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Preface

The work presentedhereforms part of a PhD researchprojectthat startedin January
1995 underthe supervisionof Han van Dop at the Institute for Marine and Atmospheric
Researctutrecht(IMAU). Theproject's aim wasto study—andoossiblyimprove—thede-
scriptionof physicalprocessethataffectatmospherichemistryespeciallythoseprocesses
thatcannotberesoledby large-scaleatmospherichemistrymodels(with grid sizesrang-
ing from 10to 1000km).

From a rangeof possibletopicsindicatedin the original projectproposatlthe turbulent
transport—reactioproblemin the atmospheridoundarylayer was chosenasthe primary
focusof my researchThis choicewasto someextentcoincidentabut to alarge extentthe
resultof the presencef a researctprogramon this topic at UtrechtUniversity (involving
PeterBuiltjes, JordiVila-Gueraule Arellano, PeterDuynkerke, KeesBeets,Hanvan Dop,
Stefano Galmarini, Lianne Crone, MaartenKrol, and LaurensGanzeeld) and the Royal
Netherlanddveteorologicalnstitute(KNMI; involving Gé Verver). Thesecolleaguesvere
all studyingspecificaspectof the turbulenttransport-reactioproblemandsomehadput
forth evidencethat currentlarge-scaleatmospheriacchemistrymodelsare in error dueto
somesimplifying assumptiongontainedin thesemodels. However, the precisecontribu-
tion of the neglectedaspectf theturbulenttransport—reactioproblemto inaccuraciesn
the modelswas still unknown, sinceno simple “parameterizationstf theseeffectswere
available for inclusionin the models. Thusthe aim of my studiesbecamethe develop-
mentof a simple parameterizatioffior oneaspect(“segregationeffects”) of the mentioned
problem.

| have greatlyprofitedfrom theencouragemenkielp,andcommentdrom thecolleagues
thatarementionedn the above. PeterBuiltjes wasinvolved from the startand stimulated
theparticipationin a Europearresearcmetwork, PeterDuynkerke suggestetb metheuse-
fulnessof the mass-fluxapproachfor the problemat hand,KeesBeetsassistedwith the
numericalimplementatiorof the mass-fluxschemesandtransferrechis large-eddysimu-
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lation codeto me, Jordi Vila-Gueraude Arellano gave stimulatingcommentsthroughout
thewhole projectandhelpedwith detuggingalarge-eddysimulationcodeusedin chapters
3 and4, MaartenKrol critically followed the whole projectand gave accesgo his large-
eddy simulationresultsfor the photochemistrycasestudiedin chapters3 and4, Laurens
Ganzeeld implementedcchemistryin the single-columnclimate modelandmadeit possi-
ble to run the modelwith outputfrom globalclimateandchemistrymodels,andGé Verver
waswilling to answerthe challengeghat| (not alwaysrightly) madeto his model(which
led to fruitful discussion®n bothour models’deficiencies).

| thankmy co-authorsKeesBeets,Hanvan Dop, PeterDuynkerke, Bert Holtslag,and
Pier Siebesmdor their contributionsto this dissertation.Furthermore] particularlywant
to thankmy threeadvisers. Bert Holtslag was enthousiasti@boutapplying meteorologi-
cal knowledgeto atmospherichemistryproblems he stimulatedandhelpedme alot with
thewriting, especiallyby suggestinggomestructuralchangesn the differentchapters.Jos
Lelieveld becamenvolvedwhenthe projectwasalreadywell undervay. He wasveryinter-
estedo know theerrorsassociateavith neglectingsomeaspect®f theturbulenttransport—
reactionproblemin global atmospherichemistrymodels,he stimulatedthe development
of thesingle-columrchemistry—climatenodel,andcommentedan the manuscriptFinally,
HanvanDop stimulatedmeto becomeanindependenscientistandtrustedmewith pursu-
ing this researchdirection,he organizeda fruitful cooperatiorwith the NationalResearch
Institute for Mathematicsand ComputerScience(CWI), andhe gave mary incisive com-
mentson the manuscript.

| finally wish to thankPier Siebesmdor enhancingny insightin mass-fluxmodeling,
Harm Jonler for his commentson chapterl andhis calculationof the spectran appendix
B, PeterBechtold,Aad van Ulden, andtwo anorymousreviewersfor their commentson
chapter2, Hans Cuijpersfor providing his large-eddysimulation code, two anorymous
reviewersfor their commentsn chapter3, Stepharde Roodefor his commentson chapter
4, andErik vanMeijgaardfor providing the single-columrclimatemodelusedin chaptelb.

At seminarsgonferencessoursesandshortworking visitsin EuropeandNorth Amer-
ica | receved stimulatinginput to my researchfrom the mary contactsl had therewith
atmosphericscientists. Closerto home,at IMAU and KNMI, | had mary corversations
with PhD studentspostdocsandfaculty of both the boundary-layemeteorologyandthe
atmospherichemistrygroups.Thecommentsecevedatworking groupsessionsiave also
beenvaluable.

This PhDprojectwaspartof aneffort, namedCIRK, by thethreepartnersf the Nether
lands Centrefor Climate ResearcHCKO)—IMAU, KNMI, andthe National Institute of
Public Healthandthe Environment(RIVM)—togetherwith CWI, to join forcesin the de-
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velopmentof global atmospherichemistrymodels. The global atmospheridracermodel
TM2, andits successof M3, in useat CKO, waschoserasthemodelof interest.Theareas
of modeldevelopmentwere the numericsandthe treatmentof subgrid-scalgrocessesl
spentmostof my researchime on subgrid-scal@rocessefthe subjectof this dissertation)
andpartof my time onthedevelopmentandimplementatiorof newv advectionschemegsee
Peterseretal. 1998). Thefollowing peopleat CWI arethankedfor theirleadingrole in the
secondpartof my job: Edwin Spee Willem HundsdorferJoke Blom, andJanVerwer

During the four yearsthat the projectlasted! stayedwith the group of Bert Holtslag
atKNMI for 18 months(winter 1996—summef997). The facilities offeredby KNMI are
gratefully acknavledged. Chapter2 is the resultof this periodat KNMI. Theyearbefore
andthe 18 monthsfollowing this visit werespentat IMAU. For the whole projectsupport
by the NetherlandsEarthandLife Scienced~oundation(ALW, formerly the Geosciences
Foundation,GOA) is acknavledged,with financialaid from the Netherland€Organization
for ScientificResearcNWO). This work was sponsoredy the National ComputingFa-
cilities Foundation(NCF) for the useof supercomputindacilities.

Utrecht ARTHUR PETERSEN
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Chapter 1

General intr oduction






The earth’s tropospherds the lowestlayer of the atmosphereand hasa thicknessof
about10 km. It is the layerthat containsmostof the mass(80%) of the atmosphere All
weathemphenomendhatwe experiencehave their origin in thetropospherelt is the stage
for somewell-known environmentalproblems:climatechange pzonesmog,andacidifica-
tion. Theseproblemsarerelatedto thetraceamountof gaseghatareemittedinto thetropo-
spherefrom anthropogenisources.Although theseemissionsdo not significantlychange
the compositionof the atmospherd78% staysN», and 21% staysO,) the traceamounts
of the emittedgasessuchasCO,, CHg, NO, NO2, nonmethandiydrocarbongNMHC),
andSQy, eitherhave animpacton the radiative balancein the atmospheregr arereactve
andcanbetransformednto othergasesandaerosolghat,in their turn, canhave animpact
on climate, acidification, plant stress,or humanhealth—alldependingon the type of the
speciesandthe concentration Clearly, societyhasaninterestto obtainknowledgeon the
tropospherichemicalcompositiorandon the physicalandchemicalprocessethatcontrol
the fateof emittedgasesn the atmosphereOf courseatmospherighysicsandchemistry
is aninterestingtopic for academigesearctior its own sale.

Much of theatmospherichemistryof, especiallyshort-livedtracegasegwith lifetimes
of severalhours)takesplacepredominantlyin the atmospheridoundarylayer. The atmo-
spherichoundarylayeris definedasthelayerof theatmospheravhichis directly influenced
by the earths surface.Sincemary of therelevantchemicalreactiongake placeduringday-
time undertheinfluenceof sunlight,theso-called‘convective atmospheridoundarjayer”
(CABL) is animportantlayerin the troposphere.lt is in this layer that—underclearsky
conditionsand significantheatingof the surface—reactie gasesare emittedand become
involvedin photochemicateactions.The turbulentmixing of chemicallyreactive gasesn
the CABL is the subjectof this dissertation.

Firstwe introduceheretheturbulentmotionsthatcharacterize¢he CABL. Thermalcon-
vectionis a commonphysicalphenomenomccurringin the boundarylayer, andis driven
by the transfer(flux) of heatfrom the surfaceto the air above it. This flux resultsfrom a
temperaturalifferencebetweerthe surfaceandthe overlying atmospheréthe temperature
differenceis typically causedy solarheatingof the land surfaceor arelatively warm sea
surface). The heatflux to the atmospherdeadsto anincreasdan temperatureexpansion,
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andassociateavith thatto a decreasef the densityandto buoyancy forceswhich cause
anupward acceleratiorof air mass.A very well-known exampleof thermalcorvectionis

thatover land on sunry dayswith little or no wind (sothatsurfacefriction is not the most
importantsourceof atmospheridurbulence). The solarenegy absorbedat the surfaceis

transferredto the atmosphereas heatin turbulent buoyant plumes. The CABL thatthen
developstypically reaches heightof theorderof 1 to 2 km overlandin the middle of the

dayandis fully turbulent.

In this dissertationthe CABL is studiedasa mediumfor turbulenttransportandchem-
ical transformatiorof reactve gasesWe arespecificallyinterestedn thetime evolution of
the concentration®f thesegasedn the CABL, andin their exchangebetweenthe CABL
andthe earth’s surfaceandbiosphere Gasemissiondo the atmosphergake placethrough
both naturalprocesseandhumanactvities. Thefocusis on ozonechemistryunderdiffer-
ent chemicalconditions. In summerstronganthropogeni@missionsof ozoneprecursors
canleadto photochemicatmogformation(i.e., high concentrationef ozone).The chem-
ical destructionof ozoneprecursorslike hydrocarbongndnitrogenoxides,is specifically
studied—DbotHor anthropogenicallperturbedandfor backgroundconditions.The goal of
this dissertatioris to gainincreasedinderstandingf processethatdetermineatmospheric
chemistryand transporton regional and global scales. Two relatedmattersare also ad-
dressedfirst, how we canincorporatechemistryin aconceptuallysimple’ dynamicmodel
of the CABL, andsecondwhattheimpactof this descriptioris in the context of large-scale
atmosphericchemistrymodels. We will focus on one of the unresohed topicsin atmo-
sphericchemistrymodeling,that dealwith the time evolution of moderatelyfastandfast
reactingspeciesn the CABL. Here“moderatelyfast” and“f ast” aredefinedrelative to the
turbulentmixing timescalgwhichis of the orderof 10 min).

As anintroductionto thetopic, we will first describeheturbulentnatureof the CABL.
For this purposewe exploit the similaritiesbetweenconvectionin the atmospheridbound-
ary layerandRayleigh-Benardconvectionin thelimit of fully developedturbulence.Sub-
sequentlywe will elaborateon the centralproblemof the turbulentmixing of moderately
fastandfastreactingchemicalspeciedn the CABL. After that, thetoolsthatareusedin
this study—i.e.,the models—will be introduced. Finally, we will formulatethe research
guestionsaandoutline the structureof this dissertationMost referencesreto early articles
on acertaintopic, review articles,andtext books,andarenotintendedo be exhaustve.
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1.1 The CABL asa manifestation of turb ulence

While attheendof the1960sstill relatively little wasknown aboutthe CABL, theknowl-
edgeaboutthe CABL (including its transportpropertiesfor nonreactie scalars)hasex-
pandedconsiderablysincethen,andthe CABL is now relatively well understoodThis has
beenachieved throughboth fine-scalenumericalsimulation, atmospherianeasurements,
andlaboratoryexperimentge.g.,Deardorf 1966,1970,1972,1973;Tennekes1970;Willis
andDeardorf 1974;Kaimal etal. 1976;NieuwstadiandvanDop 1982;Stull 1988;Garratt
1992;HoltslagandDuynkerke 1998).

It is fruitful to apply the conceptsof chaostheoryto the CABL. The CABL canbe
treatedasthe fully developedturbulencelimit of Rayleigh-Benardcorvection. Rayleigh-
Bénardcorvectionis thearchetypeof thermalcornvection.lt is thetypeof convectionfound
in a fluid residingbetweentwo horizontalisothermalheat-conductinglates(the bottom
onebeinghotter)in a gravity field (Rayleigh1916; Lorenz1963; Bussel1978). Onecan
causeatransitionin theflow from a stateof restto a stateof fully developedturbulenceby
increasinga singleparameterthe Rayleighnumber definedas

Ra=g — —-, (1.1)

wherez; is theheightof thelayer, AT is thetemperaturelifferencebetweertop andbottom
of thelayer, g is thegravitationalaccelerationy is thekinematicviscosity « is thethermal
diffusivity, andT, is areferenceéemperatureFor a smalltemperaturelifferencemolecular
thermal diffusivity is able to carry the heatflux from bottomto top plate and the fluid
staysat rest. At a certainthresholdvalue of Ra the so-calledcritical Ra, a supercritical
bifurcationis encounteredsignifying a continuousphasetransition) betweenthe stateof
restandtwo corvective statespf equalvelocity but oppositedirection. A regularstructure
of rolls with parallelhorizontalaxesis formedabove this threshold. When Rais further
increasednorebifurcationsfollow, andalreadyafterthethird bifurcationthefluid canshow
chaoticbehaiior (Ruelleand Takens1971;Bermé et al. 1984). As Rafurtherincreaseshe
numberof degreesof freedomincrease$oo, andlessandlessstructureremainsto be seen
in thefluid. For very high Rathefluid hasbecomeully turbulent. However, evenRayleigh-
Bénardcorvectionatvery high Raretainsatypical structureof relatively steadylarge-scale
cellsin which highly fluctuating(bothin spaceandtime) small-scalecorvectionelements
areembedded“spoke-patternconvection; Bussel978). Thusa large variety of possible
structuress capturedby Rayleigh-Benardconvectionif we vary Rafrom zeroto infinity.
Alsoin the CABL (having evenamuchhigherRa),corvective cellshave beenobsened
(e.g.,HardyandOtterster1969). Thepatternis thatof cellswith asinkingmotion,covering
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Figurel.1l: LES horizontalcross-sectiofixy-plot) of theinstantaneouserticalveloc-
ity field w atheightz/z = 0.86.A linearscaleof gray shadess usedwith
adiscontinuityatw = 0. Light shadegorrespondo upwardvelocities.An
insulating,frictionless,solid lid is usedontop of the CABL anda constant
heatflux prescribedatthe surface. The spatialresolutionof the LES is 130
x 130 x 66 grid cellsona 6 km x 6 km x 1.5km spatialdomain. See
sectionl.3andchapter for detailsof the LES model.

thelargesthorizontalarea,atthe cell center A polygonalspole patternis inducednearthe

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

alongthe spolestowardsthe hubsof the spole pattern,and then goesupwards,as con-

cludedfrom afine-scalenumericalsimulation—a‘large-eddysimulation” (LES, discussed
belon)—of the CABL by SchmidtandSchumanr{1989).

