.8).

To illustrate the sort of effects associatedwith the covarianceand flux closures,we

show 1-D modelresultsfor caseSL1 in Fig. 3.5. We first discussthe effectsof the non-

local flux term. Sincefor this case¥ � A � NLI and ¥ � B� NLI arepracticallyzero(which can

be checked by inspectingthe flux profilesshown in Fig. 3.1), the effect of including the

nonlocaltermcanbeattributedto the ¥ � A � NLB and ¥ � B� NLB term. We find muchtoo large

concentrationgradientsfor both specieswith the no-covariance–local1-D modelversion,

thatmodelsonly thelocal flux term,resultingin anerroneousbulk verticalintensityof seg-

regation Is� vert—which compensatesfor the lack of a horizontalcovarianceclosurein this
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Figure3.5: Steady-stateconcentrationsof (a) reactive bottom-updiffusing speciesA

and (b) reactive top-down diffusing speciesB in caseSL1. Resultsare

shown for LES(seealsoFigs.3.2b,c)andthree1-D modelversions.
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1-D modelversion(theconcentrationequals2.0s� , which is only 10%toohigh). Of course,

onecould choosehighervaluesof K for which local downgradienttransportalonecould

producewell-mixedprofilesthatareverycloseto theprofilesplottedin Figs.3.5a,bfor the

no-covariance–nonlocal 1-D modelversion. In this well-mixedlimit theabove-mentioned

erroneouscompensationdisappearsanda significantunderestimationof the concentration

results(the concentrationbeing1.1s� , 40% too low). Inclusionof the covarianceclosure

improvesthemodeledconcentrationin thestandard1-D modelversion(theconcentration

is 1.7s� , only 7%toolow). Onecouldalsocombinethelocaldowngradientflux closurewith

an unrealistichigh valuefor K andthe covarianceclosureto obtainthis result. However,

suchanapproachcannotmodelthecountergradienttransportasis obviousfor speciesA in

Fig. 3.5a.

3.5 Photochemistrycase

3.5.1 Description and LES results

Thesimplechemistrycasestudiedin theprevioussectionis meantasanillustration

of covarianceandnonlocalflux effects.We hereturn to thestudyof aphotochemistrycase,

thatis morerepresentativefor troposphericchemistrythanthecaseof theprevioussection.

Thebulk intensitiesof segregationfoundfor a comparablephotochemistrycaseby Krol et

al. (1999)aretypically small (at mosta 5% decreasein reactionratewasfound). Below

wewill studyhow well theconcentrationsandfluxesfor thephotochemistrycasearerepre-

sentedby thedifferent1-D modelversions.Althoughtheintensitiesof segregationaresmall

for this case,we mainly useit to assessthe ability of our covarianceclosureto modelthe

intensitiesof segregation,especiallyfor reactionsinvolving nontransportedspecieswhich

are locally in a chemicalsteadystate. A satisfactoryperformanceof the covarianceclo-

suremakesit possiblefor futurestudiesto useit in assessingtheimportanceof covariances

for large-scaleatmosphericchemistrymodeling.We alsoperformtwo sensitivity runswith

thehigh-resolutionversionof thecovariance–nonlocal1-D modelversionunderchemical

conditionsfor which thecovarianceeffectsareexpectedto belarger.

Thephotochemicalreactionschemeis a slightly simplifiedversionof theschemeused

by Krol et al. (1999)andis reproducedin Table3.3. We will heredescribethe elements

of importancefor the currentchapter. The basicO3-producingand-destroying reactions

are includedin the scheme,involving the speciesNO, NO2 (in the analysisoften taken

togetherasNOx � NO � NO2), CO(prescribedatafixedconcentration),andRH (ageneric

hydrocarbon,with anadjustablereactionrate,proportionalto theparameterf : f is for the
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Constant Value Consumed Produced

j1 2.7 © 10ª 6 O3 « 2 OH � O2

j2 8.9 © 10ª 3 NO2 « NO � O3

k1 4.75 © 10ª 4 O3 � NO « NO2 � O2

k2 6.0 © 10ª 3 OH � CO « HO2 � CO2

k2 © f 6.0 © 10ª 3 © f OH � RH « HO2 � products

k3 2.1 © 10ª 1 HO2 � NO « OH � NO2

k4 5.0 © 10ª 5 HO2 � O3 « OH � 2 O2

k5 7.25 © 10ª 2 2 HO2 « H2O2 � O2

k6 2.75 © 10ª 1 OH � NO2 « HNO3

k7 1.75 © 10ª 3 OH � O3 « HO2 � O2

Table3.3: Reactionschemeandconstantsfor the photochemistrycase,adaptedfrom

Krol et al. (1999). Photolysisfrequenciesj1 and j2 aregiven in sª 1. Re-

actionratesk1 throughk7 aregivenin ppbª 1sª 1. TheCO concentrationis

fixedat 100ppbandthefactor f is 100for thestandardcase.

standardcasetaken equalto 100). Furthermorethe radicalsOH andHO2 are included.

Wherein theLES modelonly OH is consideredasa nontransportedspecies,we alsotreat

HO2 as a nontransportedspeciesin the 1-D model. A steady-statetropical background

chemistrycaseis studied,andboth LES and1-D modelsare initialized with the steady-

statebox modelconcentrationsgivenin Table3.4. NO andRH areemittedinto theCABL

from the surface. Most speciesundergo deposition,which is modeledusing the concept

of depositionvelocity. The depositionflux (by definition a positive quantity)of a certain

speciesi is givenby

Fd � si �¬ d � si � z� si � z�)® (3.23)

in which ¬ d � si � z� is theheight-dependentdepositionvelocity. In theLESstudyby Krol etal.

(1999)themostimportantdepositionvelocities,thoseof O3 andNO2, werebothtakento be

0.5cmsª 1, andwerephysicallyprescribedat aheightof 8 m, thecenterof thelowestLES

modellevel. Thefluxesatthetopof theCABL arezerofor all speciesin thephotochemistry

case.

TheLES resultsfor thefluxesandconcentrationsof thespeciesareplottedasthesolid

lines in Figs.3.6 and3.7. Themainfeaturesarethefollowing. O3 is chemicallyproduced

andremovedfrom theCABL by deposition.Theflux profile is linear, hencethechemical
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Model O3 NO NO2 RH HO2 OH

[ppb] [ppb] [ppb] [ppb] [ppt] [ppt]

Box model 78.8 0.0990 0.520 2.43 47.5 0.685

LES 78.7 0.0990 0.514 2.52 47.7 0.687

1-D: covariance–nonlocal 78.8 0.0989 0.512 2.50 47.7 0.694

1-D: no-covariance–nonlocal 78.8 0.0979 0.510 2.45 47.7 0.688

1-D: no-covariance–local 78.8 0.0977 0.509 2.51 47.8 0.696

1-D: covariance–nonlocal(high resolution) 78.8 0.0985 0.510 2.54 47.7 0.695

Table3.4: Bulk speciesconcentrationsfor thephotochemistrycase.
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Figure3.6: Differentcontributionsto thetotal fluxesin thephotochemistrycase.The

resultsare modeledwith the 1-D model version “covariance–nonlocal”

(standard).TheLESresultsfor thetotal flux arealsoshown.
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Figure3.7: Concentrationsin thephotochemistrycase.Resultsareshown for LESand

three1-D modelversions.Thediamondsandcrossesdenotethe standard

deviation interval at threeheightsfor theLES andthestandard1-D model

version,respectively.
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Model Is� OH¾ RH Is� OH¾ NO2© 100 © 100

total hor vert total hor vert

LES � 4.9 � 3.5 � 1.4 � 2.0 � 1.5 � 0.5

1-D: covariance–nonlocal � 5.4 � 1.7 � 3.6 � 2.6 � 1.3 � 1.3

1-D: no-covariance–nonlocal � 2.3 � 2.3 � 0.9 � 0.9

1-D: no-covariance–local � 6.4 � 6.4 � 2.7 � 2.7

1-D: covariance–nonlocal(high resolution) � 7.4 � 4.0 � 3.3 � 3.0 � 1.8 � 1.2

Table3.5: Bulk intensitiesof segregationfor thephotochemistrycase.

productionis aboutequalat eachheight in the CABL. NO is effectively transformedinto

NO2 nearthe surface,andNO andNO2 are in photostationarystatefrom the top of the

surfacelayer to thetop of theCABL. The largeflux divergencesof NO andNO2 nearthe

surfaceareconsequencesof thejust-mentionedfactthatthechemistryis not in equilibrium

nearthesurface.Theflux profileof NOx is linear, sincethelossof NOx throughthereaction

OH � NO2 « HNO3 is slow comparedto the turbulent time scale. Also the reaction

OH � RH « HO2 ( � products)is relatively slow with respectto speciesRH, andtherefore

theflux of RH is almostlinear.

From Fig. 3.7 we observe that all speciesarewell-mixed in the CABL andhave large

gradientsnear the surface. In Table 3.5 we give the bulk intensitiesof segregation for

two binary reactionsin the photochemicalscheme(chosenfrom the sevenbinary reaction

sincetheir intensitiesof segregationwerehighest).Thenegativeverticalbulk intensitiesof

segregationIs� vert, whichcanbecalculatedfrom theconcentrationprofilesshown in Fig.3.7,

reflecttheanticorrelationof thesurface-layergradientsof thespeciesinvolved.For thetwo

reactionsOH � RH « HO2 ( � products)andOH � NO2 « HNO3 morethan25%of the

bulk intensitysegregationis relatedto themeanverticalgradientsof thespecies.Thelargest

part(75%)is relatedto thehorizontalcovariancesOH� RH� andOH� NO2 � , respectively.

3.5.2 Closureevaluations

As afirstevaluationof thecovarianceclosure,wehaveplottedprofilesof � basedonLES

resultsin Fig. 3.8 for all sevenbinary reactions.Sincefor all species  0 is fairly constant

with heightin thesurfacelayerandthemixedlayer, andis closeto thetheoreticalvalueof

0.64(not shown),   1 is the crucialparameterdeterminingthe behavior of � . We find that
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3-D fieldsat theendof theLESrun (t � 7200s) havebeenused.

nearthesurface,wherethevariancesandcovariancesarelargest(seealsoFig. 3.7 for the

variancesat differentheights),  1 is about0.5,resultingin an � of about1.3. Notethat the

bulk valuesof   1 (averageof   1 weighedwith thecovariance)areatmost0.35,andtherefore

lie within therangereportedin chapter2. Higherup in theCABL thevaluesof   1 diverge

dependingon whetheror not HO2 is involved in the reaction.For the reactionsinvolving

HO2 thevaluesof   1 aresignificantlylower thanfor theotherreactions,asis alsovisible in

theprofilesof � in Fig. 3.8. Hencefor thosereactionsthecovarianceclosureis only valid

within the stateduncertaintyrangebelow z¡ zi ¢ 0.5 (while for the other reactions—i.e.

thosenot involving HO2—thevalidity extendsup to z¡ zi ¢ 0.8). Themostimportantpart

of the CABL for this case,however, is the surfacelayer sinceall fluxesarelargestthere,

andon the basisof Fig. 3.8 we would thereforeexpecta systematicoverestimationof the

intensitiesof segregationby a factorof 2.

In Tables3.4 and3.5 the bulk resultsfor concentrationsandintensitiesof segregation

aregivenfor all three1-D modelversions.In additionto thestandard64-layer1-D model,

we alsoran a modelversionat a higherresolution.For the high-resolutionmodelwe use

the analyticalprofile of ¦ § from Holtslag andMoeng (1991) to be able to calculatethe

fluxesat any heightnearthe surface. This profile is matchedwith the LES profile of ¦ §
at heightz¡ zi � 0.1. In the high-resolutionmodelwe add17 layersto the surfacelayer,
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the maximumnumberof levels thatcanbeaddedwithout imposingadditionalconstraints

on thetime stepin themodel.Themodellevelsin thesurfacelayerarenonequidistantand

the lowestmodellevel hasa depthof 1 m (comparedto 16 m in thestandardmodel). The

depositionvelocitiesin thehigh-resolutionversionsareprescribedat 50 cm, andaretuned

to give thesamedepositionvelocitiesat 8 m astheLES andthestandardmodel.Themost

relevant depositionvelocitiesto mentionare ¬ d � O3(50 cm) � 0.55cm sª 1 and ¬ d � NO2(50

cm) � 0.33 cm sª 1. Note that ¬ d � NO2 at 50 cm differs more from its valueat 8 m than

¬ d � O3. This is dueto chemicalreactionsnearthesurface.Theconstant-fluxassumptionin

nonreactivesurface-layersimilarity theorycanthusnot beusedto calculatethedeposition

velocityof NO2 at differentheights.

FromTable3.4we learnthatthebulk LESconcentrationsareaccuratelyreproduced(to

within 1%)by thestandard1-D modelversion.Smalldifferencesarefoundif thecovariance

closureis notincluded(no-covariance–nonlocal1-Dmodelversion):NOandNO2 areabout

1% lower andRH is 2% lower thanthe in the standard1-D modelversion. The causeof

thesedifferencescanbe seenin Table3.5, wherea 2 percentpoint increasein magnitude

of Is� total for theNOx sink reaction(OH � NO2 « HNO3) anda 3 percentpoint increase

in magnitudeof Is� total for theRH sink reaction(OH � RH « HO2� products)aregiven.