In orderto provide somevisualizationof the abore-mentionedstructureswe show in
Figs.1.1,1.2,and1.3instantaneoulorizontalcross-sectionsf verticalvelocity, takenfrom
anLES of a CABL. Both the spole patternnearthe surface(Fig. 1.3) andthe large-scale
organizatiorof air thatis moving upwards,in “updrafts; andair thatis moving downwards,
in “downdrafts areclearly visible. Halfway the CABL the horizontalscaleof the large-
scaleorganizationis about2z (seeFig. 1.2), whereherez; is the depthof the CABL.
Furthermoreppdraftanddowndraftcoresarevisible aswhite spotswithin the updraftand
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Figurel.2: SameasFig. 1.1for heightz/zy = 0.5
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Figurel.3: SameasFig. 1.1for heightz/z = 0.06.
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Z grid point

0 20 40 60 80 100 120
x grid point

Figurel.4: LEScross-sectiofixz-plot) of theinstantaneougotentiatemperaturdield
6 atthe middle of the domainin the y-dimension.A linear scaleof gray
gradesds usedwith an artificial discontinuitylocatedat the bordersof the
highest-temperaturglumes.

asblack spotswithin the downdraft. The boundariedbetweenupdraftsanddowndraftsare
highly corvoluted.In Fig. 1.4,averticalcross-sectionf potentiatemperaturés shovn (the
potentialtemperaturef anair parcelis thetemperaturehatthe sameair parcelwould have
atareferencegressure—byorventionthe surfacepressure)Visible on theright aresome
strongthermals,extendinghigh up into the CABL. From Fig. 1.4 onecanalsoconclude
thatthe horizontallyaveragedootentialtemperaturés higherat the top thanin the middle
of the CABL (while the heatflux is linearly decreasingvith heightfrom its positive value
atthesurfaceto zeroatthetop). Thisis amanifestatiorof the countegradientheatflux that
is obseredfor heatin the CABL (e.g.,Ertel 1942; Deardorf 1966; Holtslagand Moeng
1991),andillustratesthe adwective ratherthandiffusive characteof buoyantcorvection.
Theproblemof thermalcornvectionbelonggo thedomainof fluid dynamics.Thefunda-
mentalequation®f fluid dynamicsaregivenanddiscussedh sectionl.3. Hereweelaborate
on aspect®f chaogelatedto theseequationsstartingwith a discussiorof the computabil-
ity of solutionsto the Navier—StolesequationsTennelesandLumley (1972)plainly stated
thatsinceone characteristiof turbulentflows is their irregularity, their randomnessa de-
terministicapproacho turbulenceproblemss impossibleandthat,instead onehasto rely
onstatisticamethods A quantitatve estimateof thetotal numberof degreesof freedomfor
aturbulentflow resultsin a valueof the orderof Re”’4, whereReis the Reynoldsnumber
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anumberbasedntheintegral velocity andlengthscales) and L. Reis definedas

_ VL
==

Re (1.2)

Comparedo theresolutionneededo computefully turbulentflows directly, theimprove-
mentin resolutionof direct numericalsimulation(DNS) hasbeenvery slow over the past
tenyears;in simulationsRe s still mary ordersof magnitudetoo low to simulateall tur-
bulentscaleqLesieur1997). Wyngaard(1982)expressedhe currentconsensusiew that,
althoughwe cannotsolve the Navier—Stolesequationdor fully developedturbulenceflow
directly onthecomputerdueto thelimited computercapacity)andhaveto besatisfiedwith
someaveragingof flow fields,onepossibilityto computethe flow is by meansof LES. The
philosophybehindLES is thatthe explicit descriptionof the large scalessuficesif oneis
interestedn transporproblemsandthattheprocesseatthesubgridscalesanbedescribed
in a statisticalmanner In this way an enormougeductionin the simulatednumberof de-
greesof freedomis achiered (e.g.,the LES usedin this chapterhas10® grid cells, which
canberunon mary computersiowadays).

After having mentionedthe sheersize of the computationaltask that accompanies
solutionto thermalcorvection,we have to noticethat the tools that have beendeveloped
in dynamicalsystemgheoryfor lower-dimensionadynamicalsystemgbifurcations,Lya-
punor exponentsdimensiorof attractorsetc.) have sofarnotbeervery successfulor fully
developedurbulence.In fact,severepracticallimitationsexist onmeasuringhedimensions
of attractoravhenthesearetoo high, asis pointedout by, e.g.,Frisch(1995). Still, thethe-
ory of dynamicalsystemds conceptuallyhelpful for understandinghe CABL, becausat
shavs thatno singularitiesor externalnoiseare neededo explain its unpredictabléehar-
ior. Onemustfurthernotethatthe practicalapplicability of dynamicalystemsheoryto the
CABL is still underdebate.The presenc®f coherenstructuresn theflow is oftenseenas
acluethatlower-dimensionatheoriesof theturbulentflow canbedeveloped.The skeptical
positionholdsthatevenif fully developedurbulencehasa strangeattractorthe systemwill
still be too complex to computeon the basisof dynamicalsystemaheory (Guckenheimer
1986). Thereis alsodiscussioron the questionwhetherfully developedturbulencehasa
strangeattractorat all. This discussiorhasgonebackand forth sincethe seminalpaper
by RuelleandTakens(1971). The strange-attractoriew hasboth strongproponentge.g.,
Lanford 1982)andopponentge.g.,CrutchfieldandKanelo 1988).

Researcherm the turbulenceresearclcommunityhave tried to reducethe numberof
dimensionseededo describefully developedturbulence sincethefirst significantdevel-
opmentsmadein thefield of dynamicalsystemsandchaosin the 1970s.Connectedo this
thereis currentlya keeninterestin the studyof coherentstructuresn turbulentflow (like
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Species B
' ’ } ’
Species A

Figurel.5: Two picturesof turbulencein the CABL superimposed(i) schematiciew
basedon the updraft—devndraft decompositionplumesandfull arrows)
and(ii) the presencef eddiesat all scaleqdesignatedy somelargerand
smallereddieswith openarrows). Also shavn aretheboundaryconditions
for asimplechemistrycase.

thestructuresve discussedh theabove). Lumley (1990)obsenedthatthe existenceof co-
herentstructureds notincompatiblewith a statisticalapproach.Especiallyif the coherent
structuresscalein the sameway asthe remainderof the flow, they canbe combinedwith

thedisolganizedmotionin a statisticaldescription.Thisis the coursewe will follow in this
dissertation.

1.2 The CABL with reactingchemicalspecies

The centraltopic of this dissertationis the turbulent transport—reactioproblem. For
the studyof chemicallyreactingspeciesn the CABL we will make useof the “mass-flux
approacH. This approachs illustratedin Fig. 1.5. Theairin the CABL canbedecomposed
into two compartmentsupward moving air (updraft) and downward moving air (down-
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draft). Thestructureof the updraftandthe downdraftarequite comple, asis evidentfrom
Figs.1.1-1.3.In the mass-fluxapproactthe flow structureis not consideredn detail, but
insteadstatisticalprognosticequationsare usedfor updraftand downdraft quantities like
the equationgjivenby ChatfieldandBrost (1987). Oneshouldnotethatthis statisticalap-
proachis notdependenonthe presenc®f coherenstructuresFirst,no coherenstructures
are usedin the theoreticalderivation of the updraft—devndraftapproximationto the flux
(Wyngaardand Moeng 1992), and second this approximationalsoworks for the neutral
andstablesurfacelayerwhereno corvective coherenstructuresare present{Busingerand
Oncley 1990). Soin this dissertationwe do not continueon the “road to chaos”presented
in the previous section but usea statisticalapproachinsteadandcalibratethis approachy
usingLES results. The mass-fluxapproach—wherehemicalreactionscanbe considered
separatelyor updraftanddowndraft—isparticularlysuitedfor chemicallyreactingspecies
in the CABL, aswill beshown in this dissertation.

The turbulent transport—reactioproblemin the atmospheridooundarylayer hasbeen
studiedsincethe early 1970s(e.g., Donaldsonand Hilst 1972; Lamb 1973; Bilger 1978;
Lenschav 1982;FitzjarraldandLenschav 1983;Schumanri989). Thesubjecthasrecently
beenreviewedby Vila-GuerawdeArellanoandLelieveld (1998). As anexampletoillustrate
theproblemwe hereconsidersimplechemistrycase.This casds similarto theonestudied
by, e.g.,Schumanr{1989),andconsistf anirreversible binaryreactionA + B — C. In
this dissertatioralsomore complex casesare studied,but for this introductionthe simple
casesuffices. SpeciesA is injectedat the surfaceof the CABL andspeciesB is entrained
at the top (asshowvn in Fig. 1.5). The two speciesreactat the local reactionrate Ry =
Rs = —kAB, wherek is the dimensionlesseactionrate coeficient (the quantityis made
nondimensionalisinga.o.thecorvectivetimescalez; /w,, wherew, = (gHz/ T;)Y/3, with
H thetemperaturdlux atthesurface)andA andB arethelocal concentrations.

Chemicalreactionstake placeon the molecularscale. So in our exampleof reacting
bottom-updiffusing speciesA andtop-davn difussingspeciesB, the turbulenttransport—
reactionprocesseproceednoreor lesssimultaneouslyturbulentmixing, moleculardiffu-
sion andchemicalreaction(for a generaldescriptionof theseprocesseseeOttino 1989).
Sincemoleculardiffusionis not animportantmixing mechanisnin the CABL, we would
expectthatit is not necessaryo considermoleculardiffusion in the turbulent transport—
reactionproblem.Thisissuewill bediscussedxplicitly in this dissertation.

In large-scalemodelsof atmospherichemistryandtransport,the modeledconcentra-
tions are averagesover large grid boxes(rangingin horizontalsizefrom 10 to even 1000
km). Therefore the horizontalscalesof turbulentprocessein the CABL thataresmaller
thanthe grid sizearenot representethy thesemodels. Hence the effectsof thesesmaller
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scaleontheresolhedscaleshave to be“parameterized(specifiedasafunctionof thevari-

ablesthatareexplicitly modeledonthemodelgrid). In theverticaldimensiorthesemodels
typically have several layersin the CABL. Comparedo other scalarsincludedin large-
scalemodels suchastemperaturandhumidity, anaccurateepresentationf themixing of

chemicallyreactingscalarsn the modelsrequiresadditionalinformation. This canbe seen
by calculatinga horizontalaverage(denotedby an overbar)over a large grid box (larger
thanthetypical CABL structurespf the chemicalreactionrate:

Ra=Rs = —K B=—k(K§+W), (1.3)

wherethe primesdenotelocal deviations from the horizontalaverage. Theterm A’B’ is
the covarianceof speciesA andB, andits influenceon the averagereactionrateis often
expressedisingthe intensityof segregation

A'B’
=5
The term “intensity of segregation” wasintroducedin the contet of engineeringapplica-
tions for binary mixturesby Danckwertg1952)andappliedto chemicallyreactingbinary
mixturesby Danckwertg1958).If Is = 0 thenthe speciesarewell mixed,if Is = —1 then
thespeciesarecompletelyseggregated andif Is > 0 thenthespeciesarepre-mixed.

In orderto geta grip onthe parametere theturbulenttransport-reactioproblemthat
determinghevalueof I, we write (1.4) asfollows

(1.4)

Is

__ PABOAOB
- AB
where pag is the correlationcoeficient for speciesA andB andoa andog arethe rms
valuesof the concentratiorfluctuationsof speciesA andB, respectiely. Now supposén
first approximatiorthat pap is of theorderof +1 or —1. Theintensityof segregationthan
only approacheanabsolutevalueof the orderof 1 if the concentratiorfluctuationsof both
speciesA andB arelarge comparedo the meanconcentration®f the respectie species.
Thus,for segregationeffectsto beimportantin atmospherichemistry fluctuationsof both
reactingspecieshave to be relatively large. Due to the way they are setup, mostof the
simplechemistrycasesstudiedin thefirst chapterf this dissertatiorarecharacterizedy
largefluctuationscomparedo the meanconcentrationsln the laterchapterscasedhatare
morerepresentatiefor therealchemistryin theatmospherarealsostudied.For thesecases
it is not evidentbeforehandhatthe conditionsrequiredfor largeintensitiesof segregation
arefulfilled. If theintensity of segregationstaysbelov an absolutevaluesof the orderof
102 the segregationprocessanbe neglectedin atmospherichemistrymodeling.

: (1.5)

Is
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Figurel.6: Diagramillustratingthe relationshetweermeasurement@ndmodels.The
white boxesrepresenimeasurementsr statisticscomputedrom measure-
ments. The gray boxesrepresenmodelsor productsgeneratedy mod-
els. Thethick linesrepresenhypothesesyhich bring togethemodelsand
measurementsrom RandallandWielicki (1997).

We will useLES of chemicallyreactingspeciesn the CABL to study segregationef-
fects.In choosinghis methodwe have to facea challengehathasbeenidentifiedby mary
authorsfor including chemistryin LES (e.g. Ottino 1989; Cantwell 1990; Lesieur1997;
Moeng1998). This challengeis the following: sincechemicalreactionstake placeat the
molecularlevel, LES canhave problemswith the simulationof fastreactiongsinceevery-
thing thathappenatthe molecularevel is parameterizeth termsof thelargerscales).

1.3 Modelsfor atmospherictransport and chemistry

The focus of the currentstudyis on the modelingof covariancesof reactingspecies
in the CABL. To this enda parameterizatiois developedfor covariancespusinga method
basedon a hierarchyof models(the conceptof ‘model hierarchy’is discussedor climate
modelsby Peterseri999a). The methodis illustratedin the diagramof Fig. 1.6. A fine-
scalemodelingtechnique LES, is employedto simulatewith high resolutionCABLSs that
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containchemicallyreactingspeciesLES canbeconsiderecsaforecasimodelof theturbu-
lentmotionin the CABL. It hasbeentestedsuccessfullyfor dynamicsandthermodynamics
againstcasestudy measurement® the real CABL, especiallyby comparingthe statistics
of LES modelswith the statisticsof measurementseeMoeng1998for anoverview). The
concentratiorfluctuationsof the chemicallyreactive specieghat are of specialinterestin
this dissertatior(e.g.,thehydroxyl radicalOH, the “troposphericvacuumcleaner”)andthe
covariance®f concentratiorfluctuationsof reactingspeciedave not sufiiciently beenstud-
ied experimentallyto comparemodelsthatsimulatestatistics].e. covariancesdirectly with
statisticscomputedirom casestudymeasurementsTherefore we useLES asa substitute
for real measurements the comparisonwith our statisticalmodels. One of the models
we propose(in chapter3) for the covarianceis actuallybasedon a similarity relation, al-
thoughit cannotbe ascribedhe statusof anelementarymodel(which is a modelthatcan
be derived from basicphysicalprinciples). Again, experimentaldatathat can confirm or
refutethis similarity relationarelacking, sothatfor now only a testof this relationcanbe
performedusingdifferentcasesnodeledwith LES.

The differentkinds of modelsusedin this study describedifferent(horizontal)spatial
scalegandcanbe orderedaccordingto thesescales).The LES modelsthatareusedhave
a horizontaldomainof a few kilometers. The single-columnmodels,that shoulddirectly
simulatethe statisticsof the LES models representolumnsfrom large-scalenodels.The
horizontalcolumnsizecantypically vary betweerll0 and500km. We includetheproposed
covarianceparameterizatiorn a single-columnmodel, initialized by outputfrom global
climateandchemistrymodelsto assessheimportanceof the effectsstudiedin this disser
tationfor globalatmospherichemistry Herewe will give generaldescriptionf thethree
typesof modelsthatareused.More detailswill follow in thevariouschapters.

1.3.1 LES modelsincluding chemistry
Fundamental equations

The fundamentakquationsf fluid dynamicsthe Navier—Stolkesequationsfor the ve-
locities u;, pressurep, virtual potentialtemperature, (“virtual” meanghatthis tempera-
ture alsoaccountdor the buoyang effectsrelatedto humidity), and other(nonreactie or
reactve)scalarsy (scalarsarequantitiesthathave nodirection,for instanceemperaturer
concentrationsf chemicalspeciesyeadin the so-calledBoussines@pproximation:

ou;

7% = (1.6)
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Hereit is assumedhatno cloudsarepresentaindthatthelongwave radiative flux divergence
canbe neglected. In (1.6)—(1.9),Dy arethe Fickian diffusion coeficients, Ry represents
sourcesandsinksof the scalarss, 6,  is the referencevirtual potentialtemperatureand
or is thereferencedensity A summationover repeatedndicesis assumed.The pressure
in (1.7)is calculatedby enforcingthe conditionof incompressibldlow (1.6). As said,we
assumehatthereareno sourcesandsinksfor virtual potentialtemperatureln the CABL
ReandRaareextremelyhigh,andthereforethethermaldiffusivity «, andFickiandiffusion
coeficientsDy areeffectively zeroin the CABL. Egs.(1.7)—(1.9)areall nonlinearpartial
differentialequationswith an effectively infinite numberof degreesof freedomsincethe
variablesaredefinedfor all (x, y, z) in continuous3-D space.

LES modelsarebasedon the Navier—Stolesequationg1.6)—(1.9).Thesemodelssepa-
ratethe flow andconcentratiorfieldsinto large-scalgresohed)fields,indicatedby ~, and
small-scalg(unresoled) fields, indicatedby ”, i.e. uj = Gi + u’. Usuallyit is assumed
thatthis decompositiorsatisfiesa setof corvenientpropertiesthe Reynoldsrules. Substi-
tution of the decompositiorin the Navier—Stolesequationghenleadsto the following set
of prognosticequationgor theresohedmotions:

oa;
o =0 (1.10)
|
Y PN R — 2
aG; oa; Gy o7 g ~ — 8(u’j’ u’ — 5edij)
= 26,08 1.11
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wherethemodifiedpressurér = p/or + 2e/3,ande = %m’ is thesubgrid-scaléinetic
enegy. Thequantity Ry representsourcesandsinksof thescalarsy . Differentmodelsare
usedin this dissertatiorfor the subgrid-scalguantitiesappearingn (1.11)—(1.13) For the
numericaltechniquesisedwe referto thedetailsin chapter and3.