Othersmalldifferencesarefoundif boththenonlocalflux termsandthecovarianceclosure

areexcluded(no-covariance–local1-D modelversion): NO andNO2 are1% lower (this

remainsthe same)andRH shows no change.All differencesbetweenthe no-covariance–

nonlocalandno-covariance–local1-D modelversionsarerelatedto thenonlocalflux terms.

Theabsenceof thesetermsin theno-covariance–local1-D modelversionresultsin higher

valuesof Is� vert. Comparedto thestandardmodelversionthebulk Is� OH¾ RH is decreasedby

1 percentpoint. For thebulk Is� OH¾ NO2 theincreaseof Is� vert compensatesfor thedecrease

of Is� hor to zero.Theobserveddecreaseof NOx comparedto thestandard1-D modelversion

is dueto alargerNO2 depositionflux causedby the15%higherNO2 concentrationnearthe

surface(seeFig. 3.7). The largestbulk intensitiesof segregationarefoundwith thehigh-

resolutioncovariance–nonlocalversionof the 1-D model(e.g.,7% for Is� OH¾ RH). This is

mostlydueto theincreasedIs� vert.

In Table3.5 it canbe seenthat Is� hor is higher in the LES modelthan in the standard

1-D modelversion.However, from Fig. 3.8,basedon theLES,we would expectthat Is� hor

in the 1-D model versionscontainingthe covarianceclosureis a factor2 higher than in

the LES. The discrepancy is causedby the much lower varianceof NO modeledin the

lowestlevel of theLES,ascomparedto our (co-)varianceclosure(not shown). In theLES

model usedfor this caseno subgrid-scalecovariancemodel is used. As a result of the

highervarianceof NO modeledin the standard1-D modelversion,high positive values
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of Is� OH¾ RH and Is� OH¾ NO2 arefound in the lowest1-D modellevel, which arecausedby

the radicalcycling reactionHO2 � NO « OH � NO2. Thesepositive Is valuesarenot

presentin the LES. This effect resultsin the lower valueof the horizontalbulk intensity

of segregationobservedfor the1-D model. Sinceon theotherhandtheverticalgradients

nearthesurfacearelargerin all 1-D modelversionscomparedto LES,theabsolutevalueof

thetotal bulk intensityof segregationmodeledby 1-D modelversionI is only 14%below

the LES resultfor Is� OH¾ RH andeven5% above the LES resultfor Is� OH¾ NO2. The high-

resolutionmodelresultscomparemuchbetterto theLESwith respectto thehorizontalbulk

intensityof segregation,but they show anevenhigherverticalbulk intensityof segregation

thanfor thestandard1-D modelversion,resultingin anoverestimationwith morethan35%

of Is� total, ascomparedto LES.

It must be clear from the significant influenceof vertical resolutionnearthe surface

that theLES modelcannotbesaidto bemoreaccuratethanthehigh-resolution1-D model

version. The applicabilityof LES to processesoccuringvery closeto the surfaceis prob-

lematic. Besidesthe too low vertical resolutionto resolve theseprocessestherearesome

otherinaccuraciesin theresultsnearthesurfaceof theLESmodelversionusedfor thiscase

(for somecharacteristicsof thismodelversionseeappendixE). For example,thesimulated

flux–gradientrelationshipdeviatesfrom similarity theory sincea constantsubgriddiffu-

sivity is used.Furthermorethefree-slipboundaryconditiongivesdifferentfluid dynamical

patternscloseto thesurfacethanthemorerealisticno-slipboundaryconditionthatwasused

for the LES simulationof the othercasesstudiedin this chapter. However, the difference

betweenfree-slipandno-slipboundaryconditionswill haveonly aminorquantitativeeffect

on theboundary-layeraveragedproperties,sincewe aredealingwith freeconvectionhere

(seeappendixE).

Finally, we evaluatethenonlocalflux closure.For thestandard1-D modelversionwe

have plottedtheflux decomposition(3.22)in Fig. 3.6. TheLES flux profilesof all species

areaccuratelyreproducedby the total of thedifferentflux terms. The linearity of theflux

profilesof O3, NOx, andRH is reflectedin a small ¥ � s�i NLI term for thesespecies.The

¥ � s�i NLI term is large for the individual speciesNO andNO2, however. The ¥ � s�i NLI term

is neededto complementthe ¥ � s�i NLB termfor speciesNO andNO2. Still, a run with the

no-covariance–nonlocal1-D modelversionwithout ¥ � s�i NLI termmodelsvirtually thesame

concentrationprofilesastheno-covariance–nonlocal1-D modelversionwith ¥ � s�i NLI (not

shown). This canbeexplainedby thefact that in mostof theCABL NO andNO2 arein a

photostationarystateandtherefore¥ � NO� NLI ¢ � ¥ � NO2 � NLI . Soevenif theflux profiles

for NO andNO2 wouldbecompletelywrong,thiswouldhavenoeffectontheconcentration

profilesif theflux profile of NOx is correct.FromFig. 3.7we concludethattheprofilesof
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Sensitivity Parametervariation Is� OH¾ RH Is� OH¾ NO2 O3 NOx RH

run © 100 © 100 [ppb] [ppb] [ppb]

Steady f � 300(rate � 40 � 8.4 78.7 0.608 1.30

coefficient increased ( � 28) ( � 5.9) Â 78.8Ã Â 0.605Ã Â 0.97Ã
by factor3)

Nonsteady NO emissionflux � 15 � 11 77.3 3.07 2.57

increasedby factor10 ( � 9.0) ( � 6.8) Â 77.9Ã Â 2.99Ã Â 2.36Ã
to 1 ppbm/s

Table3.6: Resultsfor thesteadyandnonsteadysensitivity runswith thestandard1-D

modelversionat high resolution. The instantaneousvaluesat t � 6600s

or at t � 3600s aregiven for the respective sensitivity runs. In brackets

thehorizontalbulk intensitiesof segregationaregiven. Theconcentrations

modeledwith theno-covariance–nonlocal1-D modelversionarealsogiven

in parentheses.

all speciesare accuratelymodeledby the 1-D model versionsthat include the nonlocal

flux term. Theno-covariance–local1-D modelversion,which only haslocal downgradient

transport,modelstoo largegradientsin thebulk of theCABL. Thevariancesobtainedfrom

the (co-)varianceclosure,andshown at threeheightsin Fig. 3.7, agreewell with the LES

valuesat theheightsz¡ zi � 0.05andz¡ zi � 0.5.At z¡ zi � 0.95themodeledvariancesare

too small,since  1 for thevariancesis muchsmallerthan0.25at thatheight(not shown).

3.5.3 Sensitivity runs

We usethehigh-resolutioncovariance–nonlocal1-D modelversionto performtwo sen-

sitivity runsfor differentchemicalconditions.In thefirst run thereactionratecoefficientof

theOH � RH reactionis increasedby a factorof 3 (by setting f � 300,comingcloserto

thereactionratecoefficient for theOH � isoprenereaction,for which f � 440). This first

runis donein steadystate:first thesteady-stateboxconcentrationsarecalculatedbeforethe

modelis run. Thesecondrun is a nonsteadycasewhere,startingwith thesteady-statebox

concentrationsof thereferencephotochemicalcase,suddenlytheNO emissionis increased

by a factorof 10.

In Table3.6theresultsfor thesensitivity runsaregiven.For bothrunsthelargesteffect

of the covarianceparameterizationon the concentrationsis found for RH (an increaseof
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morethan30% for the steadyrun andnearly10% for the nonsteadyrun). Theseeffects

canbecompletelyattributedto the Is� hor for theOH � RH reaction.Resultsfor thesteady

sensitivity run arealsoavailablefor the LES model: in the LES modelan Is� total of 27%

is found, wherewe find 40% with the 1-D model. Note that we usedthe high-resolution

versionof the1-D model,sothe Is� vert modeledby the1-D modelis largerthanthatmodeled

by theLESmodel.In thenonsteadyrunalsotheNOx budgetis influenced(3%higherNOx

concentrationsafter1hour),mainlydueto the Is� hor of nearly7%for theOH� NO2 reaction.

Also O3 is a little influenced(1%lowerconcentrationsafter1 hour).

From thesesensitivity runswe concludethat the budgetsof RH andNOx canbe sig-

nificantly influencedby the covarianceparameterization,but that the influenceon O3 is

relatively small. This hypothesisremainsto be testedfor differentchemicalandmeteoro-

logical conditions,for instancein a large-scalemodel.

3.6 Summary and discussion

In thischapterweproposeandevaluateanew first-orderclosurefor covariancesof reac-

tivespeciesin theconvectiveatmosphericboundarylayer. Also aclosurefor fluxes,thathas

beenintroducedandevaluatedfor passive scalarsin a varietyof convective boundarylay-

ersby CuijpersandHoltslag(1998),is evaluatedherefor reactive species.Thecovariance

closureis basedon mass-fluxconsiderationsand is shown to have an accuracy of about

a factorof 2. This conclusionhasbeenestablishedusingLES resultsfor nearlyall LES

caseswith reactive speciesthatarecurrentlyin theliterature.As shown in this chapterthe

concentrationprofilesmodeledwith a 1-D modelimprove whenthe covarianceclosureis

used.

By extendingouranalysisfrom thesolid-lid CABL to theentrainingCABL in thischap-

ter, wehavefoundthatthecovarianceclosureis valid for thesurfacelayerand(lower)mixed

layer, but doesnot performwell in andjust below theinversion.WangandStevens(1999)

showedthat this canbeunderstoodfrom thepresenceof a largevariability in thecoherent

structuresthat canbe identified in the flow, nearthe top of the CABL, which leadsto a

muchlower top-hatcontribution to thetotal covariance.It is not clearhow problematicthis

breakdown nearthe inversionis for atmosphericchemistryapplications. For instancein

thephotochemistrycasewe foundthatthecovariancesaremostimportantnearthesurface,

wherethe closureworks fine. However, we only usedan LES of the solid-lid CABL for

this caseandprescribedzerofluxesat the top of the CABL. In an entrainingCABL with

nonzeroentrainmentfluxesof chemicalspeciesonecanimaginechemistrycasesfor which

thecovariancearoundthetop of theCABL playsa major role. However, in therealatmo-
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sphereit appearsunlikely for atop-downdiffusingspeciesto haveaconcentrationabovethe

inversionthat is muchhigherthanbelow. But this situationcannotbe excludedandmore

researchis neededto assessthis problem.

We have only dealtwith theconvectiveboundarylayer. Sincewe testedthecovariance

closurewith and without shear, and sinceBusingerand Oncley (1990) showed that the

mass-fluxapproximationfor theflux worksfor all stabilitiesin thesurfacelayer, weexpect

that thecovarianceclosurewill alsowork for neutralandstableconditions.For thestable

boundarylayeroneshouldnotethat in large-scaleatmosphericchemistrymodelsgrid-box

averaged“vertical” bulk covariances(definedin section3.2), which aredueto a too low

vertical resolutionto resolve the vertical gradientsof the concentrations,aremuchmore

importantthanhorizontalcovariances(Galmariniet al. 1997b).

We have not touchedin detail on the chemicalhigher-order momentsthat appearin

higher-orderflux closures.Fromthe fact thatboth concentrationsandfluxesof the trans-

portedspeciesaremodeledadequatelywith thenonlocalflux closure,we concludethatan

explicit treatmentof thesechemicalhigher-ordermomentswithin the context of higher-

orderclosuremodelingis not neededin thephotochemistrycase.Furtherresearchon this

topic is requiredto establishthatthis is alsothecasefor otherchemicalandmeteorological

conditions.

Finally, by way of a sensitivity studywe have shown that covariancesmight have an

impacton hydrocarbonandNOx budgets.The proposedcovarianceparameterizationcan

beusedto assessthelarge-scaleimpactof covariancesonatmosphericchemistry. However,

sincethenumberof situationsfor which theparameterizationhasbeentestedis limited, it

shouldbeusedwith care.
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Abstract

Different flux closuresare studiedfor two chemistrycasesin the convectiveboundary

layer, a simplechemistrycaseand a photochemistrycase. Thecasesare simulatedusing

large-eddysimulation.We decomposetheflux modelledby higher-order closuresinto two

parts, one independentand the other dependentof chemicalhigher-order moments.The

contributionof thepart relatedto chemicalhigher-ordermomentsdependson thecomplex-

ity of the flux closure. This contribution is foundto be largestfor a second-order closure

that containsa scalar–temperature covariancetermin theflux budget equation.A simpli-

fied second-order closure and a mass-fluxclosure are shownto be equivalent. For these

closuresa smallercontribution of chemicalhigher-momentsis found. Theerror madeby

applyingflux–profilerelationshipsfromnonreactivesurface-layersimilarity theoryis small-

est,especiallynearthetop of thesurfacelayer. For realisticapplicationsit is expectedthat

the errors for first-order closure associatedwith modifiedflux–profile relationshipsin the

surfacelayerare negligible.
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4.1 Intr oduction

Thefluxesof nonreactingscalarsnearthesurfacecanbedescribedby local K theory.

For chemicallyreactingspecies,however, theflux–gradientrelationshipsaremodifieddue

to chemicalreactions.Thequestionis how largetheimpactof chemistryis ondifferentflux

estimates,not only in thesurfacelayerbut in thewholeboundarylayer. In this chapterwe

will dealwith this questionfor theconvectiveatmosphericboundarylayer(CABL).

The effectsof chemistryon the fluxesof reactive speciesare twofold. First, the flux

budgetis dependenton theprofile of meanconcentrations(which is affectedby thechem-

istry throughtheconcentrationbudget). Second,the flux budget(andbudgetsof all other

higher-ordermomentsthat containspeciesconcentrations),includeshigher-ordermoment

termsrelatedto the chemistry. In this studywe aim to presentan exact decompositionof

theflux budgetandwe examinethechemicalhigher-ordermomentcontribution to theflux.

When appliedto higher-orderflux closuresthe decompositionleadsto different out-

comesfor different higher-order closures. The typical approachthat hasbeenfollowed

to determinethe chemicalhigher-momentcontribution is by way of second-orderclosure

modelling(e.g.,FitzjarraldandLenschow 1983).Thepurposeof this chapteris to evaluate

andcomparedifferentformulationsfor thechemicalhigher-momentcontributionto theflux

usinglarge-eddysimulation(LES) of two differentchemistrycasesin theCABL, a simple

chemistrycaseandamorerepresentativecasefor atmosphericchemistry. In thisevaluation

we will comparedifferenthigher-orderclosureestimates,somegiven by a second-order

closure(e.g.,Ververet al. 1997)andothersbasedon a mass-fluxclosure(e.g.,chapter2 of

thisdissertation;deRoodeetal.1999).In additionwecalculatetheerrormadein first-order

closureflux estimatesnearthesurface,thatarebasedontheassumptionthattheflux–profile

relationshipsof surface-layersimilarity theoryarealsovalid for reactivecases.
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4.2 Theory

The flux budgetequationfor a chemicalspeciessi , assuminghorizontalhomogeneity

and ¥Å� 0, reads

Æ ¥ � s�iÆ
t
�!� ¥ � 2

Æ
siÆ
z
� gÇ)È � r

Ç �È s�i �
Æ ¥ � 2s�iÆ

z
� 1É

r
s�i
Æ

p�Æ
z
� R§ si ® (4.1)

where
Ç)È

is thevirtual potentialtemperature,p is thepressure,
Ç)È � r and É r arethereference

virtual potentialtemperatureanddensity, respectively, andR§ si is atermcontainingchemi-

cal reactionratecoefficients(R§ si will bespecifiedbelow). Theoverbardenoteshorizontal

averagesandthe primedquantitiesaredeviationsfrom the averages.Following Verver et

al. (1997),we decomposetheflux into two parts

¥ � s�i � ¥ � s�i 1
� ¥ � s�i 2

® (4.2)

wherethefirst part ¥ � s�i 1
is definedasthepartthatdoesnot includetheeffectof chemical

higher-ordermomentsandthesecondpart ¥ � s�i 2
asthepartthatsolelycontainstheeffect

of thechemicalhigher-ordermoments.Comparedto Verver et al. (1997)we will general-

ize the decompositionto any flux closure(of any statisticalorder). Furthermore,we have

changedthe labels“inert” and“chem” to “1” and“2”, respectively, to avoid confusion.In

the inert case ¥ � s�i 2
equalszero(for a first-orderclosureit alsoequalszeroin the reac-

tive case,sinceno higher-ordermomentsareinvolved in the flux estimate,by definition).

Thefirst part ¥ � s�i 1
is affectedby chemicalreactionsthroughtheconcentrationprofilesi ,

which is determinedby theconcentrationbudgetequation,

Æ
siÆ
t
���

Æ ¥ � s�iÆ
z
� Rsi Ê (4.3)

Theterm Rsi representschemicalsourcesandsinks—notethat Rsi canalsocontainhigher-

ordermoments:covariances(thesewill not beexplicitly consideredhere).

We makedecomposition(4.2)explicit hereby writing:

Æ ¥ � s�i 1Æ
t

�[� ¥ � 2
Æ
siÆ
z
� gÇ/È � r

Ç �È s�i 1
�
Æ ¥ � 2s�i 1Æ

z
� 1É

r
s�i
Æ

p�Æ
z

1

(4.4)

Æ ¥ � s�i 2Æ
t

� gÇ)È � r
Ç �È s�i 2

�
Æ ¥ � 2s�i 2Æ

z
� 1É

r
s�i
Æ

p�Æ
z

2

� R§ si ® (4.5)
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andsimilarly for all otherhigher-ordermomentsappearingin (4.4) and(4.5). Eqs.(4.4)

and(4.5)arecoupledthroughthemeanconcentrationbudget(4.3),whichcontainsthetotal

flux ¥ � s�i 1
� ¥ � s�i 2

, andthechemicaltermin (4.5)—specifiedbelow for second-order

closure—whichcontainsfluxesandconcentrationsof differentspecies.Eqs.(4.4)and(4.5)

andsimilarequationsfor otherhigher-ordermomentshaveto beclosedretainingonly terms

upto acertainstatisticalorder. Wewill considersecond-orderclosureandmass-fluxclosure

here.

4.3 Second-orderclosure formulation

Nearly all second-orderclosuremodelsthat includecontributionsof chemicalhigher-

ordermomentsto theflux thatarecurrentlyin theliterature,areessentiallythesameasthe

onedescribedby FitzjarraldandLenschow (1983). This includesthe formulationsgiven

by Gaoet al. (1991),Hamba(1993),Sykeset al. (1994),GaoandWesely(1994),Vil à-

Gueraude Arellano et al. (1995),Galmariniet al. (1997a),andVerver et al. (1997). The

studiesby Fitzjarrald andLenschow (1983),Gaoet al. (1991),Vil à-Gueraude Arellano

et al. (1995), and Galmarini et al. (1997a)were limited to the surfacelayer. Gao et al.

(1991)consideredonly neutralconditions,wheretheothersurface-layerstudiesconsidered

all stabilities. Hamba(1993), Sykes et al. (1994), and Verver et al. (1997) studiedthe

convectiveboundarylayer. WhereHamba(1993)neglectedthecontributionof thechemical

higher-momentterm RË si to the
Ç �È s�i budget(ascriticized by Verver 1994),this term was

takeninto accountby Sykeset al. (1994)andVerver et al. (1997).GaoandWesely(1994)

studiedonly the neutralboundarylayer. Of all the above-mentionedauthorsonly Sykes

et al. (1994)andVerver et al. (1997)consideredthe contributionsof chemicalthird-order

momentsin R§ si andRË si .

Weherepresentandgeneralizetheformulafor thechemicalpartof theflux givenearlier

by Verver et al. (1997). Like is donein all othersecond-orderclosuremodelsthat include

chemistry, Verver et al. (1997)neglectedthechemicalhigher-momentcontributionsto the

budgetsof theturbulenttransportterm
Æ ¥ � 2s�i ¡ Æ z andof theconcentration–pressurecovari-

anceterm1¡ É r s�i Æ p� ¡ Æ z. For thecontributionof chemicalhigher-ordermomentsto theflux

thefollowing formulationis derived:

¥ � s�i 2
�Ì 1R§ si ��Ì 1 Ì 4 gÇ È � r � 1 � b1� RË si Ê (4.6)

The local time scalesÌ 1 and Ì 4 aredefinedby Ì 1 �ÍÌ TKE ¡ a1 and Ì 4 ��Ì TKE ¡ a4, where

Ì TKE � 1¡ aTKE l ¡ ¦ § ; aTKE, a1, a4, andb1 areconstants.Thermsof theverticalvelocity

fluctuationsis denotedby ¦ § . Thelengthscalein Ì TKE is takenasl �  z � 1 � z¡ zi � , where
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zi is the CABL heightand   is the von Kármán constant.The closureconstantshave the

following values:aTKE � 0.1,a1 � 4.84,a4 � 2.5,andb1 � 0.4.

For anirreversible,binaryreactionbetweenspeciesA andB thetermsR§ si andRË si are

givenby

R§ A � R§ B ��� k A ¥ � B� � B ¥ � A � � ¥ � A � B� (4.7)

RË A � RË B �!� k A
Ç �È B� � B

Ç �È A � � Ç �È A � B� Ê (4.8)

Expressions(4.7) and(4.8) canbe generalizedfor arbitrarychemistry. The term R§ si is

thengivenby

R§ si �
M

mÎ 1

Ï
imkm ¥ � N

nÎ 1

� sn � s�n �.Ð nm Ê (4.9)

Herethecompactform of Vil à-GuerauandLelieveld (1998)is used,which is basedon the

notationof LambandSeinfeld(1973): Ï im is thestoichiometriccoefficient for speciesi in

reactionm, km is thereactionratecoefficient for reactionm, and Ñ nm is thereactionorder

of speciesn in reactionm. M is thetotal numberof reactionsandN is thetotal numberof

species.Analogousto (4.9)wewrite for RË si

RË si �
M

mÎ 1

Ï
imkm

Ç �È N

nÎ 1

� sn � s�n � Ð nm Ê (4.10)

4.4 Mass-fluxclosure formulation

For comparisonwith thepreviousapproachwepresentanotherformulationfor ¥ � s�i 2
,

valid for mass-fluxclosures.Mass-fluxclosures(e.g.,ChatfieldandBrost 1987;Randall

et al. 1992; chapter2 of this dissertation;de Roodeet al. 1999)arehigher-orderclosure

schemesin the sensethat they effectively containa prognosticequationfor the flux (a

second-ordermoment)besidesa prognosticequationfor the concentrationof a species,

providedthatwe considera dynamicallysteadystate.Theprognosticflux equationcanbe

derivedfrom theupdraftanddowndraftspeciesbudgetequationsandreads

Æ ¥ � s�iÆ
t
� � M ¡ É �  § s

Æ
si

uÆ
t
� Æ si

dÆ
t

® (4.11)
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whereM � É a � ¥ u � ¥ � is theconvectivemassflux, with a theupdraftareafraction, ¥ u the

updraftvelocity, and ¥ themeanverticalvelocity;   § s is thefractionaltop-hatcontribution

to thetotal flux, whichcanvarywith heightandwith thedifferentspecies,but is heretaken

constantto its theoreticalGaussianvalueof 0.64(WyngaardandMoeng1992).Theindices

u andd indicatetheaveragingareasof updraftsanddowndrafts,respectively.

Following deRoodeetal. (1999)wearriveatamass-fluxestimateof thefirst partof the

flux:

¥ � s�i 1
�!� � M ¡ É � 2 ¡Ò  § s� 1 � a� � E ¡ É � � a � D ¡ É �

Æ
siÆ
z
�[� 1 � 2a�

Æ
su � sdÆ

z
� su � sd

Æ
aÆ
z

®
(4.12)

whereE andD arelateralentrainmentanddetrainmentrates.Two separatetermscontaining

contributionsfrom thesubplumefluxeshave beenleft out for thesake of readability(they

canbe found in deRoodeet al. 1999). Thedifferencewith theexpressionobtainedby de

Roodeet al. (1999)is the presenceof the factor  Xª 1§ s in (4.12) to arrive at the real flux—

de Roodeet al. (1999)only give the top-hatapproximationfor the flux (cf. chapter2). If

we take chemicalreactionsin updraftsanddowndraftsinto account,the chemicalhigher-

momentcontribution to theflux becomes(deRoodeet al. 1999):

¥ � s�i 2
� 2a � 1 � a� � M ¡ É � ¡Ò  § s� E ¡ É � � � D ¡ É � Rsi u � Rsi u� subplume � Rsi d � Rsi d � subplume ®

(4.13)

whereagainthe factor  Xª 1§ s hasbeenadded. We have addedsubplumetermsin (4.13),

whichreferto subplumecovariancesthataffect theplume-meanreactionreactionrates(see

chapter2).

If weassumethatthattheverticalvelocityskewnessis zero(hencethata � 0.5)andthat

thesubplumefluxesin updraftanddowndraftareequal(cf. chapter2), thetotal flux canbe

writtenas

¥ � s�i ��� K
Æ
siÆ
z
� ¥ � s�i 2

® (4.14)

with

¥ � s�i 2
� K

4 � M ¡ É � Rsi u � Rsi u� subplume � Rsi d � Rsi d � subplume Ê (4.15)

Herewe havedefinedtheapparentdiffusivity K as

K � 2 � M ¡ É � 2 ¡Ò  § s� E ¡ É � � � D ¡ É � Ê (4.16)
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Sinceone often writes K � ck ¦ § L (with L a length scaleand ck a constant),and

assuming� M ¡ É � � 1
2 Ó   §W§ ¦ § (appendixC) and   § s �Ô  §X§ � 0.64 (denotedin the

following by   0), thechemicalpartof theflux becomes

¥ � s�i 2
� ckL

2Ó   0
Rsi u � Rsi u� subplume � Rsi d � Rsi d � subplume Ê (4.17)

For anirreversible,binaryreactionbetweenspeciesA andB thechemicalsink termsread

� RA � u � � RB � u ��� k A
u

B
u

(4.18)

� RA � d � � RB � d �!� k A
d

B
d

(4.19)

� RA � u� subplume� � RB � u � subplume��� k A � B� u � � k A � A
u

B � B
u

u

(4.20)

� RA � d � subplume� � RB � d � subplume�r� k A � B� d � � k A � A
d

B � B
d

d Ê (4.21)

We cansimplify (4.17),first againconsideringthesimplechemistrycase,by neglectingthe

subplumecovariances.We thenhave

¥ � A �
2
� ¥ � B�

2

� ckL

2Ó   0
�.� k � A � 2 � 1 � a� Ó   0¦ § ¥ � A � B � 2 � 1 � a� Ó   0¦ § ¥ � B�

� A � 2aÓ   0¦ § ¥ � A � B � 2aÓ   0¦ § ¥ � B�
� ckL

¦ § �.� k � A ¥ � B� � B ¥ � A � Ê (4.22)

Generalizing(4.22),wewrite

¥ � s�i 2
� ckL

¦ § R§ si no 3rd ® (4.23)

with R§ si no 3rd givenby (4.9)exceptfor thethird moments.Eq.(4.23)hasthesameform

as the first term in (4.6). The time scale Ì MF � ckL ¡ ¦ § replacesÌ 1. The length scale

L is heretaken proportionalto the lengthscalel usedby Verver et al. (1997)—wetake

L � cl z � 1 � z¡ zi � with cl = 1.8,aswasusedin chapter3. Theratio L ¡ l � 4.5,which leads
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to Ì MF ¡ÒÌ 1 � 0.87. So the time scalethat we usein the mass-fluxclosureformula differs

only 13%from thatusedin thesecond-orderclosureformula.