Strengthsand weaknessesf 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 parameterizationsThe CABL is
relatively easyto simulatewith LES. DifferentLES codesgive excellentagreementor the
CABL andtheir resultslie within the rangeof available obsenations(Nieuwstadtet al.
1993). Sincethe detailsof the subgridmodeldo not significantly affect the flow structure
in the CABL—except nearthe boundaries—wesven employ resultsin this dissertation
generatedising a LES modelversionwith constantsubgrid diffusivities. Sucha model
approachis similar to a DNS approach put the smallestresohed scalesare several tens
of metersinsteadof the smallesturbulentscale—the<olmogoror scale.The Kolmogoro/
scaleis formally implied assmallestscaleby the definitionof DNS. Theuseof a LES with
a constantsubgriddiffusivity asone of the LES modelversionsthatappeaiin chapters3
and4 canbe defendedy the obsenationthatthe eddystructureof the CABL atvery high
Re and Rayleigh-Benardcorvection at lower Re are quite similar (Moeng and Rotunno
1990;Nieuwstadt1990). Thedifferencedetweerthetwo typesof flow—whichwe argued
beforebelongto a continuumof flow types—hae beenquantifiedby Beetset al. (1996).
Theseauthorsfound that the spectraat large scalesfrom LES and DNS behae similarly
andthat—aswasto be expected—thalifferencesare confinedto the small scaleswhere
more variability is obsened in the CABL as comparedto Rayleigh-Benardcorvection.
However, the contribution of thesesmallscalesof theflow to the ensemble-geragedluxes
andcovarianceds small. Wyngaard(1998a)warnedthat the differencesn fine structure
betweerhigh andlow Reflow maybeimportant.He obsenedthatnotmary problemshave
beenidentifiedfor which this mightbethe case We alreadypointedoutthatseveralauthors
have identifiedchemistryin turbulentflow asjustsuchaproblem.

A majorweaknessf LESis thatthesemodelshave, uptill now, almostexclusively been
appliedto idealized, horizontally homogeneousoundarylayers, mainly due to the size
limitation of the numericaldomainandthe assumedgeriodiclateral boundaryconditions
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(Moeng1998). And evenfor suchidealizedboundarylayersthe domainsthat have been
usedaretypically too small, sincemesoscaldluctuationscan be generatedy turbulence
evenonthelargestscalesin the LES model(Jonler etal. 1999): for sometypesof scalars
thereappeardo be no spectralgap and mesoscalgghenomenaave to be consideredn
conjunctionwith the smallerscaleturbulence—orthey couldevendominatethe spectra.

Anotherweaknes®f LES thatis oftenidentifiedis that assumptionsincorporatedn
subgrid models,are madeaboutthe smallestscalesof the turbulent motion. Theseas-
sumptionscanleadto errors(e.g.,Mason1994). However, for the CABL this shouldnot
be considereda problem(Nieuwstadtet al. 1993). Whatremainsa potentialweaknes®f
LES at the smallestscaless the possibleimportanceof thesescalesfor chemistry aswe
mentionecbefore.

1.3.2 Single-columnchemistry models
Closuresand their statistical order

In contrasiwith LES the ensembleverageqfor instanceover a horizontalgrid areaof
alarge-scalamodel)aremodeleddirectly in single-columnmodels.Single-colummmodels
for reactve gasedn the CABL solwe the following budgetequationfor chemicalspecies
(we do not give detailshereon the the single-colummmodelingof the dynamicalandther
modynamicabjuantities):

0§ dwy

= — R, 1.14
ot 9z s (1.14)

wherefor simplicity we have assumedhorizontalhomogeneityandw = 0. For a simple,

binaryreactionA + B — C thechemicalreactionratesRa andRg aregivenby (1.3). The

covarianceA’B’ appearsn (1.3),aswasmentionedn theabove. More detailedexpressions
for morereactionswill begivenin chapter3.

The fluxesandthe covariancesn (1.14) canbe modeledin severalwaysin a single-
columnmodel.For theturbulenttransport-reactioproblemeitherfirst-orderclosure(local
or nonlocal)or higherorderclosure(second-ordetthird-order andso forth) canbe used.
Thestatisticalorderof theclosureis heredefinedasthehighestorderof themomentsnvolv-
ing speciexoncentratiorfluctuationsthatare prognosticallymodeled.In this dissertation
only first- andsecond-ordeclosuresarediscussed.

We will start,in chapter2, with 1-D modelsbasedon the updraft—devndraftdecom-
position, mass-fluxschemes.The mass-fluxschemeswill be usedto modelthesefluxes
andcovariancesThe mass-fluxclosureis typically cateyorizedasa first-orderclosure(e.g.
by Stull 1998). However, sincetwo prognosticequationsare carried—onéor the updraft
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concentratiorand onefor the downdraft concentration—whicltanbe transformednto a
prognosticequationfor the meanconcentratioranda prognosticequationfor a highermo-
mentinvolving the concentration(e.g., the flux), one could argue that mass-fluxclosure
canbe consideredh higherorderclosure(albeit not a full second-ordeclosure,sincethe
highermomentsareall coupledto eachotherandthe secondnomentsarenotindependent
variablesasin afull second-ordeclosure).

We useseveralkinds of flux closuresn the otherchapterssomein combinationwith a
first-ordercovarianceclosure.In chapter3 this is developedandcombinedwith a nonlocal
first-orderclosurefor the fluxes. In chapter4 the full second-ordeclosureequationsare
studiedand the chemicalcorrectionsthey containfor the flux are comparedto thoseof
mass-fluxschemesandalsoto first-orderclosure. Finally, in chapter5 againa first-order
closureis usedfor thescalarfluxes.

Strengthsand weaknessesf single-columnmodels

The mainreasorwhy single-columnmodelsareusedin atmospherichemistryis that
they arecomputationallyinexpensve. The turbulentscalessmallerthanthe grid scalesof
large-scalemodelsareimportantandmustbe takeninto account(for instancemostof the
vertical transportof chemicalspeciesn the lower atmosphergakes placeat thesesmall
scales). Soif oneis interestedin large-scalebudgetsof chemicalspecies(seethe next
section)one cannotgetaroundsingle-colummmodels. But single-colummmodelsarealso
very powerful researchiools,especiallybecaus®f therelatively low computationatostof
runningsucha model: onecanquickly seetheimpactof new parameterizationdJsing,for
instance LES resultsasa benchmarkonecantry to improve on the modelingof a certain
process.

Major drawvbacksof single-colummmodelsfor turbulence assummarizedy Wyngaard
(1998b)—althoughhe considersdynamicsand not scalartransport—arehat they are (i)
calibratedsurrogatedor turbulence;(ii) not predictive tools; (iii) not basedon a theory of
turbulence;and (iv) reston obsenationalwork (the dravbackbeingthat thereare insuffi-
cientobsenations:thereis a“factgap, hamperinghedevelopmenbf turbulencemodels).
Indeed,all thesedravbacksapply to our covarianceclosure: it is calibratedusing a few
LES casesmay not be applicableto someother cases,is not derived from the Navier—
Stokes equations,andis severely limited by the fact that experimentalmeasurementef
covariance®f reactingspeciesn the CABL arenot available. Still, basedon our physical
intuition, we have confidencen the parameterizatiorut it shouldbe usedwith a critical
sense.
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1.3.3 Large-scalechemicaltransport models

Large-scaldropospherispeciesudgets(andrelatedconcentrationsjepositionfluxes,
shortwave andlongwave radiative fluxesandtransportto the stratosphereganbe modeled
usinglarge-scalechemicaltransporimodels.Suchmodelshave a horizontalgrid sizevary-
ing from 10to 1000km. To give an example,global modelssolve the following equation
for theresolhedchemicalspeciexoncentrations:

08 1 [8(ua) L 00 coscba)} L LW Ry 4 s@). (115)

9t acosp | o 3¢ h, o7

wherea, ¢, andn arethe coordinatesn thelongitudinal,latitudinal, andvertical direction
(pressure-basederrain-folloving hybrid coordinatesare usedhere); G, v, andw arethe
resoled velocity componentsn the A, ¢, and n direction; a is the radiusof the earth;
andh,, is a scalefactor from the coordinatetransformation. The term S representshe
parameterizegdubgrid-scaldéransportin the vertical directionandthe term R represenall
sourcesandsinks,including depositionand chemicaltransformations The descriptionfor
boundary-layeturbulent transportand chemicalreactionsin a large-scalemodel is like
(1.14)for every columnin the model. The strengthof large-scalenodelsis thatthey are
comprehensieandallow for assessments regionalor globalscaleerviromentalproblems.
Themajorweaknesss therelatively low resolution(andthe neglector parameterizatioof
processethatoccuron subgridscales).

Dueto thenonlinearityof chemistryandthespatialheterogeneitpf anthropogenitrace
gassourcesa tendeng toward higherspatialresolutionanda highernumberof chemical
specieganberecognizedn globalatmospherichemistrymodeling.For modelsdesigned
to run for several yearswith a large numberof chemicalspeciesand usingmonthly aver-
agedclimatologicalmeteorologythe horizontalresolution the vertical resolution,andthe
numberof transportedgpeciehave recentlydoubledfrom (latitude x longitude)10° x 10°,
10layers,and10 speciesn MOGUNTIA (CrutzenandZimmermanmnl991)to 5° x 5°, 25
layers,and 19 speciedn IMAGES (Muller and Brasseurl995),respectrely. Modelsthat
usea highermeteorologicatime resolutionexist in two types:on-linemodels(which calcu-
late the meteorologyat every time step)andoff-line models(which useclimateor weather
forecastmodeloutputat a time resolutionof 4 to 12 hours). Suchmodelsat this moment
typically usearesolutionbetweer2°® and5°, 19verticallayers,andupto 70reactve species
to simulateozonechemistry(Roelofsetal. 1997;Houwelingetal. 1998). Accordingto Pe-
terset al. (1995), horizontalgrid resolutionsof 0.5° or better at least20 layers,and 40
to 100 speciesare necessaryor an adequatanodelingof anthropogenigerturbationgo
global atmosphericchemistry The numericalsolutionof (1.15)amountsto a tremendous
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task,giventhe desiredresolutionandnumberof species.Someaspectof the numerics—
both chemistrysolversandadwectionschemes—hae beenstudiedandnenv methodshave
beendevelopedrecentlyby Speg(1998)andPeterseretal. (1998).

All threedifferenttypesof transportmodelsdescribedn this section,are usedin this
dissertationthree-dimensiondB-D) LES models,one-dimensiong]1l-D) models,and3-D
globaltransporimodels(whichin a senseencompasthe secondype).

1.4 Reseach questionsand outline of the dissertation

Wewill now formulatemorespecificallythequestionghatareaddresseh thisdisserta-
tion—thecorrespondinghapterareaddedbetweerparentheses:

e Canwe adequatelylescribehemixing of moderatelyandfastreactingspeciesising
astatisticalnalysisof thecoherenstructureof updraftsanddowndraftsin the CABL,
assimulatedby LES?(Chapter2, “Mass-fluxcharacteristicef reactive scalargn the
corvective boundarylayer”) Thefollowingissueswill alsobeaddressed:

1. Canthecovariancebeaccuratelyestimatedisingupdraftanddowndraftconcen-
trations? Accuratemeansaccurateenoughto leadto animprovementof mod-
eledreactionratesin large-scalenodelsof atmospherichemistryandtransport.

2. Do fastreactionsconstitutea problemfor LES?

e How canwedevelopasimpleparameterizatiofor thecovariance®of reactve species
basedon mass-fluxcharacteristicsSimple meanssimplerthana prognosticmass-
flux schemeor second-ordeclosureschemdor the scalarsbut moreelaboratehan
currentpractice.(Chapter3, “A first-orderclosurefor covariancesandfluxesof reac-
tive speciesn the corvective boundaryayer”)

e How do second-ordeclosuresand mass-fluxclosurescomparefor the contritution
of chemicalhigherordermomentsto the flux? Do we needto take thesechemical
higherorder momentsinto accountor is a first-orderclosureapproachfor the flux
sufficiently accurate?{Chapterd, “The impactof chemistryon flux estimatesn the
cornvective boundarylayer”)

e Whatis the importanceof sggregationeffects, relatedto the covariancesof reactive
speciesfor global-scaleatmospherichemistrymodeling?(Chapter5, “Segregation
effectsin atmospherichemistryrelatedto boundary-layecorvection?)



Chapter 2

Mass-flux characteristics of
reactive scalarsin the convective
boundary layer*

*Thematerialcontainedn this chaptethasbeenpublishedn Journal of the AtmosphericScience$56, 37-56,
1999),with C. Beets H. vanDop, P. G. Duynkerke, andA. P. Siebesmasco-authors.
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Abstract

Thetransportof nonreactiveand reactivebottom-upand top-downdiffusingscalars in
a solid-lid corvectiveboundarylayer is studiedusing large-eddysimulation (LES). The
chemistryconsideed consistsof an irreversible binary reactioninvolving the bottom-up
and top-downdiffusing scalars. The mass-fluxor top-hat characteristicsof the reactive
flow are determined.Also, several mass-fluxsschemesare run in an off-line mode thatis,
with prescribedprofilesof the massflux and the updraft area fraction, and are compaed
to the LES.Top-hatapproximationsare foundto captute about25% of the covariancebe-
tweentwo arbitrary (nonreactingor reacting)scalars andabout65% of the flux. Subplume
fluxesare locatedeitherin the updraft for bottom-updiffusingscalars or in the downdiaft
for top-downdiffusingscalars. The mass-fluxsschemethat is nearly identical to the exact
plume-ludget equationsgivesthe bestperformance For the parametrizationof lateral ex-
changethis mass-fluschemeancludesgrossexchange acrosstheinterfacebetweenipdrafts
anddowndafts,thatis, includesalsosubinterface-scalexchange processeglike the other
dynamicalquantitiesalso prescribedn an off-line modeusingLESdata). A simplermass-
flux scheme which doesnot include the more sophisticatecparametrizationsof subplume
fluxesand subinterface-scaltateral exchangg, is foundto performonly slightly worse The
resultsof this chapterare also valid for the surfacelayer and lower mixedlayer of the
entraining corvectiveboundarylayer but not for the entrainmentzone
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2.1 Intr oduction

For mary yearsmass-fluxschemesave beenappliedsuccesfullyin the parameteriza-
tion of scalartransportby cumuluscorvection(e.g.,Arakava andSchubertl974; Tiedtke
1989). More recently mass-fluxschemesave beenproposedasattractve candidatesor
theparametrizatiomf transporin cornvective atmospheri®oundarylayers(CABLs)—both
the dry CABL andthe stratocumulus-toppe@ABL—for instanceby Chatfieldand Brost
(1987)andRandalletal. (1992). Themaindifferencebetweemass-fluxschemes$or cumu-
lus andfor the CABL is thedecompositiorthatis applied:cloud—ewnironmentfor cumulus
andupdraft—daevndraftfor the CABL. Anotherdifferences thatmass-fluormulasfor the
flux in cumulusresole 80%—-90%of the total flux (exceptnearcloud base),asshavn by
SiebesmandCuijpers(1995)for shallov cumuluswhereasnass-fluformulasfor theflux
in CABLs resole about65% of thetotal flux (Young1988a;SchumanmndMoeng1991a,
WyngaardandMoeng1992;de LaatandDuynkerke 1998). This differenceis relatedto the
presencef a potentialbarrierin cumuluscorvection.As aconsequenceloudupdraftsoc-
curin burstsin anotherwisequietcloudlayerandtheverticalvelocity distribution is highly
positively skewed. Mass-fluxschemedor the CABL aresensitve to the parameterization
of the partsof thetotal flux thatarenot resohed by mass-fluformulas. Theseunresohed
partsarecalled“subplumefluxes’

In thischaptemwe studythescalaritransporcharacteristicsf differentmass-fluxsschemes
for transporbf nonreactie andreactive scalarsn the CABL. This studyis partof thedevel-
opmentof a new boundary-layeparameterizatioifior large-scaleatmospherichemistry—
transportmodels(with horizontalgrid sizesrangingfrom 50 to 500 km) that is suitable
for the turbulenttransport—chemistrproblem(discussedelovr). The mass-fluxschemes
proposedearlierin the literaturefor transportof scalars,both in cumuluscloudsandin
CABLs, arecombined cateyorized,andevaluatedusingstatisticsfrom large-eddysimula-
tion (LES) of a solid-lid CABL. The scalarsstudiedarebottom-upandtop-davn diffusing
scalarseithernonreactingor quickly reactingaway. We run the mass-fluxschemesn an
off-line mode,thatis, we prescribethe boundary-layeheightandthe vertical profiles of
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the massflux andthe updraftareafraction (both determinedrom LES). Furthermorewe
prescribddenticalscalarsurfacefluxesandidenticalscalarentrainmentluxes(atthetop of
the CABL) in boththe LES andthe mass-fluxschemes.