Sincewe ultimatelyarrive at similar expressionsfor themass-fluxclosureandthesim-

plified second-orderclosure(neglectingthethird momentsandassumingb1 � 1), we have

shown that both closuresare essentiallyequivalent underthe simplificationsmentioned.

Therefore,we canattacha simplephysicalpictureto the chemicalhigher-momentcontri-

bution to theflux of acertainspecies:accordingto (4.13)it is determinedby thedifference

betweenthenetchemicalreactionratesin updraftanddowndraft.

4.5 Inter comparisonof formulations using LES

4.5.1 Description of cases

Two LES casesareusedhereto investigatedifferencesin ¥ � s�i 2
andto determinethe

residualerror whennonreactive flux–profile relationshipsin the surfacelayer areapplied.

The casesconsideredarean artificially simplechemistrycaseanda photochemistrycase.

For thesimplechemistrycasewe simulateanentrainingCABL. Two speciesareinvolved

thatreactawayby thereactionA � B « C. SpeciesA is injectedatthesurfaceandspeciesB

is entrainedat thetop of theCABL. A nearlysteadystateis attainedduringthesimulation.

The simplechemistrycaseis a “mixed” case(cf. Schumann1989), with a muchhigher

concentrationof speciesB. Thesurfaceflux of speciesA is denotedby F� . A concentration

scales� canbe derived from F� by putting s� � F� ¡Ò¥ � , with ¥ � the convective velocity

scale.TheLES modelandthesimulatedCABL aredecribedin chapter3. Averagingtakes

placeover thethird hourof theLESrun.

For the simple chemistrycase,the convective velocity scale ¥ � � 1.1 m/s, and the

CABL heightzi � 720m. Theassociatedtime scalet � � zi ¡Ò¥��Õ� 650s. Thedimensional

reactionratecoefficient, denotedby k � , canbe madedimensionlessin the following way:

k � s� t � k � . We put k equalto 0.39. SpeciesA is initialized with zeroconcentrationand

speciesB hasaconcentrationof 22s� below heightzi0 and220s� abovethisheight(zi0 is the

initial inversionheight,equalto 680m). During the averaginginterval the flux of species

B at heightzi is about � 1.2F� . Theconcentrationsof speciesA andB are0.14s� and27s� ,
respectively. As a result of the relatively high concentrationof speciesB the “turbulent

Damköhlernumber”for speciesA, definedasDat � A � k � B� (thebracketsdenoteanaverage

over the CABL), is 11, which meansthat the chemicallifetime of speciesA is very short

comparedto theturbulentmixing time. Thereforetheflux profile ¥ � A � � z� , asshown in Fig.

4.1,is stronglynonlinear, decreasingto lessthan0.15F� at thetopof thesurfacelayer(z¡ zi
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Figure4.1: Contribution of chemicalhigher-ordermomentsto the flux for speciesA

andB in the simple chemistrycase,estimatedby five formulations,and

total flux (thick solid line). Thecrossesdenotetheresidualerrorwhenthe

flux–profilesrelationshipsof surface-layersimilarity theory are applied.

Averagesover thethird hourof theLES runhavebeenused.
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Figure4.2: Contribution of chemicalhigher-ordermomentsto theflux for species(a)

NO and(b) NO2 in thephotochemistrycase,estimatedby fivedifferentfor-

mulations,andtotal flux (thick solid line). Thecrossesdenotetheresidual

errorwhentheflux–profilesrelationshipsof surface-layersimilarity theory

areapplied. Instantaneousvaluesat the endof the 2-hourLES run have

beenused—exceptfor thesurface-layersimilarity theoryerrors—sincefor

many of theneededquantitiesaverageswerenot available.

� 0.1).

In thephotochemistrycase,comparableto thecasestudiedby Krol etal. (1999),asolid-

lid CABL is simulated.The casewasstudiedanddescribedin chapter3. The convective

velocity scalefor this caseis ¥ � � 1.5 m/s andthe boundary-layerheightzi � 1000m.

Moredetailson theLESmodel,thesimulatedCABL, andthechemistrycasearedescribed

in thesesources.Herewe will discussonly a few aspectsof thecase.Thephotochemical

schemeconsistsof 10reactionsinvolving 6 modelledspecies(O3, NO, NO2, RH, HO2, and

OH). The speciesRH is a generichydrocarbon.The basicO3-producingand-destroying

reactionsareincludedin thescheme.SpeciesNO is emittedwith a surfaceflux of 0.1ppb

m/sandis quickly transformedto NO2 in thesurfacelayer. This is obviousfrom thelarge

flux divergencesin thesurfacelayer(seeFigs.4.2aand4.2b).Higher-up in theCABL NO

andNO2 reachaphotostationarystatewith thephotolysisreactionNO2 � light
O2« NO � O3

beingbalancedby thereactionNO � O3 « NO2 � O2 (bothreactionshave time scalesof

minutes).
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4.5.2 Results

In order to intercomparethe different formulationsgiven above for ¥ � s�i 2
—(4.6),

(4.17), and(4.23)—wesubstitutein theseformulationsthe LES profilesof all quantities

thatappearin them,exceptfor thelengthscales(andof coursetheconstants).Theresulting

profilesof ¥ � s�i 2
for thesimplechemistrycaseareplottedin Fig. 4.1,andfor thephoto-

chemistrycasein Figs.4.2a(speciesNO) and4.2b(speciesNO2). For the formulabased

on the second-orderclosurescheme(4.6) we alsoshow the profilesof ¥ � s�i 2
for which

eitherthe third-ordermomentsin R§ si and RË si areneglectedor the whole term contain-

ing RË si andthethird-ordermomentsin RË si areneglected.Furthermoresurface-layerflux

residuesfor applicationof nonreactiveflux–profilerelationshipsareshown. Themethodto

determinetheseresiduesconsistsof first calculatingK inert �Þ� ¥ � BU� ¡6� Æ BU¡ Æ z� from an

inert bottom-updiffusingscalar, andsubtractingan inert partbasedon this K inert from the

total flux of thereactivespecies:

¥ � s�i residue
� ¥ � s�i � K inert

Æ
siÆ
z Ê (4.24)

In the simple chemistrycaseall estimatesof the chemicalpart of the flux give large

valuescomparedto the total flux throughoutthe whole CABL, both wherethe fluxesare

large (nearthe surface)andwherethe fluxesaresmall (in the top half of the CABL). In

thephotochemistrycaseall estimatesof thechemicalpartof theNO flux aresmallwhere

the total flux is large (nearthe surface)andlargewherethe total flux is small (aroundthe

middle of the CABL andhigher-up). For NO2 the situationis comparablebut somewhat

lesspronounced.

In bothcasesweseeaconsistentgroupingof resultsinto two groups,which leadsto the

following conclusions.Regardingthefirst group,thesecond-orderclosureof Verver et al.

(1997)givesthe largestvaluesof ¥ � s�i 2
. The impactof third-ordermomentsin (4.6) is

small. And regardingthesecondgroup,a simplifiedversionof thesecond-orderclosure—

equivalentto mass-fluxclosureformulation(4.23)—givessignificantlysmallervaluesfor

¥ � s�i 2
. The resultslie alsocloseto mass-fluxclosureformulation(4.17), leadingto the

conclusionthatthedifferencebetweenupdraftanddowndraftsubplumecovarianceis small

andtheapproximatingstepsto arriveat (4.23)arevalid.

The residualerror identified in the surfacelayer whenusing nonreactive flux–profile

relationshipstendsto be smallerthan the differentcorrections ¥ � s�i 2
estimatedby the

higher-orderclosureschemes,especiallynearthetopof thesurfacelayer. Although ¥ � s�i 2
andtheresidualerror for first-orderclosurearedifferentquantities,we do wantto point at

the fact that the chemicalcorrectionsneededon the flux aresmallerin first-orderclosure
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thanin thefull second-orderclosure.

Oneshouldnotethat we hereprescribedmostprofilesin the evaluationof the higher-

orderclosures.If we let thehigher-orderclosuresthemselvesmodelall profilesotherdiffer-

encescanbefound.For instance,in additionto thecasesstudiedin thisnote,we simulated

similar bottom-up/top-down caseswith LES aswerestudiedby Verver et al. (1997),and

arrivedat conflicting resultsfor the contribution of chemicalhigher-ordermomentsto the

flux: theeffective transportto mid-levelsof theCABL is decreasedwhenLES profilesare

substitutedin the second-orderclosureformulation for ¥ � s�i 2
, while it is increasedac-

cordingto the full second-orderclosuremodelresultsgivenby Verver et al. (1997). This

is a sign that the estimateof the chemicalhigher-ordermomentsis very sensitive to the

parameterization(especiallyfor theconstantsto calculatethetimescales).

4.6 Summary and discussion

The contribution of chemicalhigher-ordermomentsto the flux hasbeenestimatedfor

two casesby several differentclosures.A significantdifferencebetweenthe full second-

orderclosureof Ververet al. (1997)anda simplifiedversionof thatclosure—equivalentto

a mass-fluxclosure—hasbeenfound. A simplephysicalpictureof higher-orderchemistry

correctionsto flux comeswith themass-fluxclosure:thesecorrectionsareproportionalto

the differencein chemicalreactionratesbetweenupdraftsanddowndrafts. The residual

error for flux estimatesbasedon nonreactive flux–profilerelationshipsin thesurfacelayer

tendsto be somewhat smallerthanthe contribution of chemicalhigher-ordermomentsto

theflux asestimatedby higher-orderclosures,especiallynearthetop of thesurfacelayer.

Althoughthespecificmagnitudeof thedifferencesfoundisdependentonthepreciseval-

ueschosenfor thedifferentconstants,changingtheseconstantswill notstructurallychange

our conclusions.This studysuggeststhat thepresenceof moredegreesof freedomin full

second-orderclosuresleadsto a strongerimpactof chemicalreactionson theflux estimate.

If, for instance,in afull second-orderclosurethehigher-orderchemistrytermsarenot taken

into account,a significantlylargererror resultsin the flux estimatecomparedto if a first-

orderclosureis used.Thefactthatfor arepresentativephotochemicalcasethehigher-order

chemistrycorrectionsmodeledby higher-orderclosuresbecomelargerwith heightnearthe

surface,doesnot meanthat theerror for first-orderclosuresalsoincreases:we evenfind a

decreaseof the first-orderclosureerror with height. We expectthat for representative at-

mosphericchemistryconditionsno significantchemicalcorrectionsrelatedto higher-order

chemicalmomentsin theflux budgetareneededfor first-orderclosureestimatesof theflux.
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Abstract

A first-order covarianceclosure is included in a single-columnversion of a global

climate–chemistrymodel,andtheimpactof segregationeffectsdueto boundary-layercon-

vectionon atmosphericchemistryis studied.Thecolumnmodelis run for several locations

with widely varying chemicalconditions. Thechemicalschemethat is usedis a modified

version of theCarbonBondMechanism4 (CBM-4)andcontains32 speciesand71 reac-

tions.For all locationstheimpactondaytimeboundary-layeraveragedisoprene, NOx, O3,

andOH concentrationsis foundto belessthan2%. Theimpactis oftensmallerthan0.5%.

Thecovariancethatplaysthemostsignificantrole during daytimeis thecovarianceof iso-

preneandOH, althoughthemagnitudeof theintensityof segregationfor this reactionis at

most � 2%. A sensitivitystudywith turbulence–canopyinteractionsfor the tropical rain-

forestindicatesincreasesof only 1% or lessin theconcentrationsof isopreneandOH. We

concludethatsegregationeffectsrelatedto dry boundary-layerconvectioncanbeneglected

in atmosphericchemistrymodeling. On the other hand,surfaceheterogeneitiesaffecting

emissionanddepositionprocessesmaybesignificant.
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5.1 Intr oduction

In atmosphericchemistrymodelsall speciesaretypically assumedto bewell mixedin

eachmodelgrid box (representinganareaof 102–106 km2). Thisassumptionmight leadto

inaccuraciesin atmosphericchemistrymodels,sincesomemeasurementsshow thatchemi-

calspeciesarenotalwayswell mixedandthatsegregationeffectsmustbetakeninto account

in atmosphericchemistrymodels.Concentrationsof reactingspeciescanbe positively or

negatively correlatedandthesecorrelationsmay leadto correctionson the meanreaction

ratesin modelgrid boxes. The relative correctionsarecalled“intensitiesof segregation.”