Previous studieshave shovn that LES is ableto provide detailedandrealistic statistics
for the CABL (Nieuwstadtet al. 1993). LES modelsare ableto computeexplicitly the
mostimportantlengthsandtimescalef the CABL (typically 25—-1000m and 10—-10000
s respectiely). The smallturbulencescalesbelown the LES grid size of about25 m have
beenfound to have only a minor influenceon the dynamicsof the CABL, andtherefore
canbeparameterizewith arelatively simpleLES subgrid-scalenodel. Simulatinga solid-
lid CABL ratherthanan entrainingCABL allows for integrationtowardsa (quasi-)steady
stateof the scalarprofiles, facilitating the comparisonwith (quasi-)steadytatesolutions
of the mass-fluxschemegseealsoBrown 1996,who useda solid-lid CABL insteadof an
entrainingCABL for similarreasons).

We catayorize the differencesbetweenthe mass-fluxschemesn termsof the param-
etrizationof the differentcomponeniprocesseshat appearin the plume-hudgetequations
for scalars. Two componentsare relevant to transportof both nonreactre and reactive
scalarsnamelythe parameterizationf subplumeluxesandthe parameterizatioof lateral-
exchangegrocessebetweerthe updraftsandthe downdrafts.Anothercomponenbnly per
tainsto reactive scalarsnamelythe parameterizationf subplumecovariancef reacting
scalars. New parameterizationare proposedfor the subplumefluxes and the subplume
covariances.

In our view the attractvenessof mass-fluxschemedor scalartransportin the CABL
is threefold,comparedo the first-orderclosureschemeghat are currently usedin large-
scaleatmospherichemistry—transpormnodels. First, nonlocaltransporteffectsare clearly
embodiedn mass-fluxschemeswhich is attractive comparedo the often usedlocal first-
orderclosureschemegcf. HoltslagandMoeng1991; Stull 1993). Secondthe effectsof a
continuougdistribution of fastchemicalsourcesandsinkson the fluxesaretakeninto ac-
count(FitzjarraldandLenschaev 1983;Schumanri989; Sykesetal. 1994;GaoandWesely
1994;Vila-Guerawe Arellanoetal. 1995;Galmarinietal. 1997;Ververetal. 1997). And
third, the effectsof horizontalsegregationof reactive scalarson the meanreactionratesare
representedSchumanri989; Vila-Guerauwde Arellano and Duynkerke 1993; Sykeset al.
1994;Beetsetal. 1996;Ververetal. 1997;MolemalerandVila-Guerawde Arellano 1998).

We here briefly explain the two last mentionedadvantagesf mass-fluxschemedor
the transportof reactize scalarsin the CABL. In the mass-fluxschemeghat we studyin
this chaptemwe usethe updraft—devndraftdecompositiorandtreatboth updraftanddown-
draft scalarquantitiesasprognosticvariables.Thereforethe mass-fluxschemegonsidered



2.2. DESCRIPTION OF LESAND CASES 25

herecanbe comparedo higherorder(but not fully second-orderglosureschemesn the
sensehat they containtwo prognosticvariablesthat provide a modelfor all higherorder
moments. The meanscalarvalue and the scalarflux (a secondmoment)in a mass-flux
schemecanfor instancebe written in termsof theseupdraftanddowndraftquantities,and
canreplacetheseasindependentariables. The prognosticequationsor the meanscalar
valuesinclude a direct influenceof the covariancesandthe prognosticequationsfor the
fluxesinclude a directinfluenceof the chemistryon the fluxes. In contrastto mass-flux
schemesifirst-orderclosureschemeslo not implicitly includethesetwo aspect®f thetur-

bulenttransport—chemistrgroblem.

As alreadystatedin the above, we do not evaluatecompletemass-fluxschemesn this
chapterthatis, we do not dealwith questionsoncerninghe parameterizatioof the mass
flux andthe updraftareafraction. Insteadof this, we are concernedwith evaluatingthe
scalartransport-reactionharacteristicef mass-fluxschemes.

This chapteris organizedasfollows. The LES of the solid-lid CABL, including the
studiedcasef scalartransport,is describedn section2.2. In section2.3 we presenthe
scalarplume-hudgetequationsandthe mass-fluxschemeshat canbe derived from these.
The LESresultsfor the scalarsappeaiin section2.4and2.5. In section2.6 we presenthe
resultsof the mass-fluxschemesFinally, 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 entrainmenbf
heatat thetop of the CABL asopposedo the entrainingCABL), which wasalsousedfor
studyingtransporbf reactve scalardy Beetsetal. (1996)andMolemalerandVila-Guerau
de Arellano (1998). The dynamicsandthermodynamic®f the solid-lid CABL was stud-
iedwith LES by Schumanr{1993).He foundthatLES comparegavorablywith laboratory
measurements$Sorbjan(1996)studiedthe differencedetweersolid-lid andentrainingCA-
BLs, of which thelastoneis morerepresentatie for the realatmosphereBoth convection
experimentsin tanksand numericalstudieshave shovn that variousturbulencestatistics
in the lower portion of the solid-lid CABL resemblethoseof the entrainingCABL. Dif-
ferencedn the dynamicscausedby theinclusionof entrainmenbf heatin the entraining
CABL arereflectedin alower updraftareafractiona in the upperpartof the CABL. Sor
bjan (1996)found thata is approximately0.45 throughoutthe whole mixed layer for the
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solid-lid CABL but decrease® a minimumof 0.25nearthetop of themixedlayerfor the
entrainingCABL. Hereit mustbebornein mindthat,asshovn by Nieuwstadetal. (1993),
theminimumvalueof a differssubstantallamongLES modelsof theentrainingCABL: in
their simulationsthe minimumvalueof a variesroughlyfrom 0.3 (modelof Schumannjo
0.4 (modelof Moeng). FurthermoreSorbjan(1996)foundthatthe averageupdraftvertical
velocityw" is almostthe samefor bothtypesof CABL atevery height.

Sincetheaim of thischapteiis thestudyof transporof dynamicallypassie scalargwith
varying chemicalreactionrates)in the CABL, we may exploit the easewith which fixed
fluxescanbeimplementedat thetop of the solid-lid CABL (identicalto thetop of the LES
domain).Theflux atthetopis zerofor potentiattemperatur@andzeroor afinite constanfor
otherscalarsof interest.Accordingto theresultsshovn in Sorbjan(1996)the secondand
third) momentsn thesurfacelayer(andfor somevariablesalsoin thelower mixedlayer)do
notdiffer betweerthesolid-lid andtheentrainingCABL. We have verifiedthatconclusions
reachedin this study concerningmass-fluxcharacteristicof secondmomentsinvolving
scalardgn thesolid-lid CABL canbeextrapolatedo thelower partsof theentrainingCABL
(surfacelayerandlower mixedlayer), but certainlynot to the entrainmentayer at the top
of the entrainingCABL. The studyof entrainmenprocessesat thetop of the CABL is not
partof thiswork.

The algorithmfor the large-eddysimulationsperformedin this studyhasbeenderived
fromamodelusedn earlierstudiegNieuwstadandBrost1986;vanHarenandNieuwstadt
1989; Nieuwstadtet al. 1993)andwaspreviously usedin Beetsetal. (1996). The general
LES modelingapproachwas describedn chapterl. Herewe will only describedetails
pertainingto the specificLES modelusedin this chapter In this LES modelthe constant
referencedensity o is taken equalto 1 kg m=3, the gravitational acceleratiory = 9.8 m
s72, andthereferenceemperaturdl; = 300K. No-slip andfree-slipboundaryconditions
are prescribedat the surfaceandtop of the domain,respectiely. The surfaceroughness
lengthzg is setto 0.16m. The boundary-layeheightz; = 1500m, the corvective velocity
scalew, = (qw'00zi / T; Ve 1.5ms 1 andw’6’p = 0.069K m s thesurfacepotential
temperaturdlux. Theresultingcorvectivetimescaldast, = zj /w, = 1000s.

As will bediscussedn the next subsectionin this chapterwe considerchemicalsink
termsfor two specieqlabelledl andm) reactingaway in a binary reactionwith reaction
rate coeficientkj,,. The resohed and subgrid-scalesourceandsink termsin the studied
chemistrycasegead

§S=S=-Kn9% (2.1)
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§ =% =-Kns % 2.2)

Theequationdor theresohedquantitieq1.10)—(1.13paresolvedexplicitly. Thesubgrid-
scale Reynolds stressessubgrid-scalegemperatureflux, subgrid-scalescalarfluxes and
subgrid-scalecovariancesthat appearin theseequationsare parameterizeds a function
of theresohed quantitiesthe normalstressesanda timescaleof subgridscaleturbulence
T accordingo

oa; -, 00 o
ui// ui//_X_J + u/j/ U/-/7> i £, (2.3)
]

u’ 6” = —Cot <ui” ui”—) (2.4)

— — aA

u's’ = —Cor (U’ ui”—z) (2.5)
1 C T sy s I 2.6
S sh 3T<'§8xi+'s’“8xi> (2.6)

wheret is the ratio of the characteristiqgrid size A andthe squareroot of the subgrid-
scalekinetic enegy e. A modeledconseration equationfor all normalstressess solved
explicitly. The constantsCs, Cp, andC3 in (2.3)—(2.6)arederived from inertial-subrange
theory andcanbeexpresseds

't

_ -15
C1= 5~ (15 2.7)
Co= %cl (2.8)
Cs3= écl, (2.9)
o

wherea andp areconstantsvhichappeain theexpressiongor theinertial subrangenegy
andconcentratiovariancespectraThefollowing valuesthataretypical for theseconstants
areused: « = 1.5and g = 0.7. Thefilter lengthscalel s is taken equalto twice the
characteristigrid size(l 1 = 2A).
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Thegoverningequationgor theresohedfield aresolvedexplicitly usingafinite-volume
technique.All termsin the filtered momentumequationsare discretizedusing straightfor
wardsecond-ordecentraldifferencesexceptfor the advective termswhich arediscretized
usingthe methodof PiacsekandWilliams (1970). The leap-frogschemewith an Asselin
filter to preventdecouplingof odd andeventime levels, is usedfor the time integrationof
the momentumequations.Conseration of massis obtainedby solving a diagnosticequa-
tion for the pressure For the adwectionanddiffusion of temperaturendthe otherscalars
we usethe limited « = % schemgKoren1993)for the spatialdiscretizationand a two-
stageRunge—Kittamethodfor the time integration(Hundsdorferetal. 1995). For thetime
advancemenbdf chemistrywe usethe routine Twostep(Verwer and Simpson1995), and
straightforward second-ordecentraldifferencedor the discretizationof the subgrid-scale
covariance.The entirenumericaldiscretizatiorfor temperatur@ndthe otherscalarssatis-
fiesthreeimportantpropertiesit is conserative, positive,andmonotone.

Thegrid usedhas130 x 130 x 66 grid pointsin the horizontalandverticaldirections,
respectiely, representinga 6.0 km x 6.0 km x 1.5 km physicaldomain, thus employ-
ing a higherresolutionthanin previous studieswith the LES model. Thetime stepin the
modelis approximately0.6s. A grid domainof 32 x 32 x 30wasusedby Sorbjan(1996),
but althoughthe associatedesolutionis generallyconsideredo be sufiicient for therepre-
sentationof basicturbulencecharacteristicef the CABL, we usea relatively high spatial
resolutionto minimize the LES unresolhed covariancecontritution to the chemicalsink
termandto beableto performspectrainvestigationson very smallscales.The unresohed
covariancecontribution is nearly zeroin the bulk and much smallerthanthe resolhed co-
variancenearthe bottomandtop boundariegthis canalsobe checled by comparingFigs.
2.7aand2.8).

2.2.2 Cases

ForthenonreactiecasecalledBUTD, we haveintroducedn our LES apassve bottom-
up diffusing scalar(BU) anda passve top-dovn diffusing scalar(TD). Theflux of BU at
thetop of the CABL is putto zero,asis theflux of TD atthe bottom.Choosingaflux scale
F., the constaninput fluxesof BU andTD aresetto F, and—F,, respectiely. Usingthe
corvectivevelocity scalew,, ascalarvaluescalecanthenbedefinedass, = F,/w,. If later
in this chaptemo unitsareassignedo specificquantitiesijt is assumedhatthesequantities
have beenmadedimensionlessisingthe scalesdefinedhere.

Thereactve casescalledAB1, AB2, AB3, andABoo, areof the following type: they
consistof bottom-up(A) andtop-down (B) scalargeactingaway in asecond-ordereaction
(A+B— C).
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To illustratethe effect of horizontalsegregationon the meanreactionratewe write the
sinktermfor speciesA andB dueto thereactionA + B — C as
S= —Kxrip.c ASB
= —Kaspc (ﬁ% + s,;s'B) : (2.10)
wheresp andsg arethe scalarvalues(concentrationsdf chemicalspeciesA andB. Here

andthroughoutthe restof this chapteroverbarsdenotehorizontalensembleaveragesand
primesdenotefluctuationsfrom theseaveragesTheintensityof segregation,definedas

A
lg= A8 (2.11)
Sa SB
is a measureof the importanceof the covarianceterms, s; appearingn (2.10). Thein-
tensity of segregationobeys theinequality Is > —1. Thereaction-ratecoeficient k' that
appearsn (2.10)canbe madenondimensionaih thefollowing way:

katB>Cc =St Kayp ,c. (2.12)

The nondimensionateaction-ratecoeficient is also calledthe “flux Damkbhler number’
We expectthe largestsegregationeffectsfor fastchemicalreactiongk > 1), andwe will
vary theflux Damkbhlernumberfrom zero(nonreactie case)to infinity. Thethreenondi-
mensionaleaction-rateoeficientsusedin caseAB1, AB2, andAB3 are0.2,1.0,and5.0
respectiely.

As in thenonreactie case for all reactive casenly two boundaryfluxesarenonzero.
Thesearethe constanfluxesof scalarsA andB into the boundarylayerwith valuesF, at
thebottomand—F, atthetop,respectiely. Theothertwo flux boundaryconditionsareput
to zero. The concentration®f scalarsA andB reacha steadystatedueto the presencef
thechemicalsink.

A ratherspecialcaseis AB oo, for which onedoesnot have to do a chemistryrun nor a
seriesof runsto approximatethe infinite reactionratelimit. Insteadwe candiagnosehe
A andB scalarfields for caseABoo from the BU andTD scalarfieldsin the nonreactie
case.As wasalsodoneby Schumann(1989),we may use|sgy — Srp| asa substitutefor
sa if sgu > stp (Ss is thensetto zero)andfor sg if sy < Srp (Sa is thensetto zero).
In otherwords,we canregardscalarsA andB asdiffusingfrom their respectie sourcesat
the bottomandtop of the CABL (without reacting)to a highly complex reactioninterface
of zerothickness.At onesideof this interfacesurfaceonly scalarB is presentandat the
othersideof this interfaceonly scalarA. To defendthe above outlinedprocedurdor case
AB oo, we shaw in appendixB thatthescalarsA andB becomeuncorrelatectthe smallest
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scalethatis resolhedin the LES modelwhenwe increasehereaction-rateoeficientfrom
moderateo infinite values. Correspondinglythe unresoled covariancecontribution will
becomengyligible for very high reaction-ratecoeficients(asit is for nonreactie scalars).

EachLESrunis startedwith a well-developedturbulentlayerandvaryinginitial scalar
profiles (alwayswith equaltotal amountsof both speciegpresentn the CABL). For cases
with a chemicaltimescalesmallerthanthe corvective timescalehe scalarccomecloseto a
steadystateafter several corvective turnovers(turbulentmixing beingthe limiting factor).
For slower chemistry the dimensionlesshemicaltimescalek—! determineghe numberof
requiredturnovers. The averagingprocesss not startedoeforeit hasbeenverifiedthatthe
scalarshave nearlyreachedheir steady-stat&alues(in caseBUTD the scalarswill reach
a quasi-steadwtatecharacterizedby a linearflux profile). Thenthe averagingtakesplace
usingeightconsecutie snapshotéwith atime separatiorof 0.25%,) duringanintegrationof
length2t,. Theonly exceptionto this proceduras caseABoo: we performthecalculations
for this caseonly onthefinal field of caseBUTD. Thereforethe profilesfor caseABoo are
somavhatlesssmooththanthe otherprofiles.