For instance,Vil à-GueraudeArellanoet al. (1993a)calculatedan intensityof segregation

Is of � 10% at a certainheight in the mixed layer of the convective atmosphericbound-

ary layer(CABL) from aircraftmeasurementsover theNetherlands(consideringanareaof

200 © 200km2). They attributedthis segregationeffect to theturbulentandchemicalpro-

ductionof covariances(e.g.,Schumann1989).Davis (1992)studiedthe importanceof the

chemicallyproducedcovariancebetweenisoprene(C5H8) andthe hydroxyl radical(OH).

He identifiedconditionsfor which this covariancecould resultin a significantintensityof

segregation.

The questionnow is whetherintensitiesof segregation of about � 10% or more can

be causedby convectionand chemistryin the CABL. If not, then nonuniformemission

anddepositionpatternsmustbe responsiblefor observed large intensitiesof segregation.

Only a few studieshave beendoneon the turbulent transport–reactionproblemfor chem-

ical schemesthat arerepresentative for atmosphericchemistryin the CABL. For tropical

backgroundsteady-stateconditionsKrol et al. (1999)showed,usinglarge-eddysimulation

(LES), that the bulk intensityof segregationfor NO andO3 is very small (¡1%), but that

for nonmethanehydrocarbons(NMHC) andOH it could be as large as5–30%,depend-

ing on the lifetime of the hydrocarbonsconsidered.The sensitivity studyfor a nonsteady

casepresentedin chapter3 of this dissertationsuggeststhat segregationeffectsrelatedto

boundary-layerconvectionmaybeimportantin atmosphericchemistry. Finally, Ververetal.

(1999)studieda nonsteadytropical rainforestcase(ABLE-2A) andfounda bulk intensity
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of segregationfor the reactionof isoprenewith OH of a few per centboth in the morn-

ing andafternoon,andbulk intensitiesof segregationof about10%for thereactionof NO

with peroxyradicals.Fromthesmallimpactonthemodeledconcentrationsthey concluded

that it is not necessaryto includedcovariancesproducedby turbulenceandchemistryin

atmosphericchemistrymodels.

We hereextendthe above studiesto differentchemicalandmeteorologicalnonsteady

conditions,in order to determinewhetherconditionsexist over the globe for which seg-

regationrelatedto dry boundary-layerconvectionhasa significanteffect on atmospheric

chemistry. Thereforeweimplementthecovarianceparameterizationof chapter3 in asingle-

columnversionof aclimate–chemistrymodel.Thismodelis runfor two consecutivedaysat

four differentlocationsovertheglobe:SouthAmerica(tropicalrainforest),Europe(agricul-

ture/industry),North America(agriculture/forest),andAfrica (savanna).The initialization

of meteorologyandchemistryisperformedusingprofilesfrom globalclimateandchemistry

models.

5.2 Model description

Themodelusedis a single-columnversionof theglobalclimatemodelECHAM4. The

globalmodelis describedby Roeckneretal. (1996)andthesingle-columnversionby Chris-

tensenet al. (1996).We will not give thedetailsof its physicalparameterizationhere.The

standardverticalresolutionof 19 layersis used.All relevantmodelvariablesareinitialized

usingglobalmodeloutput(alsothenecessaryland-surfaceparametersaretakenfrom global

datasets).

Chemicalspecieshavebeenaddedto thesingle-columnmodel:34speciesaremodeled,

of which29aretransported.Thechemicalschemeis amodifiedversionof theCarbonBond

Mechanism4 (CBM-4), taken from Houwelinget al. (1998),anddescribes71 reactions

(including3 sulfur reactionsthathavebeenaddedto theschemeof Houwelingetal. 1998).

Theschemeis representativeof globaltroposphericNOy–CO–CH4–NMHC–O3 chemistry.

The initial meteorologicalconditionsarederivedfrom ECHAM4 andthe initial chem-

ical conditionsareobtainedfor thespecificmonthstudiedfrom theglobalchemicaltracer

modelTM3 (seeHouwelinget al. 1998). Both globalmodelsaredrivenby analysesfrom

theEuropeanCentrefor Medium-RangeWeatherForecasts(ECMWF)—ECHAM4through

Newtonianrelaxation,andTM3 directly.

The nonbiogenicsurfaceemissionsare similar to the climatologicalvaluesusedfor

thespecificlocationsin thechemistryversionof ECHAM4 (RoelofsandLelieveld 1995).

The biogenicemissionsare calculatedexplicitly, using the available physicalvariables,
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Case Continent Latitude Longitude Period

Tropicalrainforest SouthAmerica 4ß N 55ß W March1–2,1993

Agriculture/industry Europe 50ß N 10ß E July1–2,1993

Agriculture/forest NorthAmerica 35ß N 87.5ß W July1–2,1993

Savanna Africa 7.5ß N 10ß E October1–2,1993

Table5.1: Locationsandperiodsfor four cases.

Case Isoprene OH NOx O3

[ppbv] [106 moleccmª 3] [ppbv] [ppbv]

Tropicalrainforest 1.9 1.9 0.12 23

Agriculture/industry 0.03 16 1.1 40

Agriculture/forest 0.3 10 0.2 50

Savanna 0.3 7 0.07 30

Table5.2: Boundary-layeraveragedconcentrationsaroundnoonon theseconddayof

thesimulation(one-houraverage).

andbasedon a land cover database.Dry depositionis modeledfollowing Ganzeveld and

Lelieveld (1995).

5.3 Resultsfor differ ent cases

To studytheimpactof covariancesfor differentchemicalandmeteorologicalconditions,

four locationsandperiodswereselectedto run thesingle-columnmodel(seeTable5.1). In

all casesaCABL developsduringdaytime.Differentemissionsof NMHC andNOx resultin

a rangeof chemicalconditions.We run thesingle-columnmodelfor two consecutivedays,

bothwith andwithout covarianceclosure,andcomparethe resultsaroundnoonlocal time

on thesecondday. Notethatthestudiedlocationsarerepresentativefor largeareas.There-

fore local advectioneffectsarenot takeninto account(althoughin theinitial concentration

fields someeffectsof monthly-meanadvectionarepresent). In Table 5.2 the boundary-

layer averagedconcentrationsaregiven. As is evident, a large rangeof concentrationsis

coveredby thefour cases.Realisticconcentrationsaremodeledfor thedifferentcases;for

the tropical rainforestcasethis wasaccomplishedby reducingthe isopreneemissionflux,
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Case Is� OH¾ isop à [isoprene]
[isoprene]no cov à [OH]

[OH]no cov à [NOx ]
[NOx ]no cov à [O3]

[O3]no cov© 100 © 100 © 100 © 100 © 100

Tropicalrainforest � 2 � 0.4 � 0.4 � 0.4 � 0.08

Agriculture/

industry � 0.2 � 0.2 � 0.5 � 0.6 � 0.07

Agriculture/

forest � 2 � 2 � 0.02 � 0.6 � 0.2

Savanna � 2 � 2 � 0.2 � 0.6 � 0.15

Table5.3: Boundary-layeraveragedhorizontal intensity of segregation for the OH–

isoprenereaction and relative changesin concentrationsdue to covari-

ancesaroundnoonat theseconddayof thesimulation(one-houraverage).á
[conc] is definedas the differencebetweenthe model resultswith and

without covarianceparameterization:
á

[conc] � [conc]cov � [conc]no cov.

which is resolvedin themodelaccordingto Guentheret al. (1995),by 50%. Two chemical

regimescanbediscernedfor thefour cases:anNOx-rich (agriculture/industrycase)andan

NOx-poorregime(all othercases).

Theboundary-layeraveragedhorizontalintensityof segregationfor thereactionof iso-

prenewith OH andtheimpactof thecovarianceparameterizationon somespeciesconcen-

trationsaregiven in Table5.3. The impactof covariancesis very small at all locations.

Theotherintensitiesof segregationaretypically alsovery small; somereactionsinvolving

radicals,NO, NO2, andNO3, show somewhat larger effectsfor early morningconditions

(evident from a 0.6%impacton the NOx concentrationduring the day for the agriculture

cases).The largestrelative impactis found for thetwo caseswith moderateisoprenecon-

centrations(agriculture/forestandsavannacase),wheretheisopreneconcentrationsarein-

creasedby 2% dueto a � 2% intensityof segregationfor thereactionof isoprenewith OH.

For thetropical rainforestcasetheeffectson the isopreneconcentrationof thesegregation

betweenOH andisopreneis muchsmaller(0.5%).

To deducean upperlimit for covarianceeffects relatedto convective boundary-layer

mixing in thetropicalrainforestcase,we performeda sensitivity run wherethecovariance

of isopreneandOH is enhancedto accountfor covariancesproducedby turbulence–canopy

interactions(Pattonetal.1999).Weassumeafixedvalueof � 20%for thiscovariancein the

lowestgrid box (with a heightof 60 m) of themodel. This grid box largely extendsabove

thecanopy top—itsbottomis at thedisplacementheight,20 m for ourcase.Theresultsfor
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Sensitivity run Is� OH¾ isop à [isoprene]
[isoprene]no cov à [OH]

[OH]no cov à [NOx ]
[NOx ]no cov à [O3]

[O3]no cov© 100 © 100 © 100 © 100 © 100

turbulence–canopy

interactions � 4 � 1.3 � 0.7 � 1.6 � 0.08

Table5.4: Sensitivity run (thesamequantitiesaregivenasin Table5.3).

this sensitivity studyaregivenin Table5.4. Theintensityof segregationandtheimpacton

theisopreneconcentrationincrease—but still theimpactis only about1%.

5.4 Summary and discussion

We have addressedthequestionon thesignificanceof turbulently andchemicallypro-

ducedcovariancesleadingto segregationeffectsin atmosphericchemistrymodels.Only a

small influencewasfound for the inclusionof thesecovariancesin an atmosphericchem-

istry modelthatwasrun for severaldifferentconditions.In general,in low-NOx environ-

ments(tropical rainforest,agricultural/forest,andsavannacases)increasesof at most2%

werefound for the concentrationsof isoprene,while the effect on O3 concentrationswas

negligible. For high-NOx conditionsthecovarianceof isopreneandOH seemsto beeven

lessimportant. A sensitivity run suggeststhat taking turbulence–canopy interactionsinto

accountdoesnot significantlyalter theconclusionthatcovariancesproducedin theCABL

have only a minor impacton chemistryin the atmosphericboundarylayer. However, this

conclusionis probablynot valid for theconcentrationswithin thecanopy (andtheeffective

emissionsfrom thecanopy).

Subgrid-scalecovariancesfor grid sizestypical of mesoscaleor global atmospheric

chemistrymodelscan be important,however. Sillman et al. (1990) have shown, for in-

stance,that a large subgrid-scalevariability exists in the rangefrom 40 to 400 km. And,

as anotherexample,Vil à-Gueraude Arellano et al. (1993a)found a � 10% intensity of

segregationfor NO andO3 above the Netherlands.This intensityof segregationwasnot

produced,astheauthorssuggested,by turbulenceandchemistry, but by thenonuniformity

of theemissions.Indeed,from thecospectrumof NO andO3 presentedby Vil à-Gueraude

Arellanoet al. (1993a)—withscalesrangingfrom 50 km down to 1 km—it is evident that

mostof the � 10%intensityof segregationfor NO andO3 is locatedat the15 km scaleand

thatthecontributionof scalesof order1 km or less(approachingtheboundary-layerturbu-

lencescales)is negligible. Weconcludethatsubgrid-scalesurfaceheterogeneitiesaffecting
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emissionanddepositionpatternsarethecauseof themeasuredintensityof segregationfor

NO andO3. We expect that in generalit is more importantto incorporatesubgrid-scale

surfaceheterogeneitiesin atmosphericchemistrymodelsthanturbulently andchemically

producedsubgrid-scalecovariances.
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6.1 Summary

Themixing of chemicalspeciesin theconvectiveboundarylayerhasbeenstudied.An

LES investigationof the mass-fluxcharacteristicsof both reactive andnonreactive scalars

revealsthat65%of theflux is capturedby theupdraft–downdraftdecompositionandabout

25%of thecovariancebetweentwo arbitraryscalars.TheCABL profilesof scalarsaremod-

eledaccuratelyby anoff-line mass-fluxschemethathastwo majorsimplifying assumptions

in it, ascomparedto theexactplume-budgetequations.First,only one-waylateralexchange

is considered,andsecond,thesubplume-scalefluxesaretakeninto accountby an increase

of themassflux. Theaccuracy of themass-fluxestimateof thecovarianceis estimatedto

bea factorof 2, which is accurateenoughto improvemodeledreactionratesby takingthe

estimatedcovarianceinto account.

Basedon themass-fluxcharacteristicsof scalarsa simplecovarianceparameterization

hasbeendevelopedwhichcanbeusedin atmosphericchemistrymodelsto assesstheimpor-

tanceof turbulentcovariancesfor atmosphericchemistry. Theparameterizationconsiders

bothturbulentandchemicalproductionof covariances.It makesuseof adistinctionbetween

short-livedandlong-livedspecies.Theshort-livedspeciesdo not have to betransportedby

theflux closurethatis usedin combinationwith thecovarianceclosure.Theevolutionof the

updraftanddowndraft concentrationsof nontransportedspeciesis completelydetermined

by chemicalreactionsalsoinvolving longer-livedspecies(thataretransported).