2.3 Scalarplume budgets

2.3.1 Basicequations

Firstly, we introducethe corvective massflux M:
M = paw" —w), (2.13)

with a the updraftareafraction,w" the updraftvelocity, andw the meanvertical velocity.
As statedbefore, we take the densityp = 1 kg m—2 andwe thereforedo not explicitly
includep in our equationselow.

We usethefollowing decompositiorof the scalarflux:

WS =a@ - mE -9+ 1-a)@ - -5 +aws” +(1—aws"
—ME - 4+ aws" + 1 - aws, (2.14)
asis doneby SiebesmandCuijpers(1995). Theindicesu andd indicatethattheaveraging
areasconsistof updraftsanddowndrafts,respectiely. In decompositiof2.14)we candis-
tinguishbetweemmass-flux(alsocalled“top-hat”) andsubplumecontributionsto the total

. d .
flux, andthe decompositioris exact. Thetermsw’s" andw's representluxesassoci-
atedwith subplumecorrelationof verticalvelocity andscalarquantitiesandaredefinedas

s = w w9 -9 andw's" = w — w)(s — ) .
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Usinga and M we canwrite the following mass-consertion equation,or continuity

equation:

oa oM

—=——+4+Em—-D 2.15

ot 97 + Em m, ( )
where,following Siebesmd1997),we have usedthe grosslateralmass-gchangeateskn,
andDp, alsocalledentrainmentinddetrainmentates respectiely (thetermsentrainment
anddetrainmentredefinedrelative to the updraft). Thesearedefinedas

1
Em=—— n-u-—udl (2.16)
A n-(u—u;)<0

l n-(u-—udl, (2.17)

Dm
A n-(u—u;j)>0

wherethe integrals are over specificsegmentsof all the interfacesbetweenupdraftsand
downdraftsin a horizontaldomain, A, n is an outward directedunit normalvectorat the
interface(outwardis definedrelative to theupdraft),u the3-D flow velocityfield andu; the
3-D interfacevelocity field. This formulationis generallyvalid for ary interface. Sincein
the caseof aninterfacebetweerupdraftsanddowndraftsw = w; = 0 theintegralscontain
only horizontalcontributions.

The exact updraftand downdraft scalarplume-tudgetequationscan be written, again
following Siebesmd&1997),as

das aMst 1 daw's’"
= + = n-u-—u)sdl —
ot 0z A Jinterface 0z
+ a(& + Sy subplume (2.18)
——d
3(1— a)s® amsd 1 31— ayw's
d-as _, - n-u—upsd - 22w
ot 9z A Jinterface 0z
+ (1 - a)(S + S, subplume- (2.19)

Theterm containingthe contourintegral representfateral-excchangeprocesseandthe last
termsin (2.18)and(2.19) correspondo sourcesandsinks,beingsubdvidedinto a plume
meananda subplumepart (to bediscussedbelow).

Below we will first discussvariousparameterizationfor the two typesof subplume
contributionsto the plume-hudgetequations Thisis followed by a discussiorof parametri-
zationsfor the contourintegral representindateral-ecchangeprocessesAt the endof this
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sectionwe will definethefive mass-fluxschemedor scalartransporthatarestudiedin this
chapterasdifferentcombinationf thevariousparameterizationgresentedbelow.

2.3.2 Subplumecontributions to the plume-budget equations

u —d
Subplumefluxesw’s’™ and w’s'

In the pastit hasbeenfoundby BusingerandOncley (1990)for thesurfacelayerandby
Young(1988a),SchumanrandMoeng(1991a) WyngaardandMoeng(1992),andde Laat
andDuynkerke (1998)for the CABL thatthetop-hatcontritutionto the flux, M (3" — 5%),
is aconstanfraction«,,s of thetotal flux, in formulaform:

ws ~ k- IMEY — 59, (2.20)

wSs

We cangive a theoreticalestimateof «,,s, asshovn by WyngaardandMoeng(1992),pro-
videdthatthejoint probabilitydensityfunction(pdf) P(w’, ') of verticalvelocityandscalar
fluctuationss a Gaussiariunction. In thatcasex,,s = 4/(27) = 0.64.

In themass-fluxschemedor scalartransportstudiedin this chapteithe subplumeluxes
aretreatedn threedifferentways. First, they canbeassumedo be zero:

W' = ws" =0. (2.21)

For a giventotal scalarflux anda given massflux this will resultin an overestimatiorof
@ —3% in (2.14)by afactor;cl;g, accordingto (2.20).

Second,the subplumefluxes can be assumedo be proportionalto the grossplume-
scaletop-hatcontritutionsMs" andM3s?, respectiely, asimplicitly doneby Randalletal.

(1992):

u 1—kws,,_

w's = —2Mg! (2.22)
aKys
et = - LT kus yed (2.23)
(1 — akws

In this parameterizatioit is assumedhatthe subplumedluxescanbe absorbednto thetop-
hatflux termsby usingx;2M insteadof M in (2.14). Egs.(2.22)and(2.23)areconsistent
with (2.20).

Third, we proposea new subplumefluxesparameterizatiotbasedon the resultsshovn
in Figs.2.4a,b(to bediscussedn section2.4). This new parameterizatiomakesuseof the
factthat purely bottom-updiffusing scalarsonly have a subplumeflux in the updraftand
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purelytop-davn diffusingscalaronly have asubplumeiux in thedowndraft. Accordingto
the superpositiorhypothesiof WyngaardandBrost(1984),ary nonreactie passie scalar
canbewritten asalinearcombinationof bottom-upandtop-davn diffusing scalarfields:

S = asgu + BSTD, (2.24)

wherethe scalarsBU and TD areassumedo have equalbut oppositeinput fluxesfor BU
atthe bottomof the CABL andfor TD atthetop of the CABL. If we assumejuasi-steady
conditions thefractionalcontributionsof bothcomponentfieldsto thetotal flux atacertain
height,ysu andyp, are

! (1_ Zl) : (2.25)
ol (1= 2) + 1812

Thenew subplume-flugsparameterizationeads:

yBu=1l—ym=

. 1-—
WS = ypu—— M - &) (2.26)
wSs
W = mﬂM(gu —39), (2.27)
(1 — ks

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

sourcesandsinksin the CABL, theflux profile candeviate from linearity andthe decom-
positionof the scalarfield in bottom-upandtop-davn componentss not strictly valid ary-

more. However, we will apply (2.26)and(2.27)alsoin our reactize casessincewe also
foundfor thesecaseghatbottom-upspecieshave subplumefluxesin the updraftonly and
top-dowvn speciedave subplumefluxesin thedowndraftonly.

i / /u d
Subplumecovariancess, s;  and s, Sg

In thesamemanneiaswedidin (2.14)for theflux, wewrite thefollowing decomposition
of the covariance:
% =2@' -mE' -+ L-a& - -»)
——u —d
+as,sy +(1-a)s, 55 - (2.28)
The first two termson the rhs togetherconstitutethe top-hatcontribution to the covari-

anceandthe last two termscontainthe subplumecovariances. Thesesubplumecovari-
ancesappeaiin theformulasfor the subplumecontributionsto chemicalsinksandsources,
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Su,subplume @Nd & subplume  The subplumecontributions are relevant only to sinks and
sourcesrelatedto second-ordechemicalreactions. In the two plume-hudgetequations
(2.18)and(2.19)thechemicalsink termsfor our type of reactive casedook asfollows:

S = —ks' g (2.29)

S = —ksad ¢ (2.30)

u

—k(sa —%a") (8 —sY) (2.31)

u
Su,subplume= —KSp S5

4 d
S, subplume= —KSp S5 = —k(SA - ﬁd) (SB - gd) . (2.32)

As we will shaw in this chapterthe subplumecontributionsto the total chemicalsinksand
sourcesaresubstantialsothey mustbe parameterized.

Wewill treatsubplumecovariancesn two waysin the mass-fluxsschemestudiedin this
chapter Firstly, we canassume&hemto be zero:

—Uu  ——d
S =S5, =0. (2.33)

For our reactive casesthe useof (2.33)will leadto underestimatinghe absolutevalue of
the intensityof segregationls (it will belessnegative) andconsequentlyo overestimating
themeanreactionrate,resultingin lower steady-stateoncentrationsf scalarsA andB.

Secondwe proposea new parameterizatiofor the subplumecovariancesdasedon the
resultsshavn in Fig. 2.7b (to be discussedn section2.5). Analogousto the fluxes, we
assumehatthetop-hatcontribution to thetotal covariances a constanfractionkag of the
total covariance:

% M [+ (1- s B¢ - S
g a
=Kap S,IASI/Btophat (2.34)
The valueof kag is approximately0.25: only 25% of the total covarianceis resohed by
the top-hatterm. The experimentalbackingfor this valueof kag is discussedxtensvely

in section2.5 (whereFig. 2.7bis discussedpand appendixA. We proposethe following
parameterizatiofor the subplumecovariancen the basisof thisresult:

1—kps—5—
S/AS/Btophat (2'35)

u
S\Sh, =
A8 2aKaB
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n% = 2(1 - a)kaB “A%Blophar (2:39)

limiting the valuesof S, sj - and%d on the negative sideto —53¥ 5% and—s3¢ Y,

respectiely. Egs.(2.35)and(2.36)aresimilarto (2.26)and(2.27)for thesubplumeiuxes,
exceptfor thefactthatin (2.35)and(2.36)it is assumedhatthecontributionsof theupdraft
and the downdraft subplumecovariancego the total covarianceare equal. This is why
the factor 2 appeardn the denominatorof (2.35) and (2.36). As saidin the above the
parameterizatioproposecdherefor the subplumecovarianceswill be defendedn the basis
of LES resultsin section2.5.

2.3.3 Lateral-exchangeterms

The contourintegral for the lateral scalarexchangeprocessesappearingn (2.18)and
(2.19),canbewritten asa sumof two terms:

1 n-u—uj)sd = (Em—Dm) S +a v . (2.37)
A interface
wheres' is the meanscalarvalue at the interfacebetweenupdraftsand downdrafts, a; is
the perimeter/areaatio of the updrafts,vr is shorthandfor n - (u — u;), andthe primes
denotefluctuationsrelative to the interfaceaverage which is denotedby the overbarwith
index i. Thefirst termontherhsof (2.37)is aninterface-scaléermandthe secondermis
asubinterfce-scaléerm.

In our mass-fluxschemedor scalartransportwe will usetwo parameterizationsf the
lateral-exchangeterms. Both parameterizationprovide a closurefor the rhsof (2.37)in
termsof the updraftanddowndraftquantitiess" ands®.

First, we follow ChatfieldandBrost(1987)andwrite

(Em — Dm)S +aivRs =rgs? —rys", (2.38)
with
oM
ry= max{—E, O} (2.39)
oM
rg = max{g, 0} . (2.40)

In this parameterizatioronly net adwection occursfrom one draft to the other (with the
direction dependingon the sign of dM/dz). This canbe regardedas a parameterization
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of theinterface-scaléateralexchangeonly, substitutings” ands® for s dependingpn the
directionof thenetmassexchange.

Second,we include the parameterizatiousedextensiely in cumulusschemege.g.,
ArakavaandSchubertl974;Tiedtke 1989):

(Em— Dm)S + & vis' = Ess® — D&, (2.41)

with Es and Ds being“scalarentrainment’and“scalardetrainment’quantities. Thediffer-

encebetween2.38)and(2.41)is that Es and Ds—providedthatthey areassignegositive
values—araelatedto grossexchange Es to advectionfrom downdraftto updraftand Ds

to simultaneousdwectionfrom updraftto downdraft. Thus,contraryto (2.38),(2.41)does
includea parameterizatiofor the subinterfice-scaléateral-ecchangeprocess.The plume-
budgetequationg2.18)and(2.19)now become

gas’  aMsv L daws"
ot~ ez Ess” - Des’ — +a(Su+ Susubplume  (2.42)
——d
(1 — a)s’ aMs 31— a)'s
oy B 4 Dt - AL WS
ot 0z 57
+A-a)(&+ Si,subplumé- (2_43)

As Young(1988b)and SchumanrandMoeng(1991b)did, we candetermine(Ess¢ —
DssY) asaresidualttermof either(2.42)or (2.43). However, it is alsopossibleto determine
uniqueprofilesof Es and Ds, providedthatwe imposesomeconstraint.It is corvenientto
impose asis implicitly doneby SiebesmandCuijpers(1995),

Substitutingthe continuity equation(2.15) in (2.42) and (2.43), and noting that we have
w = 0in ourLES, resultsin

oM aws" a3
s _gdy _sul" _ a2
Es(S" —5") =S 57 52 a ot + a(& + Sy subplumé (2.45)
D& §d)_§da|\/| N (1— a)yws’ ra a)agd
s oz 9z ot
— (1 —-a)(S + S,subpluma- (2.46)

We mustbe awarethatthe quantitiesEs and Ds definedby (2.41)and(2.44)arenot guar
anteedo be scalarindependentAlso, Es and Ds do not have to be positive. The closure
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Scheme Lateral-ecchangderms  Subplumefluxes Subplumecovariances

(Em — Dm)S + & v’Rs/i w's" andw's” svse’” andsa/ss’
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 chapternnew) this chapternew)
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 noref. (zero) no ref. (zero)
MF5  (2.38),(2.39),and(2.40) (2.22)and(2.23) (2.33)
CB87 RSM92 noref. (zero)

Table2.1: Compositionof mass-fluxschemedor scalartransportwith referenceto
equationsin this chapterand with referenceto correspondinditerature:
Chatfield and Brost 1987 (CB87), Randall et al. 1992 (RSM92), and
SiebesmandCuijpers1995(SC95).

assumption2.41), in combinationwith determiningEs and Ds from (2.45) and (2.46),
might evenleadto plume-tudgetequationghatdo not have stablesolutions(dueto nega-
tive Es and Ds). In sections2.4 and2.5we will determinethe behavior of Es and D for
differenttypesof scalardrom LES. Also we will specifytherewhich profilesof Es andDg
areusedin our mostcomprehensie mass-fluxschemdor scalarntransport.

2.3.4 Mass-fluxschemedor scalartransport

Now we have cometo the point wherewe can definethe mass-fluxschemeghat we
will evaluatein this study The mass-fluxschemesanbe consideredcascomposedf the
basicscalarplume-tudgetequations(2.18) and (2.19) with different permutationsof the
parametrizationpresentedn the abovefor the subplumefiuxes,the subplumecovariances,
andthelateral-ecchangderms.As saidbefore the mass-fluxschemesrerunin anoff-line
mode.

In Table2.1 we definefive mass-fluxschemegMF1 up to MF5) for transportof nonre-
active andreactive scalardn the CABL. Thecolumnpertainingto the subplumecovariance
parametrizatiors only relevantto thereactve casessofor the nonreactie caseBUTD we
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Figure2.1: Profilesof (a) bottom-updiffusing scalarBU and (b) top-davn diffusing
scalarTD, determinedrom LES; the steadydeviation from the bulk value
is plotted, calculatedby subtractingthe vertically integrated(and steadily
increasing)calarquantitiesfrom the vertical profiles. Mean, updraft,and
downdraftvaluesareshown.

effectively have four differentmass-fluxschemegfor this caseMF5 is identicalto MF3).
We usethe sameverticalgrid resolutionin the mass-fluxschemesisin the LES, namely66
layers.

Sincethe new proposalgor the parameterizationf subplumefluxesandsubplumeco-
variancesare basedon LES results(to be presentedn sections2.4 and2.5) andsincethe
parameterizationf lateralexchangeaccordingto SiebesmandCuijpers(1995)alsouses
LES resultsasinput, schemeMF1 hasthe closestresemblancéo the exact plume-tudget
equationsGoingdown thelist of schemedgsssophisticategarameterizationareusedfor
thethreecomponenprocesseandwe expectin generalthatthe performancewill become
worse(although,asit turnsout therecanbe “compensatingerrors” at play, resultingin a
betterperformancef arelatively simpleschemeomparedo arelatively comple< scheme).
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2.4 LES resultsfor nonreactive scalars

2.4.1 ScalarprofilesSgy andSrp

Updraft and downdraft profiles of bottom-upand top-davn diffusing scalarsBU and
TD, obtainedfrom the LES by way of conditional sampling(averagingover areaswith
respectiely positive and negative vertical velocities),are shavn in Figs.2.1a,b The BU
andTD scalarprofilesarein quasi-steadtate(with the gradientsnot changingin time),
sincethereis a constantinflux at eitherthe bottom or the top boundaryandthereis no
sink for eachof the two scalars. Thereforewe have subtractedhe (steadilyincreasing)
boundary-layeaveragedscalarvaluesfrom the profilesbeforeplotting themin Figs.2.1a,b,
respectiely.

A striking (but not perfect)symmetrybetweerbottom-upandtop-dovn transporimech-
anismsexists in the solid-lid CABL. For both scalarswe find countegradientfluxesnear
theirrespectie zero-fluxboundariesastrongeicountegradienflux nearthetop for theBU
scalaranda wealer countegradientflux nearthe bottomfor the TD scalar The counter
gradientfluxesof the scalarsaarecausedy the presencef relatively fastcoreswithin both
updraftsanddowndraftsthatquickly vertically transportghe scalarsghroughthe CABL. In
the entrainingCABL we do not find a countegradientflux of top-davn diffusing scalars,
sincethereis lessvertical symmetryin theentrainingCABL.

2.4.2 Fluxesw’sg, and w's;

Theflux profilesfor caseBUTD plottedin Figs.2.2a,barenearlylinear, which means
thatthe scalamprofilesin Figs.2.1a,barecloseto quasi-steadgtate.

In Figs. 2.3a,bthe ratios of the top-hatcontrikution to the total flux «,,s areshowvn for
bottom-upandtop-donn diffusingscalarsrespectiely. We find thatthetheoreticakstimate
(basedn Gaussiarassumptionsdf «,,s = 0.64holdsquitewell for theBU andTD scalars,
althoughthe BU scalarshavs a somevhatlower valueof «,,s nearthetop, wherethefluxes
becomesmall. A valueof 0.6 for «,,s wasalsofoundbeforeby BusingerandOncley (1990)
from measuremenis thesurfacelayerfor all stabilities,by SchumanrandMoeng(1991a)
andWyngaardandMoeng(1992)from LES of the clearandstratocumulus-toppeGABL,
and by de Laat and Duynkerke (1998) from measurementi the stratocumulus-topped
CABL. Forthesolid-lid CABL we do notfind the highervalueof ks for the TD scalarthat
wasfoundbeforeby WyngaardandMoeng(1992)for theentrainingCABL (whichis again
dueto thefactthattheentrainingCABL is lesssymmetricain thevertical).

In Figs. 2.4a,bthe LES resultsare showvn for the decompositiorof the total fluxesas
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Figure2.2: Fluxesof (a) bottom-updiffusingscalarsBU or A and(b) top-down diffus-
ing scalarsTD or B, determinedrom 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-dowvn diffusing scalarsTD or B, determined
from LES. The vertical lines indicatethe theoreticalvalue of 0.64 for a
Gaussianoint pdf P(w’, §').
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Figure2.4: Flux decompositioffior (a) bottom-updiffusingscalaBBU and(b) top-davn
diffusingscalarTD, determinedrom LES.

givenin (2.14).It turnsoutthatthe subplumeflux of scalaBU is locatedonly in theupdraft
andthatthesubplumélux of scalarTD is locatedonly in thedowndraft. This factwasused
in our subplume-fluxparameterizatior{2.26) and (2.27). Although Chatfieldand Brost
(1987)andHuntetal. (1988)referonly to updraftsandnotto downdraftswhendealingwith

subplumdluxes,ourresultthatthe subplumeflux of scalarTD is carriedalmostcompletely
by thedowndraftsshovstheimportanceof subdavndraftfluxesfor scalarfieldswhich have

a significanttop-davn component.This is alsoevidentin the resultspresentedn Young
(1988b)for theverticalvelocity budgetin the downdraftspresentn theentrainingCABL.

2.4.3 Lateral entrainment and detrainment rates Egy, Dgu, ETp, and
Dtp

ScalarentrainmentinddetrainmentatesEgy, Dgu, Etp, and Dtp determinedrom LES
using(2.45)and (2.46) areshown in Figs.2.5a,b The breakdaevn of closureassumption
(2.41) is evident from the large negative valuesof Es and Ds nearthe respectie zero-
flux boundarieg Egy and Dgy nearthe top, and Etp and Dtp nearthe bottom). Using
theseEs and Ds profilesin a mass-fluxschemewould give rise to unstablesolutions.The
causeof this problemis the fact that nearthe problematicboundarieshe subinterfice-
scalelateral-excchanggerm v’Rs’I givesriseto transporfrom the draft with thelower mean
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Figure2.5: Entrainmentanddetrainmentates,determinedrom LES caseBUTD for
(a) bottom-updiffusing scalarBU and(b) top-downn diffusingscalarTD.

scalarvalue to the draft with the higher meanscalarvalue. This is possibledue to the
presencef strongcountegradientfluxesnearthoseboundarieg@ndthe presencef smaller
eddieshatarenotrepresentedh theplume-hudgetequationsSincein theentrainingCABL

countegradienfluxesareonly foundfor bottom-updiffusingscalarsthis problemwouldin

therealatmospherenly occurfor purelybottom-updiffusingscalarsandwould beconfined
to thetop partof the CABL.

As said,if we try to modelthis procesawith (2.41),usingunchangedgrofilesof Es and
Ds, we inevitably getan unstablemass-fluxscheme Sincein practicewe do not dealwith
purely bottom-upandtop-down diffusing scalarfields we proposethe following practical
solutionto the problem. We will ensurepositiity by taking E = max(Egu, Etp) and
D = max(Dgy, D1p) andusethesescalarindependent and D insteadof Es and Ds in
mass-fluxschemeviF1.

2.5 LES resultsfor reactvescalars

2.5.1 Steady-statescalarvaluessa and Sg

Thesteady-statscalavaluesfor thereactive casesrelistedasboundary-layeaverages
in Table2.2. Asto beexpectedthesteady-statecalavaluesdecreasavith increasingeact-
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JEIN:) ﬁ dz
[ 5h iz
AB1 0.20 2.8 055 0.13 -0.34 0.18
AB2 1.0 1.8 1.8 0.32 -0.68 0.22
AB3 5.0 14 7.2 049 -0.90 0.23
ABoo o0 14 00 048 -1 0.25

Case Kk sa,s8 Da Daer Is

Table2.2: Dimensionlesgreaction-ratecoeficient (flux Damkbhler number)k, and
LES resultsfor bulk quantities: meansteady-stateoncentrationsa and
sg, turbulent Damkbhler numberDa;, effective Damkdhler numberDaes,
bulk intensity of segregation Is, and bulk ratio of top-hatcontribution to
total covariance.

ion-ratecoeficients. Thevariablethatultimatelydetermineshesteady-stateoncentrations
is the covariancetermﬂ in (2.10). A measuref theimportanceof this covarianceterm
ateachheightis theintensityof segregationls, definedin (2.11)andplottedin Fig. 2.6. We
find that Is becomesnorenegative for higherreaction-ratecoeficients, sloving down the
horizontallyaveragedeactionrateby asmuchas90% (comparedo the horizontallywell-
mixed assumption)n caseAB3. In Table2.2 we have alsogivenfor eachcasethe “bulk
intensity of segregation’ which representshe fractionalchangen bulk-averagedreaction
rate (comparedo the bulk well-mixed assumption).For the casesstudiedin this chapter
thebulk valueof |5 is for thelargestpartdeterminedy thehorizontalsegregationplottedin
Fig.2.6.In generalhowever, verticalseggregationmayalsogive animportantcontributionto
theboundary-layeaveragedseagregation. Concerninghe steady-stateoncentrationisted
in Table2.2, we mustbe aware that the steady-stateoncentratiorof 1.4s, for scalarsA
andB in caseABoo is basedon oneinstanteneou&ES field only (assaid before). Still
we expecttherealvalueto deviate not morethan0.05s, from this value,andwe therefore
concludethat the reaction-ratecoeficientk = 5.0 in caseAB3 is already“close” to the
infinite reaction-ratdimit.

The boundary-layelaveragedscalarvaluesfor the reactve casesshavn in Table 2.2
illustratethe limitation of chemicalreactionsdueto incompletemixing by corvectie tur-
bulence(cf. Beetsetal. 1996;Molemaler andVila-Guerawde Arellano 1998). We seethat
for increasindturbulentDamidhlernumber”(definedasDa = k sa/s,), whichis basedn
awell-mixedassumptionthe effective DamkbhlernumberdefinedasDae = (1 + |s) Da,
reachesfinite limit. Thusit canbeconcludedhatthecorvergenceof Istoitslimiting value
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Figure2.6: Intensitiesof seggregationfor bottom-upandtop-dowvn diffusing scalarsA
andB in casesAB1, AB2, andAB3.

of —1 exactly counteractghe increaseof Da; towardinfinity. The steady-stateoncentra-
tionsreacha limiting valueof 1.4s,, correspondindo an effective Damkbhler numberof
0.5. Thislimiting valueis determinedrom a manipulationof the scalarfields of the non-
reactive case,and no seriesof runswith increasingreaction-ratecoeficients needsto be
performed.MolemalerandVila-Guerawe Arellano(1998)usingdirectnumericalsimula-
tion (DNS) of acorvective boundarylayerinsteadof LES did performsucha seriesof runs
with their model. They found anasymptoticvaluefor the effective Damkbhler numberof
about0.8, 50% higherthanour result. The sourceof this large differenceprobablylies in
the muchlower RayleighnumberRa (andReynoldsnumberRe) usedin DNS comparedo
LES. In our LES RaandRe are several ordersof magnituddargerthanin their DNS and
arecloseto realatmospherivalues.Concerningheturbulentcontrolof chemicalreactions
foundhere,oneshouldbeawareof thefactthatwe herestudya specialchemistrycasewith

equalinputfluxesandequalboundary-layeaveragedconcentrationsA similareffectneeds
notbepresenin otherchemistrycases.

2.5.2 Fluxesw’s, and w'sg

In Figs.2.2a,balso,thefluxesof the bottom-upandtop-donvn scalarsA andB in there-
active casesareplotted. The equilibriumbetweerflux divergenceandchemicaldestruction
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Figure2.7: (a) Total covariancef reactize bottom-upandtop-davn diffusingscalars
A andB and (b) ratios of top-hatcontribution to total covariance,deter
minedfrom LES.

resultsin nonlinearflux profiles. Thefactthatthe shapeof theflux profilesof thetop-dovn
diffusing scalarsdiffers someavhat from that of the bottom-updiffusing scalarsindicates
thatin mostof the caseswe have not yet reachedan exact steadystate. However, since
we foundsmalltendencie$or theboundary-layeaveragecconcentrationsye considerthe
scalardo be closeenoughto steadystatefor the purpose®f this chapter The nonlinearity
of the flux profilesbecomesstrongerfor higherreactionrates. The flux profilesfor case
ABoo (notshown) arecloseto thoseof caseAB3. Justasthereexistsa minimumlimit on
the concentrationshereis a maximumlimit, for the specificcasesstudiedin this chapter
on the nonlinearityof the flux profilesfor higherandhigherreactionrates.In othercases,
for examplewith premixed emissiongpositive covariances)pr in casesvhereone of the
specieshasa muchhigherinitial concentratiorthanthe otherspecieqfor the sale of the
argumentkeepingthe fluxesfixed), the just-mentionedimits do not have to be presentand
the nonlinearityof the fluxescanbe larger thanin the casesstudiedin this chapter Pre-
liminary resultsfor othercaseswith largerflux divergencedeadusto expectthatthe main
resultsof this chapterapply moregenerally
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2.5.3 Covariances,sg

Figs.2.7a,bshaw profilesof thetotal covariancesg—sé andthefractionaltop-hatcontri-
butionkag = ﬂtophat/ﬂ, respectiely. In thelastcolumnof Table2.2the boundary-
layer averagedratios of top-hatcontribution to total covariance(weighedwith the covari-
anceat eachheight) are listed. Theseboundary-layeraveragedquantitiesare the ones
that shouldbe modeledcorrectly by the mass-fluxschemesn orderto reachthe correct
boundary-layeaveragedsteady-stateoncentrationsf scalarsA andB. The profile of the
total covarianceis not very sensitie to the changein reactionrate by a factorof 25 be-
tweencasesAB1 andAB3: ﬂ changedessthan50%. And alsoxag changedessthan
50%. CaseAB1 hasthe lowestkag, indicatingthat subplumecovarianceshecomeargest
for Da in theorderof 1. For nonreactingscalarshe covariancesy sy is smallestandthe
fractional contribution of the subplumecovariancess somevhatsmallerthanfor reactve
scalargnotshawn). In appendixA we shav thatiy2 =0.25+ 0.10for all typesof scalardn
thesolid-lid CABL. In the parameterizatiofor the subplumecovarianceg2.35)and(2.36)
in scheme&F1to MF3 wewill usexag = 0.25.Onthebasisof experimentsn theentrain-
ing CABL Young(1988ajfindsvaluesof ky¢ (thefractionaltop-hatcontributionto thetotal
potentialtemperatureariance)n thesurfacelayerandlower mixedlayerthatlie within the
statedrange. Also LES resultsfor a casein the entrainingCABL (hot showvn; this caseis
alsobasedon simulatinga steadystatein the CABL with equalbulk quantitiesof reactve
bottom-upandtop-dovn diffusingscalarsonfirmthatonecanextrapolatethe resultto the
surfacelayer andlower mixed layer of the entrainingCABL. The top-hatformulafor the
covariance however, breaksdown for reactionsthat mainly take placein the entrainment
zone.We anticipatethat suchconditionsdo not oftenoccurin reality. In future studieswe
will assessheimportanceof this problemfor realisticcasesn atmospherichemistry

In orderto assesshe assumptiormadein (2.35) and (2.36) that the subplumecovari-
ancesare equalfor updraftsand downdrafts,we have plottedin Fig. 2.8 the termsof the
covariancedecompositiorgivenin (2.34). Only onecase(AB2) is shavn; the othercases
givesimilarresults.Apparentlythesutupdraftandsubdavndraftcontributionsarenotequal
ateachheight,asassumedn our subplumecovariancegparameterizatiorhut comparedo
thelarge differencegoundfor the subplumecontritutionsto thefluxes,the subplumecon-
tributionsto the covariancearerelatively closeto eachotherin size. We expectthatthe dif-
ferencegdo not have a large influenceon the performanceof the mass-fluxschemessince
the chemicalsinksandsourcesarerelatively smalltermsin (2.18)and(2.19) (not shavn)
andareonly importantin the boundary-layeraveragedoudget,in which they balancethe
inputtermsfrom the boundaryfluxes.

Complementaryo our updraft—devndraftanalysesof %, we have alsoinvestigated
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Figure2.8: Covariancedecompositiorior bottom-upandtop-dovn diffusingscalarsA
andB in caseAB2, determinedrom LES. Shovn aretotal resoled co-
variance top-hatcontribution, subupdraftcontribution, and subdavndraft
contribution.

thebehavior of s, s; for thedifferentcasesn spectraspace(seeappendixB).

2.5.4 Lateral entrainment and detrainment rates Ea, Da, Eg, and Dg

For the profilesof Ea, Da, Eg, and Dg (not shawvn) we find similar resultsas for
Egu, Deu, Etp, and Dtp, respectiely (showvn in Figs. 2.5a,b). The only differenceis
that nearthe zero-flux boundarieghe profiles do not becomenegative but only become
zero.Thisis dueto thefactthatthelargechemicalsink termnearbothboundariegprevents
strongcountegradientfluxesfrom occuring(seeFigs. 2.10a,bfor typical LES profiles of
scalarsA andB, respectiely). Neverthelesswe will alsouseE = maxEgy, Etp) and
D = max(Dgy, Dp) in schemeéViF1 for thereactie cases.
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Figure2.9: Mean quasi-steadyrofiles of (a) bottom-updiffusing scalarBU and (b)
top-down diffusingscalarTD in nonreactie caseBUTD, modeledby four
mass-fluxschemesand comparedo LES. The steadydeviation from the
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2.6 Resultsof mass-fluxschemes

2.6.1 Non-reactive caseBUTD

The quasi-steadyesultsof four mass-fluxschemesre shovn in Figs. 2.9a,b(for this
caseschemeMF5 is identicalto schemeMF3). The LES resultsare also plotted. The
effect of usingthe new subplume-flues parameterizatior{2.26) and (2.27) is a change
in the gradientin the bulk of the CABL to a (stronger)countegradientprofile. The two
schemesontainingthe new subplume-flues parameterizatiorischemesvF1 and MF2)
modelgradientsn thebulk of the CABL thatarecloserto the LES resultsthanthemodeled
gradientsy the othertwo schemes.