It is notnecessaryto combinethis covarianceparameterizationwith amass-fluxparam-

eterizationfor theflux. A nonlocalfirst-orderflux closuresufficesto modelaccuratelythe

flux andconcentrationprofilesof reactive speciesin the CABL, providedthat the flux di-

vergencedueto chemistryis alsotakeninto accountin thenonlocalcontributionto theflux.

Concerningthepotentialerror relatedto theneglectof thehigher-orderchemicaltermsin

theflux budgetit hasbeenfoundthatthiserroris thelargestfor relatively complex flux clo-

sures(likefull second-orderflux closure)andthesmallestfor verysimpleflux closures(like

thenonlocalfirst-orderflux closure).Thisexplainswhy asimpleflux closurecanmodelthe

fluxesin thephotochemistrycaseaccuratelywhereasin a second-orderflux closurea large
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flux correctiondueto higher-orderchemicaltermsis indicated.

The covarianceclosure,developedusingnonreactive andsimplechemistrycases,has

beenfoundto comparewell with LES for a morecomplex photochemistrycase.This pro-

videssupportfor theactualapplicationof thecovarianceparameterizationin afull climate–

chemistrymodel. In this dissertationa study hasbeenpresentedwherea single-column

versionof a globalclimate–chemistrymodelhasbeenusedto studythe impactof the co-

varianceparameterization.Themodelhasbeenrunfor severallocationsontheglobe.It has

beenfoundthat the impactof turbulentcovarianceson themodeledconcentrationsis very

small(lessthan1%)everywhere.

In summary, themainconclusionsarethefollowing (cf. section1.4):

â Theupdraft–downdraftdecompositionis very usefulfor solvingthe turbulent trans-

port–reactionproblem.More specificallywe foundthat:

1. sufficiently accurateestimatesof covariancescanbe madeon the basisof the

updraft–downdraftdecomposition.

2. the tool thatwasusedto studythis decomposition,LES, showed no problems

relatingto LESsubgrid-scalecovariances(thesesubgrid-scalecovarianceswere

typically negligible, evennearthebottomandtopof theCABL).

â The mass-fluxapproachfor calculatingcovariancescanbe combinedwith any flux

closure.A first-ordercovarianceclosurecanbeformulatedthat takesbothturbulent

andchemicalproductionof covariancesinto account.

â The contribution of chemicalhigher-ordermomentsto the flux in higher-orderclo-

suresis typically largerthantheerrorthatis madeby usinga first-orderflux closure.

Thelattererroris expectedto besmall in atmosphericchemistry.

â Turbulently andchemicallyproducedcovariancescontributeat most2% to theday-

time speciesbudgetof the NMHC speciesisoprene.The impacton concentrations

is typically only 0.5%. Otherspeciesareoften even lessaffectedby the modeled

covariances.Onemustnote,however, that in reality covariancesarealsoproduced

by subgrid-scalesurfaceheterogeneity(affectingemissionanddepositionpatterns).

This heterogeneityis expectedto leadto considerableeffectsfor large-scalemodels

with grid sizesthataresignificantlylargerthan10 km.
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6.2 Discussion

Using the LES techniqueit hasbeenfound herethat reactive scalarslargely behave

like nonreactive scalarsas far as their turbulent characteristicsare concerned.From the

discussionin chapter2 relatedto the spectrashown in Fig. B.1 it canbe concludedthat

although(anti-)correlationspersistup to the smallestresolved scales,the contribution to

the total covarianceby the smallestscalesis negligible. In fact, for very high reaction

rates—consideringaone-way, binaryreactionbetweentwo scalarswith comparableCABL-

averagedconcentrations—the(anti-)correlationeven dropsto zeroat the smallestscales.

Suchfast-reactingscalarsdo not put additionalconstraintson theLEStechnique.

It is simpleto imagineachemicalregimefor whichtheLEStechniquebreaksdown: two

speciesreactingvery quickly whereonespecieshasa muchhigherconcentrationthanthe

other. But for sucha casetheturbulenttransport–chemistryproblembecomesthemolecu-

lar transport–chemistryproblem. A centralclaim of this dissertationis that the molecular

transport–chemistryproblemis not relevant for atmosphericchemistry: chemicalspecies

with suchshort lifetimes (in the order of secondsor less)can be consideredto be in a

steadystate—they arebothquickly producedandquickly destroyed. Theturbulentspectra

of short-livedspeciesthereforefollow thespectraof their longer-livedprecursorsandreac-

tants.Furthermore,thesmallshift towardsmallerscalesthatis foundin theturbulentspectra

for reactive scalars,still takesplacein thepartof thespectraldomainthat is well-resolved

by LES. It shouldbe notedherethat the cautionsgiven in the literatureaboutchemistry

in LES aresometimesbasedon low-Reexperimentswith a one-way binary reaction. For

therealatmospherewith its very high Reandwith thepresenceof backreactions,LES of

atmosphericchemistrydoesnotsuffer from specialproblemsrelatedto thechemistry.

Retrospectively, it is thelargeintensityof segregationfoundfor thesimplereactioncon-

sideredfor yearsin the literature(the one-way reactionA � B « C), e.g.,by Schumann

(1989),Sykeset al. (1994),Verver et al. (1997),Molemaker andVil à-GueraudeArellano

(1998), and Petersenet al. (1999, chapter2 of this dissertation),that supportedthe hy-

pothesisthat turbulentcovarianceeffectsmight be important. We conclude,however, that

significantintensitiesof segregationmight be presentin the atmosphereat scalesranging

from 10 to 1000km, but thatthecontributionof smaller(turbulent)scalesto theintensities

of segregationis negligible. Intensitiesof segregationcausedby larger-scalevariability are

relatedto inhomogeneitiesat the surface—asopposedto turbulent andchemicalproduc-

tion. To give anoutlookon future research,we think that it is now interestingto establish

a broaderexperimentalbasison subgrid-scalecovariances.Thefollowing questionshould

be addressed:How large is the error that is madeby neglectinghorizontalsubgrid-scale
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covariancesasa functionof thespatialresolutionof atmosphericchemistrymodels?If the

errorsarethensubsequentlyconsideredto betoo largefor specificmodelingpurposes,two

strategiescanbefollowed:eitherto increasethehorizontalresolution(at10km theintensi-

tiesof segregationcouldprobablyalreadybereducedto magnitudesof a few percent)or to

continuethedevelopmentof parameterizationsfor theeffectsof subgrid-scaleheterogeneity

in surfaceemissionanddeposition(andin meteorologicallyrelevantparameters,sincealso

thedynamicsandthermodynamicsof theCABL cansignificantlyvaryon thesescales).

It shouldbemadeclearthatall theaboveconsiderationsarevalid for thedry CABL only.

In thecasesof thestratocumulus-toppedor the (shallow-)cumulus-toppedCABL it is still

expectedthat the turbulent transport–chemistryproblemcontainsfeaturesthat shouldbe

parameterizedin atmosphericchemistrymodels.This subjectawaits further research.We

expectthattheproposedcovarianceparameterizationwill alsowork for thestratocumulus-

toppedCABL, sinceit hasbeenshown thatalsowithin thestratocumuluscloud65%of the

flux is describedby themass-fluxapproximation.First, however, testsfor several reactive

caseswill have to beperformedto determineif theaccuracy of theparameterizationis still

a factorof 2 in thestratocumuluscase.

Finally, it must be stressedthat, althoughCABL turbulenceis not important for the

covariancesin atmosphericchemistry, it is importantfor theverticalfluxes.Dueto thefact

that thespectrumof verticalvelocity hasa peakat scalesof theorderof theCABL height,

theturbulentscalesaredominantfor verticaltransportof chemicalspeciesin theCABL.



Appendix A

Fractional top-hat contribution to

the covariance 12

In this appendixwe want to generalizethework of WyngaardandMoeng(1992)from

fluxesto variancesandcovariances.WyngaardandMoeng(1992)determineda theoretical

valueof   § s, assuminga Gaussianprobability densityfunction (pdf) P �O¥�� ® s� � . We here

determinean expressionfor   12, the top-hatfraction of the covarianceof two (arbitrary)

scalars,assumingGaussianpdf’s P1 �O¥�� ® s�1 � and P2 �ã¥�� ® s�2 � . Furthermore,we would like

to demonstratethat   12 � 0.25is a best-guessvaluefor all possiblescalars,therebygener-

alizing from thepurebottom-upandtop-down diffusingscalarfieldsstudiedin chapter2.

Finally, this appendixaimsto determinetheuncertaintyin thisvalueof   12.

We startwith thedefinitionof   12:

  12 � as1
us2

u �[� 1 � a� s1
ds2

d � s1 s2

s�1s�2 Ê (A.1)

Werewrite theupdraftanddowndraftquantitiesin termsof thejoint pdf P �O¥�� ® s� � of vertical

velocityandscalarfluctuations,analogousto WyngaardandMoeng(1992):

s1
u �

ä
ª s1

ä
0 s�1 P �O¥�� ® s�1 � d ¥�� ds�1ä

ª s1

ä
0 P �O¥ � ® s�1 � d ¥ � ds�1 (A.2)

s1
d �

ä
ª s1

0ª ä s�1 P �O¥�� ® s�1 � d ¥�� ds�1ä
ª s1

0ª ä P �O¥ � ® s�1 � d ¥ � ds�1 ® (A.3)
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with similarexpressionsfor s2
u ands2

d. Thelowerintegrationlimit � s1 for s�1 followsfrom

thefactthatthescalarvaluescannotbecomenegative(s1 is thehorizontallyaveragedvalue

of scalars1 relative to which thefluctuationss�1 aredefined).

We definethecorrelationcoefficients É in thefollowing way:

¥ � s�1 � É § s1 ¦ § ¦ s1 (A.4)

¥ � s�2 � É § s2 ¦ § ¦ s2 (A.5)

s�1s�2 � É s1s2 ¦ s1 ¦ s2 ® (A.6)

wherethe ¦ ’s denotethermsvaluesof theindicatedquantities.

If P �O¥�� ® s�1 � andP �O¥�� ® s�2 � havea Gaussianform, it follows that

s1
u � 2¦ s1

É § s1

Ó 2å (A.7)

s1
d �!� 2¦ s1

É § s1

Ó 2å ® (A.8)

andsimilar expressionsareobtainedfor scalars2. Furthermore,it follows underGaussian

assumptionsthata � 1
2. Combiningall aboveequationswe arriveat

  12� Gauss� 4

2å
É § s1

É § s2É
s1s2

Ê (A.9)

Contraryto whatwasfoundearlierfor   § s (thetop-hatflux fraction)in thecaseof a Gaus-

sianjoint pdf P �ã¥ � ® s� � , that is, that   § s � 4¡6� 2å � is independentof thecorrelationcoef-

ficient É § s, (A.9) statesthat   12 is dependenton all threecorrelationcoefficientsdefined

in (A.4)–(A.6). We can also seethat if we substitute¥ for either s1 or s2, the result

  § s � 4¡æ� 2å � for the top-hatflux fraction comesout again. If we assumes1 � s2 � s

we find for thetop-hatvariancefraction   ss� Gauss� 4¡6� 2å � É 2§ s.

In orderto empirically investigatethesensitivity of   12 to differentcaseswe have used

thesuperpositionhypothesisof WyngaardandBrost (1984)to constructdifferenttypesof

scalarss1 ands2 (without chemicalreaction)from theBU andTD scalarsin thefollowing

manner:

s1 �� 1sBU ��Ñ 1sTD (A.10)

s2 �� 2sBU ��Ñ 2sTD Ê (A.11)
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Description � 1 Ñ 1 � 2 Ñ 2

çéè
12ê Gausssë1së2 dzç

së1së2 dz

çìè
12 së1së2 dzç
së1së2 dz

s1: Purebottom-up

s2: Puretop-down 1.0 0.0 0.0 1.0 0.41 0.36

s1: 20%detrainedat top

s2: No depositionat bottom 1.0 � 0.2 0.0 1.0 0.17 0.16

s1: 20%detrainedat top

s2: 20%depositedat bottom 1.0 � 0.2 � 0.2 1.0 0.19 0.18

s1: 20%detrainedat top

s2: 100%depositedat bottom 1.0 � 0.2 � 1.0 1.0 0.23 0.22

Both purebottom-up 1.0 0.0 1.0 0.0 0.28 0.29

Both bottom-up

20%detrainedat top 1.0 � 0.2 1.0 � 0.2 0.27 0.27

s1: 20%entrainedat top

s2: 20%detrainedat top 1.0 0.2 1.0 � 0.2 0.32 0.33

Both puretop-down 0.0 1.0 0.0 1.0 0.07 0.09

TableA.1: Bulk ratiosof top-hatcontributionto totalcovariancefor differentcombinations

of nonreactivebottom-upandtop-down scalarfields,determinedfrom LES.

We do not have to perform additionalLES runs in order to calculate   12 and   12� Gauss.