Adding subinterfice-scaldateral exchange(schemeMF1 comparedo schemeMF2)
resultsin larger scalarvaluesnearthe influx boundarief the scalargmorein agreement
with LES) and a correspondinglecreasef scalarvaluesin the bulk of the CABL. The
behaior neartheinflux boundariess comparabldor threeof thescheme¢MF1, MF3, and
MF4) andis closerto LES for theseschemeshanfor schemeviF2.

Thediscrepanciebetweerall mass-fluxsschemesndLES nearthezero-fluxboundaries
aredueto the two differentclosureassumptionstudied,(2.38) and (2.41). However, as
said before,we canarguethat for realistic scalarfields consistingof both bottom-upand
top-down parts,the problemsnearthe zero-fluxboundariedor the purely bottom-upand
top-dowvn diffusingscalarsaremitigated.

Although noneof the schemesnatcheghe LES results,we canconcludethatthe most
comprehensie schemgMF1) thatis closestto the exactplume-hudgetequationgivesthe
bestoverall performancef the schemegonsidered.

2.6.2 ReactivecasesAB1, AB2, and AB3

In Table 2.3 the boundary-layeaveragedsteady-stateesultsfor the reactive casesare
listedfor all five mass-fluxschemesWe have addedtheresultsfor a simplebulk boundary-
layer schemewithout covarianceparameterizationwhich is alsoindicative for the results
of nonlocalscalartransportschemesvithout (implicit) covarianceparameterizationFrom
Table2.3it becomeglearthatschemedIF1 throughMF3 have asimilargoodperformance
for theboundary-layeaveragedesults.Thesearethethreemass-fluxschemeshatinclude
thesubplume-cwearianceparameterizatio(2.35)and(2.36). SchemeéviF4 performsworse
but still givesa muchimproved performance&eomparedo the bulk schemegdueto the fact
thattheupdraft—devndraftscalardifferences" — 9% is erroneoushoverestimatedby afac-
tor K;_;}. Finally, schemeMF5 doesnot give muchimprovementin performanceeompared



50 CHAPTER 2. MASS-FLUX CHARACTERISTICS OF REACTIVE SCALARS

Case LES BULK MF1 MF2 MF3 MF4 MF5
ABl1 276 224 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-stateoncentrationsf scalarsA andB (theseareequal),
determinedrom LES andmodeledby five mass-fluxschemeslin braclets
therelative deviation from the LES valueis given. For comparisorwe have
alsoincludedthe resultsof a bulk boundary-layeschemewithout covari-
anceparameterizatiofBULK).

to thebulk scheme.

For caseAB2, Figs. 2.10a,bshown the scalarprofiles modeledby the five mass-flux
schemesn comparisorto the LES results. As in the nonreactie caseBUTD the profiles
modeledby schemeMF1 areclosestto the LES profilesnearthe influx boundaries And,
alsoasin caseBUTD, the effect of including subplumefluxes explicitly is a significant
changeof thegradientin the bulk of the CABL.

The subplume-cwariancesparameterizations the determiningfactor for the perfor
manceof the mass-fluxschemesn the reactve cases. Thereforewe have plottedin Fig.
2.11the profilesof the intensity of segregation Is for caseAB2. Comparedo the profiles
of Is modeledby scheme®F4 andMF5, the profilesmodeledby schemeddF1, MF2, and
MF3 arerelatively closeto LES.

Dueto thefactthatthesubplume-cearianceparameterizatiohasthelargestimpacton
the boundary-layeeveragedsteady-stateoncentrationghe otherdifferencebetweerthe
mass-fluxschemesreirrelevantfrom the bulk point of view. However, in the studiedcases
we have prescribedhe fluxesat the bottomandtop. For a correctinteractive modelingof
the emission(deposition)at the surfaceandscalarentrainmen{detrainmentfluxesat the
topit is alsoimportantto correctlymodelscalamprofilesnearthe bottomandtop boundaries
of the CABL.
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Figure2.10: Meansteady-statprofilesof (a) bottom-updiffusingscalarA and(b) top-
down diffusingscalarB in reactive caseAB2, modeledby five mass-flux
schemesindcomparedo LES.

1.0

0.8

0.6

NC
~
N

0.4

0.2

0.0 | \“.‘“‘ — N\
-10 -08 -06 -04 -0.2 0.0

s

Figure2.11: Intensityof segregationfor bottom-upandtop-down diffusing scalarsA
andB in caseAB2, modeledby five mass-fluxschemesandcomparedo
LES. Theline stylesareasin Fig. 2.10.
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2.7 Summary and discussion

In this chapterwe have studiedthe mass-fluxcharacteristicef scalartransportin the
CABL. We have explicitly evaluateddifferentparameterizationfor componenprocesses
thatcanbeincludedin mass-fluxschemedgor transporiof nonreactre andreactie scalars.
Thebestperformances obtainedwith the mass-fluxschemeshatis nearlyidenticalto the
exactscalamplume-hudgetequations.

We have shavn thata subplume-fluesparameterizatiobasednthedifferentbehaiors
of bottom-upandtop-down diffusingscalards bestableto modelthegradientof bottom-up
andtop-dowvn diffusing scalardgn the bulk of the CABL. Furthermorewe have shovn that
for anadequatenodelingof the lateral-ecchangeprocessebetweerplumesonealsohasto
take into accounthesubinterfce-scaléateral-exchanggrocessesMass-fluxschemeviF3
givesa satishctory performancen modelingthe boundary-layeaveragedconcentrations
of reactie scalarsthe slightly more sophisticatedschemeMF2 performsworse,andthe
mostsophisticatedschemeMF1 givesthe bestperformance.However, we think that the
improvementgainedin schemeMF1 is not worth the increasen compleity. We advice
using schemeMF3, in which the lateral-ecchangeterms are parameterizedccordingto
(2.38)—(2.40pndthe subplumédluxesareparameterizedccordingo (2.22)and(2.23).

For reactive scalarsinvolvedin a binary reaction(eitherasa reactantor asa reaction
product)with moderateor fastreactionratesrelative to the corvective timescale mass-flux
schemeoffer the advantageof intrinsically modelingthe covariancesof reactants. This
gives a 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 causedoy subplumecovariancesandthe remaing
25%is representetby the top-hatapproximation).We have usedthis resultin threeof the
five mass-fluxschemestudiedandit turnedoutto be the determiningcomponenprocess
parameterizatiofior correctlymodelingthe boundary-layeaveragedsteady-stateoncen-
trations. In typical reactionschemedor atmospherichemistrymary importantreactions
are moderatelyfast or fastcomparedo the corvective timescale(like the NO + Os and
CsHg + OH reactions).However, at presentt is not clearwhetheror not the segregation
of chemicalspeciesdueto corvectionis animportanteffect that hasto be parameterized
in large-scaleatmospherichemistrymodels. The useof the top-hatapproximatiorfor the
covarianceandtheparameterizatiofor thesubplumecovarianceshatwe proposehere,can
helpin assessinghe importanceof the effect. The uncertaintyof about40% in the value
of kap (thefractionaltop-hatcontributionto thetotal covariance)s acceptablén thislight.
Theprimaryconcernis to modelmoreaccuratesffective reactionratesin large-scaleatmo-
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sphericchemistry—transpornodelsthanis currentlythe case. The effective reactionrates
modeledwith mass-fluxschemeghatinclude the subplumecovariancegparameterization
are more accuratethan the meanreactionratescalculatedwithout this parameterization,
evenwith thelargeuncertaintyin kag.

One must be aware that one can not directly include the mass-fluxschemeMF3 in
large-scaleatmospherianodels. In this chapterwe have prescribedhe profilesrelatedto
boundary-layedynamicghatareneededo drive the mass-fluxschemegi.e., themasdlux
andthe updraftareafraction, or, equialently, the secondandthird momentsof the turbu-
lent verticalvelocity; seeappendixC). In practicenot all of thesedynamicalquantitiesare
availablein large-scaletmospherienodels,andit mustberecognizedhatit is notyetclear
whetheraddingthemto the modelswill leadto a scalartransportschemehatis at leastas
accurateandrobustasthe schemeshatarecurrentlyusedfor scalartransporin the CABL.
In future studieswe will addresghisissue.






Chapter 3

A first-order closure for
covariancesand fluxesof reactve
speciean the cornvective boundary

layer*

*The materialcontainedn this chapterhasbeenacceptedor publicationin Journal of Applied Meteoblogy,
with A. A. M. Holtslagasco-author
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Abstract

Covariancesand fluxesof reactivespeciedn the clear corvectiveatmospheridound-
ary layer (CABL) are studiedand parameterized Thecovariancesresultfrom correlations
betweerreactivespecies. Thesemay havea significantinfluenceon the modelledreac-
tion ratesin atmosphericchemistrymodels,but are usually negglected. To facilitate the
representatiorof covarianceeffectsin large-scaleatmospherichemistrymodels we have
developeda new first-order closure for covariances. Theclosuee is basedon top-hatdis-
tributionsasis commonin mass-fluxsschemes.In addition we utilize an existing nonlocal
first-order closure expressiorfor theflux, which representghe combinecdeffectsof gradient
mixing and nonlocal corvectivemixing We showhow the latter also includesthe impact
of chemistryon the nonlocalflux contribution. Theimpactof the closutesis illustratedfirst
for artificial, simplechemistrycasesTheresultsare evaluatedusinglarge-eddysimulation
(LES).By comparingresultsfor the entraining and solid-lid CABL it is establishedhatthe
covarianceclosure workssatisfactorilyawayfromtheinversion. Subsequentjyhe closuies
are evaluatedagainstLESfor a photodhemicalcasewith 10 reactionsnvolving6 modelled
speciesTheaccuracyofthemodelledcovariancess foundto bewithin a factor of 2, which
is suficientto improvethe modelledconcentations.
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3.1 Intr oduction

The turbulent mixing of fastreactingchemicalspeciesin the clear corvective atmo-
sphericboundarylayer (CABL)—here“fast” is takenrelative to the turbulenttimescale—
hasbeenknown for quite sometime now to requirespecialtreatmentin large-scaleatmo-
sphericchemistrymodels(e.g.,Lamb1973).An importantaspecof theturbulenttransport—
chemistryproblemis the factthat reactize speciesare not alwayswell-mixed dueto short
chemicaltimescalesssociatedvith certainimportantreactions—shortehanor compara-
ble to the corvective mixing timescalgseeVila-Gueraude ArellanoandLelieveld 1998for
aprecisedefinitionof chemicaltimescales).

Reactingspeciesconcentrationgan be (anti-)correlated. The correlationsare repre-
sentedin the expressiondor the meanchemicalreactionratesby covarianceterms,and
canhave a significantimpacton theserates(e.g.,DonaldsonandHilst 1972; Bilger 1978;
Schumanri989;Krol etal. 1999). Covarianceeffectsrelatedto corvective boundary-layer
mixing canhave impactson large-scalespeciedudgets.However, at presenno estimateof
large-scalecovarianceeffectsexists. This is mostly dueto the factthatthereis no simple
covarianceparameterizatiomvailable that can readily be includedin large-scalemodels.
This chapteraimsto fill this gap. Futurestudiescanusethe covarianceparameterization
proposedereto performlarge-scaleassessments.

We developafirst-orderclosurefor thecovariancewhichis supportedvith anargument
baseddnthestudyof mass-fluxcharacteristicsf reactive speciesn the CABL in chapter2.
The closuremustbe simple, i.e., first order, sincefor more complex higherorderclosures
(e.g.,Sykesetal. 1994;Ververetal. 1997)too mary prognosticvariableswould have to be
addedto large-scalemodels. The proposedclosurecanreadily be includedin large-scale
models.

The parameterizatioraims to representll contributionsto the turbulent and chemi-
cal productionof covariances:from the smallestscale(millimeters)to the largestturbu-
lent scales(several kilometers),assuminguniform emissionsof emitted species. These
turbulence-relatectovariancesaddto the covariancesdueto nonuniformemissionge.g.,
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Sillman et al. 1990; Krol et al. 1999), taken togetherthey representhe total covariance.
The covariancesdue to nonuniformemissionsshouldbe parameterizedeparatelysince
the scalingbehaior of the covariancesdependson the scaleson which heterogeneityis
presenin the emissions.The parameterizationf covarianceeffectsrelatedto nonuniform
emissionglesere separatestudyandarenot treatedn this chapter

The fluxesof chemicallyreactive speciesare modeledwith the first-orderflux closure
given by Cuijpersand Holtslag (1998). This closurerepresentshe combinedeffects of
gradientmixing andnonlocalconvective mixing. We malke visible how the effect of mean
chemicalsourcesandsinksonthenonlocalpartof theflux is includedin this closure.How-
ever, the influenceof chemicalhigherordermomentson the flux throughthe flux budget
(e.g.,Fitzjarrald and Lenschav 1983; Hambal1993; Sykeset al. 1994; Gao and Wesely
1994; Galmariniet al. 1997a;Verver etal. 1997)is not includedin the flux closure. Our
approachis to treatspeciesfor which the chemicaltermsin the flux budgetare dominant
asnontransportedpeciesj.e., speciesvhoseconcentratiorbudgetcanbe adequatelyde-
scribedby consideringonly local chemicalproductionanddestruction.

Besidesstudying simple bimolecularchemistrywe put emphasison daytime photo-
chemistryin the CABL (covarianceeffects were found by Galmariniet al. 1997bto be
typically lessthan1% for a nighttimechemistrycase) We useresultsfrom large-eddysim-
ulation (LES) of the CABL to evaluatethe covarianceandflux closuresn eithercase.The
closuresareincludedin a one-dimensiona|1l-D) modeldrivenby averagevertical profiles
for the dynamicsobtainedfrom the LES. Two LES-with-chemistryruns,one presentedn
chapter2 andanothersimilarto theonepresentedby Krol etal. (1999),areused aswell as
onenew LES-with-chemistryrun specificallyperformedfor this study Togethertheseruns
cover nearlyall typesof atmospherid_ES caseswith chemistryreportedin the literature.
Thesearethe casegublishedby Schumanr{1989),Sykesetal. (1994),Beetsetal. (1996),
Molemaler and Vila-Gueraude Arellano (1998), Peterseret al. (1999, chapter2 of this
dissertation)andKrol et al. (1999, their uniform-emissiorcase). As a referencecasewe
alsoinvestigatehebehaior of nonreactie bottom-upandtop-down diffusingscalarfields.

Thetheoryandbackgrounddf covarianceds discussedn section3.2. The first-order
covarianceandflux closuresandthedifferentl-D modelversionsstudiedin this chapterare
introducedn section3.3. Simplechemicalcaseginvolving theirreversible binaryreaction
A + B — C) areusedto illustrate the effectsof the covarianceparameterizatiomndthe
nonlocalflux termin section3.4. In section3.5the photochemistrycaseis studiedandthe
closuresare evaluatedfor this case. Finally, in section3.6, the resultsof this chapterare
summarizednddiscussed.
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3.2 Theory and background

The problemof representingitmospheridoundarylayer transportand chemicalreac-
tionsin large-scalanodelsis mathematicallydescribedy thebudgetequatiorfor themean
concentrationwhich reads

o dw's

Bt oz
wherehorizontalhomogeneityandzeromeanvertical velocity have beenassumedor sim-
plicity. We will give a brief review of the covariancetermsthat form part of the mean
chemicalreactionrateterm R; (for a more extensve review, seeVila-Gueraule Arellano
andLelieveld 1998). In this studywe limit oursehesto first- and second-ordereactions.
For second-ordereactions covariancesof speciesoccurin theterm R; in (3.1). For ex-
ample,for the simpleirreversible,binaryreactionA + B — C themeanreactionrateata
certainheightis givenby

+ R, (3.1)

Ra=Rs=-kAB=—-k(A+A)B+B)=—-k(AB+AB), (3.2)

wherek is thereactionratecoeficientandA andB arespeciesoncentrationsTheoverbars
denotehorizontalaveragingandtheprimedquantitiesepresentleviationsfrom theaverage.
Inclusion of covariancetermslike A’B’ either slows down (if the termsare negative) or
speedsip (if thetermsare positive) modeledreactionratesfor binaryreactionscompared
to estimatedasedn meanconcentrations.