In TableA.1 we presentthe bulk valuesof   12 and   12� Gaussfor a hostof differentcases,

togetherspanninga large rangeof posibilities. We canconcludethat in generalthe bulk

valueof   12� Gaussdoesnot deviate muchfrom the bulk valueof   12. Furthermore,  12 �
0.25 í 0.10seemsto beagoodestimateof therangeof valuesthat   12 canattain.Fromthe

experimentalLES resultspresentedin section2.5 we infer that chemicalreactionscannot

causelargechangesin this range.





Appendix B

Spectral behavior of s1s2

In this appendixwedescribethespectralbehavior of thecovariancefor casesstudiedin

chapter2. Thebottom-upscalarsBU andA aredenotedby s1 andthetop-down scalarsTD

andB by s2. Using the2-D Fourier transformss1 ands2, normalizedin a properway, we

have

s�1s�2 �
N

i Î ª N

N

j Î ª N

s1
i j
�

s2
i j � N

kÎ 1

Sk
12 ® (B.1)

whereS12 is thediscretecospectrumof s1 ands2 (for theresolutionof 130 © 130we have

N � 63). Anotherspectralquantitythatwe investigateis thespectralcorrelation,definedas

É k
12 � Sk

12

Sk
11Sk

22

® (B.2)

whereS11 andS22 arethediscretespectraof s1 ands2, respectively. Thespectralcorrelation

obeys É k
12 î [ � 1 ® 1] ® k � 1 ® Ê)Ê/Ê ® N.

In Figs.B.1a,bwehaveplotted É 12 andS12 for differentcasesatheightz¡ zi � 0.14.The

spectralbehavior atotherheightsis qualitativelysimilar(notshown). WeseethatcaseAB ï
behavesascaseBUTD: thecorrelationdropsto near-zerovaluesfor higherwavenumbers

(smallerscales),while the reactive casesAB1 andAB3 (andAB2, not shown) maintain

constantcorrelationsaslow as � 0.35at all scalesfor caseAB1. This differenceis dueto

the chemicalreactionthat proceedsat a moderatereactionrate in caseAB1, actingat all

scalesasa sourceof negative covarianceandcounteractingthetendency towardnear-zero

correlations(which is dominantat thesmallerscalesfor nonreactiveor fast-reactivecases).

From the cospectraS12 we can furthermoreconcludethat the small scaleshave a larger
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FigureB.1: (a) Spectralcorrelationsand(b) cospectraof bottom-updiffusingscalars

BU or A (scalarvaluesdenotedby s1) andtop-down diffusingscalarsTD

or B (scalarvaluesdenotedby s2), determinedfrom LES. The plotted

quantitieshave beencalculatedat heightz¡ zi � 0.14. Thenormalization

in (b) is chosensuchthat ln 63
ln 1 kS�12 d � ln k � � 1, with S�12 � S12¡ s�1s�2.

contribution to the total covariancein caseAB1 with a moderatereaction-ratecoefficient

thanin thenonreactivecaseBUTD.



Appendix C

Top-hat formulas for a and M

In order to drive a mass-fluxscheme,oneneedsto know the updraft areafraction a

and the massflux M. Usecan be madeof top-hatformulasthat relatea and M to the

turbulent vertical velocity statistics¥ � 2 and ¥ � 3. In this appendixwe will presentthese

top-hatformulasandevaluatetheir performance,giventhatwealreadyknow theprofilesof

¥ � 2 and ¥ � 3.

Usingthefollowing top-hatformulasfor a andM from Randalletal. (1992),

a � 1

2
� S§ � top hat

2 4 � S2§ � top hat

(C.1)

M � ¥ � 2 1ò 2
top hat

4 � S2§ � top hat

® (C.2)

where the top-hatskewnessis used,definedas S§ � top hat � ¥ � 3top hat¡ ¥ � 2 3ò 2
top hat

, and

relatingall top-hatquantitiesin (C.1) and(C.2) to the total quantitiesusing   -factors,we
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FigureC.1: Ratiosof top-hatcontribution to totalquantityfor ¥ � 2, ¥ � 3, andS§ determined

from LES.

canwrite thefollowing equations:

a � 1

2
�   Sô � z� S§

2 4 �õ  2
Sô � z� S2§ ¢

1

2
�   Sô S§

4
(C.3)

M � Ó   §X§ � z� ¥ � 2 1ò 2
4 �Å  2

Sô S2§ ¢ Ó   §W§ ¥ � 2 1ò 2
2 Ê (C.4)

The   factorsaredefinedas   §X§ � ¥ � 2top hat¡ ¥ � 2 and   Sôb� S§ � top hat¡ S§ . In theapprox-

imatingstepof (C.3) and(C.4), it is assumedthat the   factorsareindependentof height

andthat   2
Sô S2§ ¡ 4 ö 1. In Fig. C.1weplot theprofilesof the   factors.Thetop-hatfraction

of the total verticalvelocity variance  §X§ turnsout to have small variationwith height(it

decreasesfrom 0.7 nearthe bottomto 0.6 nearthe top of the CABL) andon averageit is

closeto thetheoreticalvaluefor a Gaussianpdf P �O¥�� ® s� � , namely0.64.However, thetop-

hatfractionof thetotal third momentof theturbulentverticalvelocity   §X§X§ is muchlower

(about0.2) andlessconstantwith height. Note thatunderGaussianassumptions  §X§X§ is

undefined,sincein that case¥ � 3 � 0. The top-hatfraction of the total skewness  Sô is

foundto beabout0.4.

In Figs.C.2a,bwe show a and M calculatedwith andwithout the   factorsandcom-



123

0.20� 0.30� 0.40� 0.50� 0.60�0.0

0.2

0.4

0.6

0.8

1.0

z 
/ z� i

a

(a)
LES
÷
no κSw

with ø κSw

0.00� 0.10� 0.20� 0.30� 0.40�0.0

0.2

0.4

0.6

0.8

1.0

z 
/ z� i

M / w*

(b)
LES
÷
no κww

with ø κww

FigureC.2: (a) Updraft areafraction and(b) massflux, determinedfrom LES. The lines

labeled“with   Sô ” and“with   §W§ ” correspondto Eqs.(C.3)and(C.4),respectively, andthe

lines labeled“no   Sô ” and“no   §X§ ” correspondto thesameequationsbut without the   ’s

(or, equivalently, with the   ’s putequalto 1).

paredto LES. The LES profileswereusedto drive the mass-fluxschemesin this chapter.

Consistentwith Sorbjan(1996)theLESresultfor a showsaroughlyconstantvalueof 0.43

in thebulk of theCABL. TheLES resultfor M shows a profile that is nearlysymmetrical

aroundits maximumof 0.29¥ù� . We canconcludefrom Figs.C.2a,bthat (C.3) and(C.4),

using   Sô � 0 Ê 4 and   §X§ � 0 Ê 64,givea goodperformance.However, if we do not usethe

  factorsthe minimum of a becomes0.33andthe maximumof M becomes0.34¥ù� . So,

largeerrorsin the estimationof a andM aremadeif onedoesnot take the   factorsinto

account.





Appendix D

Implementing the covariance

closure

The proposedcovarianceclosureof chapter3 shouldbe applied in the atmospheric

boundarylayer only. The covarianceparameterizationusesthe following informationon

theboundary-layerdynamics:the boundary-layerheightzi , the verticalprofile of the rms

of turbulentverticalvelocity ¦ § , andtheverticalprofileof theupdraftareafractiona. If zi is

not availablein a modelanestimationformulacanbeused(e.g.,VogelezangandHoltslag

1996),and if ¦ § is not availablea parameterizedprofile canbe used(e.g.,Holtslagand

Moeng1991).We assumethata is equalto 0.5.

In the parameterizationa distinction is madebetween,on the one hand,speciesfor

which the turbulentflux divergenceterm in (3.1) is important—transportedspecies—and,

ontheotherhand,speciesfor which theturbulentflux divergencetermis not important,and

is neglected—nontransportedspecies.We choosenot to calculatefluxesof suchspecies,

sincefirst-orderflux closuresthatdonotcontainchemicalhigher-ordermomentswhichare

dominatingthe flux budgetof thesespecies.The speciesOH andHO2 areexamplesof

nontransportedspeciesin thephotochemistryschemeusedin this paper.

Turbulentverticalfluxesateachheightfor thetransportedspeciesareusedasinputto the

covarianceparameterization.Theturbulentverticalfluxesmustbespecifiedon full levels,

wheretheconcentrationsaredefined.Any (first- or higher-order)flux closurecanbeused

to calculatethefluxes—inthis paperweusea first-ordernonlocalflux closure(section3b).

Theparameterizationuses(3.14)and(3.15)for thetransportedspecies.Substitutionof
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a � 0.5,   0 � 0.64,and � M ¡ É � � 1
2 Ó   0 ¦ § in (3.14)and(3.15)leadsto

si
u � si � 0 Ê 80

¥ � s�i¦ § (D.1)

si
d � si � 0 Ê 80

¥ � s�i¦ § Ê (D.2)

Also (3.13)is usedin theparameterization.Heresubstitutinga � 0.5and   1 � 0.25results

in

s�i s� j � 4 Ê 0 0 Ê 5si
u sj

u � 0 Ê 5si
d sj

d � si sj Ê (D.3)

We herepresenttwo methodsof implementation,a generalmethodand a simplified

method.The resultsshown in this paperwerecalculatedwith the simplified method.We

have verifiedthat thedifferencebetweenthetwo methodsis very small. Themajordiffer-

encebetweenthe two methodsis the useof steady-stateformulasfor the nontransported

speciesin the simplified method. In the generalmethod,whereall chemicalspeciesare

treatedequallyby thechemicalsolver, thenontransportedspeciesdefactoreachsteadystate

during thechemistrystep(if this turnsout not to bethecasefor a certainspecies,theflux

divergenceshouldbetakeninto accountfor thespecies,i.e., they shouldbetransported).

In thegeneralmethod(D.3) is not useddirectly, while it is in thesimplifiedmethod.In

orderto preventfor thelattermethodintensitiesof segregationfrom occurringthatarelarger

in magnitudenegative than � 1, s�i s� j shouldbe limited to thevalueof � si sj . However, in

thecasesstudiedin this paperand—aswe expect—alsoin practicalapplicationssuchlow

valuesof Is do not occurandlimitation doesnot have a significanteffect. In thelimit of Is

approaching� 1, the concentrationsmodeledby the parameterization(including the men-

tionedlimiter) approachlimit values,asshouldbethecase(MolemakerandVil à-Gueraude

Arellano1998;chapter2 of this dissertation).

Subplume(subupdraft and subdowndraft) covariancesand updraft and downdraft in-

tensitiesof segregation appearin both methods. Subplumecovariancesare definedas

s�i s� j u � si � si
u sj � sj

u u
ands�i s� j d � si � si

d sj � sj
d

d
. By assumingtheir con-

tribution to thetotal covarianceis equal,they canbedeterminedfrom substitutionof (D.3)

anda � 0.5 in

s�i s� j � asi
u sj

u �ú� 1 � a� si
d sj

d � si sj � as�i s� j u �R� 1 � a� s�i s� j d ® (D.4)

anexactexpressionfor thetotal covariance,which is givenin chapter2. Theresultis

s�i s� j u � s�i s� j d � 3 Ê 0 0 Ê 5si
u sj

u � 0 Ê 5si
d sj

d � si sj Ê (D.5)
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Updraftanddowndraftintensitiesof segregationaredefinedas Is� u i j � s�i s� j u ¡ si
u sj

u and

Is� d i j � s�i s� j d ¡ si
d sj

d. Also here,in orderto preventupdraftanddowndraftintensitiesof

segregationthatarelarger in magnitudenegative than � 1 from occurring,s�i s� j u
ands�i s� j d

shouldbelimited to thevaluesof � si
usj

u and � si
dsj

d, respectively.

Herewe give thestepsfor bothmethods:

General method

1. Determineupdraftanddowndraft concentrationsof transportedspeciesfrom (D.1)

and(D.2).

2. Determinesubupdraftandsubdowndraft covariancesfrom (D.5), usingupdraftand

downdraftconcentrationsof nontransportedspeciesfrom theprevioustimestep.

3. Changeupdraftanddowndraft reactionratecoefficientswith factors 1 � Is� u and

1 � Is� d , respectively.

4. Call chemistrysolverseparatelyfor updraftanddowndraftconcentrations.

5. Determineaverageconcentrations.

Simplifiedmethod

1. Determineupdraftanddowndraft concentrationsof transportedspeciesfrom (D.1)

and(D.2).

2. Determineupdraftanddowndraftconcentrationsof nontransportedspeciesfrom stea-

dy-stateformulas(useis madeof subupdraftandsubdowndraft covariances,deter-

mined from (D.5), using updraft and downdraft concentrationsof nontransported

speciesfrom previoustimestep).

3. Determineaveragecovariancesfrom (D.3).

4. Changeaveragereactionratecoefficientswith factor � 1 � Is� .
5. Determineaverageconcentrationsof nontransportedspecies.

6. Call chemistrysolver for averageconcentrations(concentrationsof nontransported

speciesarefixed).





Appendix E

Specificationof LES runs usedin

chapter 3

We heregive therelevantdetailson thedifferentLES modelsusedin chapter3 to sim-

ulatetheCABL (seeTableE.1). Two LES modelversions,derivedfrom theLES modelof

NieuwstadtandBrost (1986),areusedto simulateboththeentrainingandsolid-lid CABL

for thesimplechemistrycases.Thesolid-lid CABL is simulatedusingthemodelversionde-

scribedin Beetsetal. (1996)andchapter2 of thisdissertation.TheLESresultsfor thecases

SL0 andSL1 shown in chapter3 have beenpresentedalsoin chapter2, andweredenoted

in chapter2 by BUTD andAB2, respectively. The modelversionusedfor the entraining

CABL is, exceptfor thenumericalmethodfor the time integrationof thescalaradvection

andthepart relatedto chemicalreactions,documentedby CuijpersandDuynkerke (1993)

andCuijpersandHoltslag(1998).

We summarizethechangesthatweremadein themodelversionusedfor theentraining

CABL comparedto Cuijpersand Holtslag (1998). The time integration schemefor the

scalarshasbeenchangedfrom leap frog to second-orderRunge–Kutta (as in the solid-

lid CABL model version)in order to retain the positivity of the limited  û� 1
3 scheme

(Koren1993). The part relatedto the chemicalspeciesis identical to that in the solid-lid

CABL modelversion,exceptfor the fact that in theentrainingCABL modelversiononly

one subgriddiffusivity is calculated,insteadof threesubgriddiffusivities (one for each

spatialdimension)in thesolid-lid CABL modelversion(thesubgriddiffusivity is usedfor

calculatingbothsubgridfluxesandsubgridcovariances).Finally, in theupperthird of the

entrainingCABL modelversiona spongelayer is present,which wasomittedby Cuijpers
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Reference Cases CABL vg [m sª 1] Domain[km] Grid points

- E0,E1 entraining ug �ü� 2, 3.2 © 3.2 © 1.5 128 © 128 © 120

¬ g �ü� 10

chapter2 SL0,SL1 solid-lid ug � 0, 6.0 © 6.0 © 1.5 130 © 130 © 66

¬ g � 0

Krol et al. photo- solid-lid ug � 0, 4.0 © 4.0 © 1.0 128 © 128 © 64

(1999) chemistry ¬ g � 0

case

TableE.1: LESmodelversions:referencesto thesourceswith LESmodeldescription,

caseacronyms usedin chapter3, CABL type, geostrophicwind, domain

sizes,andresolutions.

andHoltslag(1998).

In both the entrainingandsolid-lid LES modelversionsusedto simulatedthe simple

chemistrycasesa no-slipboundaryconditionis prescribedat thesurface.Thesurfaceflux

of momentumis prescribedin the entrainingCABL by putting u� equalto 0.3 m sª 1 and

in the solid-lid CABL by putting the surfaceroughnesslengthz0 equalto 0.16m. At the

top of the solid-lid LES modelversiona free-slipboundaryconditionis prescribed.The

surfaceheatflux ¥ � Ç �þý 0 is 0.052K m sª 1 for theentrainingCABL and0.069K m sª 1 for

thesolid-lid CABL. We applyageostrophicwind for theentrainingCABL only, sothatthe

flow is stronglybuoyantwith a smallshear, andinitialize themodelwith a relatively weak

temperatureinversionof 2.7 K at heightzi 0 (680m). We alsotake humidity into account

for theentrainingCABL. Theinitial humidity profile is 1 g/kg for z¡ zi 0 ÿ 1 and0 g/kg for

z¡ zi 0 � 1; thesurfaceflux of humidity is specifiedto bezero,thereforehumidity behaves

asa top-down diffusingscalar. For our purposehumidity in this casecanbeconsideredto

bea passivescalar.

Thethird LES modelof which we show resultsin chapter3 is theonethatwasusedby

Krol et al. (1999)to simulatethe solid-lid CABL for the photochemistrycase.This LES

modelis describedby Molemaker andVil à-GueraudeArellano(1998). It usesa constant

subgriddiffusivity andthereforesimulatestoo little small-scalevariability comparedto an

LESwith amoresophisticatedsubgridmodel,but it is ableto representthelarge-scalechar-

acteristicsof theCABL (Beetset al. 1996).Free-slipboundaryconditionsareprescribedat

bottomandtopof theCABL andthesurfaceheatflux ¥ � Ç �þý 0 is 0.1K m sª 1.

Theinitializationproceduresfor thedynamicsandthermodynamicsandthedurationsof
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therunsfor thedifferentLESmodelversionscanbefoundin CuijpersandHoltslag(1998),

chapter2 of thisdissertation,andKrol etal. (1999).Thedomainsizesandresolutionsof the

differentLES modelversionsarelistedin TableE.1. All LES resultsgivenin chapter3 for

casesE0andE1areaveragesoverthethird hourof therunandall resultsfor casesSL0and

SL1are2000saveragesin (quasi-)steadystate.For thephotochemistrycasetheLESis run

for 7200sandtheresultspresentedin chapter3 are1200saveragesaroundt � 6600s. For

thesimplechemistrycasestheboundary-layerheightszi , convectiveverticalvelocityscales

¥�� , andtheresultingtimescalest� � zi ¡Ò¥�� areshown in Table3.2.For thephotochemistry

casetheCABL heightzi is 1000m andtheconvectivevelocity scale¥�� is 1.5m sª 1. The

boundary-layerheightzi is determinedasthe heightat which the buoyancy flux attainsa

minimum.Notethattheaspectratiosof thesimulatedCABLs andtheresolutionswithin the

CABLs areapproximatelyequalfor all modelversions.Theaspectratio is 4; theresolution

is relatively highandguaranteessmallsubgridcovariancesfor all casesstudied(whichwere

neglectedin theLES modelusedby Krol et al. 1999).
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Samenvatting

Convectie en chemie in de atmos-
ferischegrenslaag

De samenstellingvan de atmosfeeris in de laatste200 jaar geleidelijk aanhet veran-

derenten gevolge van menselijkhandelen.Dit heeft regionaalgeleid tot aantastingvan

hetmilieu (verzuringensmogvorming)enmondiaaltot hetadditionelebroeikaseffect. Om

verwachtingente makenvoor verzuring,smogvormingenveranderingenin hetbroeikasef-

fect en om de bepalendeprocessente bestuderen,wordt met computermodellende lucht-

samenstellingberekendin grotedelenvandeatmosfeer, zoalsde lucht bovenEuropa,een

anderwerelddeelof dehelewereld. Hierbij wordendeconcentratieendechemischepro-

ductieenafbraakvangassenzoalsozonenhethydroxylradicaalOH (hetschoonmaakmid-

del vandeatmosfeer)in deverschillendeluchtlagenberekend.

Dit proefschriftheeft tot doel eenbron van onzekerheidte eliminerendie reedsmeer

dan25 jaargeledenalszodanigwerdgepresenteerdvoor grootschaligecomputermodellen

van de chemievan de atmosfeer. De begrensdecapaciteitvan zelfs de grootstecompu-

ters, maaktdat niet alle detailsvan de atmosferischestromingen samenstellingkunnen

wordenberekendmet als gevolg dat processenondereenbepaalderuimtelijk schaal(de

“subgridschaal”)slechtsbij benaderingkunnenwordenbepaald.Deonzekerheidbetreftde

verondersteldegroteinvloeddie subgrid-schaalturbulentieen chemiein deatmosferische

grenslaagzoudenhebbenop deschattingvanchemischereactiesnelhedenin grootschalige

computermodellen.Er moetrekeningwordengehoudenmethet feit datdeturbulentepro-

cessendiezichafspelenopeenschaaldiekleineris dandeafmetingenvanderoostercellen,

groteinvloedkunnenhebbenopdegemiddeldereactiesnelhedenin deroostercellen.

143



144 SAMENVATTING

Een groot deel van de atmosferischechemievan kortlevendesporengassen(met een

levensduurvan enkeleuren)vindt in de atmosferischegrenslaag,een(dunne)laagvande

atmosfeerdiedirectbëinvloedwordtdoorhetaardoppervlak.In dezelaag,diezichoverdag

vormt wanneerdehemelhelderis enhetoppervlakopwarmt,wordenbelangrijkereactieve

gassenuitgestotenenvooreengrootdeelafgebroken,o.a.onderinvloedvanzonlicht.Vanaf

hetoppervlakstijgenwarmeluchtbellenop,waarbijzekouderelucht omlaagdrukken.Dit

convectieve proceszorgt ervoor datde laagoverdageendikte bereiktvan1 à 2 kilometer.

De concentratievan aanhet oppervlakuitgestotengassenis hogerin de stijgendelucht-

bellendanin dedalendeluchtstromen.Dezeconcentratieverschillenleidenin principetot

verschillendereactiesnelhedenin dalendeenstijgendelucht.

Zelfsdeallergrootstesupercomputershebbenniet genoeg rekencapaciteitom in model-

len voor de grootschalige(bijvoorbeeldmondiale)atmosferischechemiede concentratie-

verschillenop de schalenvan de turbulentestijgendeen dalendeluchtbellen(tussen10

meteren 1 kilometer)meete nemen. In de mondialecomputermodellenis de atmosfeer

namelijkverdeeldin gelijke roostercellenmetzijdesvantweehonderdtot duizendkilome-

ter eneenhoogtevanenkelehonderdenmeters.Hierbij wordt aangenomendatdeconcen-

tratievanchemischestoffen in dezeroostercellenoveralhetzelfdeis. De hypothesedie in

dit proefschriftwordt onderzocht,is datdeconcentratieverschillentussenstijgendeen da-

lendeluchtbellenbelangrijkzijn voor degemiddeldegrootschaligeafbraaksnelhedenin de

grenslaag.

In hoofdstuk2 vandit proefschriftwordt nauwkeurigberekendhoegassendie worden

uitgestotenaanhet oppervlakof ingemengdaande bovenkantvande grenslaag,zich ver-

spreidenin eenklein turbulent gebiedvan de atmosfeervan enkele kilometersgroot. Zo

wordt dekansgeschatdatgasdeeltjesmetelkaarreageren.Daarbijwordendegemiddelde

reactiesnelhedenbepaald.De op gedetailleerdewijze bepaaldereactiesnelheidwijkt af van

de schattingvan de reactiesnelheidop basisvan gemiddeldeconcentraties.Voor de ana-

lysevandit aspectvanhet turbulentetransportreactieprobleemis de tweestromenbenade-

ring zeergeschikt,waarbijexpliciet onderscheidwordt gemaakttussenop- enneerwaartse

luchtstromen.In hetbijzonderkunnenop basisvande tweestromenbenaderingvoldoende

nauwkeurigeschattingenwordengemaaktvandebovengenoemdeafwijking vandegemid-

deldereactiesnelheid.

Op grondvanderesultatenvanhoofdstuk2 wordt in hoofdstuk3 eeneenvoudigmodel

geformuleerdengetestvoorveranderendegemiddeldereactiesnelhedentengevolgevantur-

bulentie.Deresultatenverhoudenzichgoedtot deresultatenvanfijnschaligemodellenvoor

verschillendeonderzochteconditiesenreactieschema’s. Het eenvoudigemodelis geschikt

om te wordeningebouwdin grootschaligechemiemodellen.Ook wordt in hoofdstuk3 een
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bestaandmodelvoor hetturbulenteverticaletransport(flux), eenzogenaamde“eerste-orde

niet-lokalesluiting”, getestvoor reactieve gassen.Het blijkt datdit modeltot goederesul-

tatenleidt in verhoudingtot defijnschaligemodellen.In hoofdstuk4 wordt aangetoonddat

defout diemetdit modelgemaaktwordtdoordezogenaamde“hogere-ordechemietermen”

in de berekeningvan de flux te verwaarlozen,eenstuk kleiner is dan in meercomplexe

”tweede-ordesluitingsmodellen”.

Tenslottewordt in hoofdstuk5 eenimpactstudieverricht voor verschillendeplekken

op deaardemeteeneenkolomsversievaneenuitgebreidchemieklimaatmodel,metdaarin

opgenomenhet in hoofdstuk3 ontwikkeldemodelvoor veranderendereactiesnelhedenten

gevolgevan turbulentie. Uit de berekeningenblijkt dat zelfs de gassendie het snelstrea-

geren,zoalsisopreen(C5H8, uitgestotendoor vegetatie)en de stikstofoxiden,gemiddeld

veelmindersnelreagerendande levensduurvaneenstijgendeluchtbel. De bellenblijven

hoogstenstien tot vijftien minutenin stand;het afbreken van isopreenen stikstofoxides

kostgemiddeldeenpaaruur. Hierdoorblijkenconcentratieverschillendoor turbulenteop-

en neerwaartseluchtstromende snelheidwaarmeede gassengemiddeldover groterege-

biedenwordenafgebroken,metniet meerdan2 procentte veranderen(endeconcentraties

van de verschillendebetrokkengassenmet niet meerdan1 procent). Dit is verwaarloos-

baarin vergelijking met anderemodelonzekerheden,zoalsde subgrid-schaalvariabiliteit

tengevolgevaninhomogeneemissies.

De conclusievandit proefschriftis datdegemiddeldereactiesnelhedennauwelijksver-

anderenonderinvloedvanturbulentiein deconvectieveatmosferischegrenslaagendatde

bestaandeberekeningenvan de luchtkwaliteit op Europeseof mondialeschaalbetrouw-

baarderblijkentezijn danaanbegin vandit onderzoekwasverwacht.Andereoorzakenvan

subgrid-schaalvariabiliteit vangassen,zoalsdeinhomogeniteitvanemissies,dragenechter

nogsteedssignificantbij aandetotalemodelonzekerheid.
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