Following LambandSeinfeld(1973)we write R; in thegenerakaseas

M N
R = Z NimKm H(§ + §,)hm, (3.3)
m=1 n=1

in which nim, is the stoichiometriccoeficient for species in reactionm, ky, is thereaction
ratecoeficientfor reactionm, andBnm is thereactionorderof speciesh in reactionm. M is
thetotal numberof reactionsand N is total numberof species!f acovariancefor a certain
reactionin (3.3) is negative the involved speciesare saidto be “segregated. Segregation
canbe partial, andis quantifiedusingthe quantity“intensity of segregation” (this canalso
be positive andthenrepresentshe degreeof “premixedness”) Theintensityof segregation
(Is)i; for thereactive coupleof species and j ata certainheightis definedasg/@ﬁ),
andis boundedon the negative side by the valueof —1 (total segregationof the species)
andunboundedan the positive side (the valuegoesto infinity for premixedspeciesemitted
from a point sourceif the backgrounctoncentrationsrezero)?!

IThefactthatin principle theintensityof seyregationcango to infinity will be proved here. Theintensityof
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The possibleimpact of covarianceeffects relatedto corvective boundary-layemix-
ing on large-scalespeciedudgetscanbeillustratedfor the following two importantatmo-
sphericoxidationreactions:

OH + RH — HO; + products
and
OH 4+ NOy; — HNOs,

whereRH is a generichydrocarbonlsoprenes animportantexamplefor our study since
the chemicaltimescalefor the breakdevn of this hydrocarbonis comparableo the con-
vective mixing timescale(covarianceeffectsfor the OH + isoprenereactionwere studied
by Davis 1992). For conditionswherereactionswith hydrocarbongonstituteanimportant
sinkfor OH, thespecie€OH andRH will bestronglyanticorrelatedin casesvhereRH and
NO, arecorrelatedfor exampleif they both have upward fluxes)OH andNO; will typi-
cally alsobe anticorrelated Due to the presencef (anti-)correlationghe local budgetsof
RH andNOy (= NO + NO») arealtered sincethe mentionedxidationreactiongepresent
majorsinksof RH andNOy. If patternsof (anti-)correlationextendover largerareasalso
large-scaldbudgetsareaffectedby covariances.

It is usefulto make adistinctionbetweerthe“horizontal” andthe“v ertical” bulk covari-
ance,which aredefinedhere. Proceedingrom horizontally averagedcovariancedowards
volume-areragectovariancesye write (A/B’)—notethatthe primesheredenotedeviations
from the volumeaverage—ashe sumof the boundary-layeaveraged‘horizontal bulk co-
variance”and"v erticalbulk covariance”:

(A’B’) = (A’B’) + (A’B’) (3.4)

hor vert’

sgyregationata certainheightcanbewritten as

}—}\ Ia g’s} dA
1 1 ’
in which A is the fixed horizontalareaover which averagingtakes place. Now supposingve concentrateertain
amountsof both speciesn aninfinitesimally small volume (occupying aninfinitesimally small areaat a certain
height),thenumeratomill beinfinite andthedenominatowill have afinite value(thedenominators independent
of the speciedistribution). The factthatthe numeratoi(the covariance)goesto infinity if the speciesareconcen-
tratedin aninfinitesimally smallvolumecanbe proved by way of the following argument.Supposehatthe small
areain whichthespeciesareconcentratedtacertainheightis proportionato € andthattheconcentrationsnthis
smallareaareproportionalto e ~1. The productof concentrationss thenproportionalto ¢ ~2, but this productis

still “located” in the samesmallareathatis proportionalto €. Hencethe numeratoiis proportionalto ¢ ~1, which
doesgoto infinity if € 0. Notethatin this agumentwe keepthe total amountof both speciesn areaA fixed.

(I9)ij =
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with
o’/ 1 4
(AB)horEZ—i/O A'B’ dz (3.5)
1[4 ___
(A’B’)VenE;/O ABdz— (A) (B). (3.6)
|

Likewisewe defineanddecomposéhebulk intensityof segregation, I total = Ishor+ Is vert;
with

_(A/B/)hor

I'shor = A) (B) 3.7)
_(A/B/)vert

|svert=7<A) B) - (3.8)

The vertical bulk covarianceis relatedto vertical meangradientsandcanbe resohed by
choosinga vertical resolutionthat is fine enoughto resole the gradients,provided that
one can model the gradientscorrectly The horizontalbulk covarianceis unresohed in
large-scalemodelsdueto computationakonstraints. Of course,thereare computational
contraintson the vertical resolutiontoo, but the horizontalresolutionneededto resole
covarianceghataredueto corvectionin the CABL will not bereachedor mary yearsin
thefuture.

The modelingof (horizontal) covariancesmay startfrom the budgetequationfor the
covariances's; atacertainheight(in zeromeanflow),

83’5]_ —— 05

S _gis _dwss 08 0

— s -w's ———-————-2D— — +Rj, 3.9
ot~ %z Y%z T Tz 0z oz TN (3:9)

with D theFickiandiffusioncoeficient. Thereactve term Rjj canbewrittenin thefollow-

ing compactorm;

M N

Rj =Y nimkm (5 +5)) [ [ & + sp)fom. (3.10)
m=1 n=1

Thefirst two termson therhs of the covariancebudget(3.9) represengradientproduction,

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

lastterm chemicalproductionor destruction.The moleculardiffusiontermis smallin the

CABL andcanbeneglected.
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Differentmodelingstratgiesfor the covarianceshave beenproposedn the literature.
Thefirst articleson therole andthe parameterizatioof covariancesn atmospherichem-
istry modelingappearedn the 1970s. The budgetequation(3.9) was closedin different
ways. For example,on the one hand,Donaldsonand Hilst (1972),focussingon reactive
plumes,neglectedthe gradientproductionandthe turbulent transportterms, leaving only
Rij ontherhsof (3.9)—inwhich subsequentlthethird-ordermomentsvereneglected.On
the otherhand,Lamb (1973)neglectedthe chemicalterm R;j andonly consideredjradient
productionandturbulent transporteffects on (co-)variancegusing mixing-lengththeory).
Bilger (1978)retainedboththe gradientproduction the turbulenttransportandthe chemi-
caltermsin (3.9). His stratgy wasto let turbulenceproducefluctuationsof relatively slowvly
reactingspeciesandlet chemistryproducefluctuationsof relatively fastreactingspecies.
We will usea similar separation—betweemansportecand nontranportedgpecies—irour
parameterizatiorgsis describedn the next section.

To substantiat@ur claim that currentlyno applicableparameterizatioffior covariances
in large-scalenodelsexistsin theliterature we herediscusssomeclassificationgndparam-
eterizationghathave beenpresentedbefore. Classification®f reactionghatarediffusion-
limited have beengivenby, e.g.,DonaldsonandHilst (1972)and Stockwell(1995). How-
ever, theseclassificationgdealwith the moleculardiffusion—chemistryprobleminsteadof
the turbulent transport—chemistryproblem. The applicationof classificationsbasedon
the moleculardiffusion problemto the turbulent CABL is problematic. For the turbulent
transport—chemistrproblemthe useof simpebulk parameterizationeasbeensuggested
by, e.g., ThuburnandTan (1997)andMolemalerandVila-Gueraude Arellano(1998).0One
proposal(Molemaler andVila-Gueraude Arellano 1998)is to generatdook-up tablesof
covarianceeffectsfor all relevantarchetype®f reactive casesHowever, it is not clearhow
this approactshouldbe worked out (which casedo select,how mary differentcasesare
neededetc.),norhow accuratet canbe. For completenesse mentiontwo othermodelap-
proachesere,full second-ordeclosuremodelsthatincorporatecovarianceghrough(3.9)
(Sykesetal. 1994;Veneretal. 1997)andLagrangiarmodels(Croneetal. 1999).However,
theseapproache$or calculatingcovariancesaretoo complex to beincludedin large-scale
models.
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3.3 First-order closures

3.3.1 Covariances

Our approacho obtainthe covariancess a diagnostioone,usinga mass-fluxargument.
Mass-fluxschemege.g.,ChatfieldandBrost1987)arehigherorderclosureschemesn the
sensehatthey canbewritten in termsof two prognosticequationspnefor the meancon-
centratiorandonefor theflux. Mass-fluxschemesiseanupdraft—davndraftdecomposition
for the atmospheridoundarylayer andare usuallyformulatedin termsof two prognostic
variablesupdraftconcentratioranddowndraftconcentrationfor eachspeciegseechapter
2). Themeanconcentratiorandtheflux canbewritten asfunctionof updraftanddowndraft
concentrationssfollows:

§=a5'+(1-a§" (3.11)

vy =000 (50— 59), (3.12)

in whicha is theupdraftareafraction,theindicesu andd denotethatthehorizontalaverag-
ing is doneoverupdraftsanddowndrafts respectrely, M isthemasdlux in theatmospheric
boundarylayer, M = ap(w" — w), andp is the density The meanvertical velocity w is
typically smallandwill beneglectedin thefollowing. The parametekg in (3.12)typically
varieswith the speciesandwith height. The mass-fluxapproximationemployed hereas-
sumeghatxg is aconstanequatto 0.64,whichfollowsfrom boththeoreticakonsiderations
(WyngaardandMoeng1992),experimentalevidence(Young1988a;BusingerandOncley
1990;de LaatandDuynkerke 1998),andLES results(SchumanrandMoeng1991a;Wyn-
gaardandMoeng1992;chapter2 of this dissertation)Notethat(3.11)and(3.12)arevalid
for bothnonreactie andreactize species.

For the surfacelayer and mixed layer of the dry CABL, we proposedn chapter2 the
following estimatefor the covariance:

— 1
55 = = [as's*+a-as's - 55 (3.13)

with k1 aspeciesandheightdependenparameterheretakento beaconstanequalto 0.25.
This value of k1 is justifiedin chapter2, consideringseveral cases.Expression(3.13)is
analogougo the top-hatformulafor the variancederived by Randallet al. (1992),the dif-
ferencebeingthatwe take the empiricallydeterminedactork; into account.Theaccurag
of the estimateof x1 wasreportedn chapter2 to beabout40%, reflectingthe scalardepen-
denceof (3.13). Evenwith this relatively low accuray it is guaranteedor the givenvalue
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of k1 thattheinclusionof (3.13)in the R termin (3.1) leadsto animprovedestimateof R;,
asfarascovarianceeffectsareconcerned.

In orderto use(3.13)to determinethe covariance we needthe updraftand downdraft
concentration®f the reactingspecies. To obtain expressiongor updraftand downdraft
concentrationsve invert(3.11)and(3.12),yielding

v - d—-—ako—=
_ / 3.14
(M/p) wS (3-14)
=d _o @Ko 7
= _ 3 3.15
5 (M/p) v8 (3.19)

Substituting(3.14)and(3.15)in (3.13),andusing(M/p) = % ko ow (SeeappendixC) we
arrive at

s) = L%’ w’sj 3.16
%/ ] =@ 01% ’ ( . )
where
depa(l—a
o= Hoald-a) o4 (3.17)

K1

We have useda = 0.5in the approximatingstepin (3.17). The error associatedvith this
approximationis smallerthan 10% in the mixed layer, sincetheretypically 0.35 < a <
0.5;in the surfacelayera is closeto 0.5 (seeYoung1988a;SchumanrandMoeng1991a;
Nieuwstadtetal. 1993).

Testswith LES dataleadsto the conclusionthat (3.16)is valid for all species—ifone
substituteghe fluxestaken from LES. However, in modelsthat use a first-order closure
for the flux—which do not include the chemicalhigherordermomentsthat appeatin the
flux budget(discussedelon)—the fluxesof reactive specieswith a very shortlifetime (in
the order of secondskannotbe accuratelymodeled. This is dueto the importanceof the
chemicalhigherordermomentsn the flux budgetfor suchspecies.Thereforewe employ
thefollowing methodin our covarianceparameterizatioto solve this problem(detailscan
be foundin appendixD). We make a separatiorbetweentransportedand nontransported
species.The transportedspeciesare definedasthosespeciedor which the turbulent flux
divergencein the concentratiorbudget(3.1) cannotbe neglected,andthe nontransported
speciesasthosefor which it can. Ideally oneshouldmake the distinctionon the basisof a
certainvaluefor the Damkbhlernumber(for instance 10). Specieghatarenotbothchem-
ically producedand destryed and specieghat areemittedor depositedshouldbe treated
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astransportedspecies. The covarianceparameterizatiomakes use of (3.14) and (3.15)
for the concentration®f transportedspeciesand subsequentlygletermineghe concentra-
tions of nontransportedpeciefrom a chemistrycalculation. Eq. (3.13)finally givesthe
covariancesbasedon the calculatedupdraft and downdraft concentration®f all reacting
species.Thusonly for the specialcaseof two reactingtransportedspecieq3.16) canbe
useddirectly to calculatethe covariance Notethatfrom the updraftanddowndraftconcen-
trationsof nontransportedpeciesve candeterminethe fluxesthrough(3.12). Only if we
usefluxesof nontransportedpeciesalculatedn thatway, (3.16) canbe usedto calculate
covariances—thiss thenequivalentto using(3.13).

As saidbeforethe accurag of about40%for «1 reflectsthe speciesandheightdepen-
denceof the ratio that was neglectedin the approximation. This leadsto an accurag of
abouta factorof 2 in «. This accuray is alsofoundwhenonecomparesstimatef « in
theliterature(determinedrom measurementsf 6 andq in thelower CABL). For example,
evaluatingthe similarity relationsfrom Stull (1988,pp.371-373Yor 8’q’ andw’? atz/z =
0.1andassumindhatw’6’ = 0.9w’6’ g andw’q’ = 0.9w’q’] o atthatheight,givesa = 2.6,
while evaluationof thesimilarity relationsfor the samequantitiesn anonentrainindound-
ary layerfrom Sorbjan(1989,pp. 113-115)givesa = 1.5 (independenbf height,sinceit
concerndocal scalingrelations). However, from the resultsgiven by Wang and Stevens
(1999)for the stratocumulus-toppe@ABL we can concludethat for the covarianceg;6,
of total water contentqg; andliquid water potentialtemperature), the closure(3.13)only
workswell in the surfacelayerandnotin themixedlayer. In thischaptemwewill determine
with which accurag the covarianceclosureworksin the surfacelayer and mixed layer of
theentrainingandsolid-lid clearCABL.

Theform of (3.16)allows usto deducehat

o =135 (3.18)
Pws Pws;

wherethe p's arethe correlationcoeficients,definedin the standardvay:

S w's w’'s;
— J — — ]
Pssi = ———» Puws = ———» Pus] = .

US GSJ' UwUS OwO'SJ.

Accordingto theabove we have thata is scalarindependentvithin afactorof 2. A similar
assumptiorhasbeenusedby Vila-Gueraude Arellanoetal. (1993b)to estimatethe covari-
ancesof reactingspeciedn the neutralsurfacelayer: they assumeaonstantaluesfor the
separate’s, alsoleadingto a constanestimateof «. Thedifferencedetweerourapproach
andtheirsarethatwe applyit for the CABL andthatwe canalsodealwith nontransported
speciesAppendixA providesanoverview of theimplementatiorof the currentproposalin
atmospherichemistrymodels.
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3.3.2 Fluxes

To modelthefluxesfor our purposewe follow CuijpersandHoltslag(1998),who pro-
posefor theverticalflux w’s’ of ascalars:

S y—
W = —K =+ wy. (3.19)

whereK is adiffusivity, § the meanscalarmprofile,and

- Z

W'y, = 5123—;% | wddz (3.20)
Here B, is assumedo be a constan{in generakhis parametecanvary with height),L is a
lengthscale,z; theboundary-layeheight,w, the corvective verticalvelocity scaleando,,
the standardieviation of the vertical velocity fluctuations.Thetermw’s/, representshe
nonlocalcontribution to the flux. For moredetailson the backgroundf expression(3.20)
we referto CuijpersandHoltslag(1998).

The eddydiffusivity andthe lengthscalearegivenby K = cxo L andL = ¢z(1 —
Z/z), respectiely, with theconstantgy = 0.4andc¢ = 1.8. Furthermoravetake 81 = 1.6.
This combinationof constantsvaschosersinceit givesthe mostsatisfyingperformancef
nonreactie scalardispersionin the CABL. Note that thesevaluesare someavhat different
comparedto Cuijpersand Holtslag (1998). This is relatedto the differentlength-scale
formulationused.

For ascalawith alinearflux profile (3.20) provides:

S Lw,l,/— —
e = A1y (wSlo+wsl,). (3.21)

wherew’s |, andw's] | , arethe surfaceflux andthe entrainmentlux, respectiely, and
“B” is addedto the subscriptto make clearthat this nonlocal contribution to the flux is
relatedto the fluxesattheboundarie®f the CABL. In this chaptemwe arestudyingreactive
speciesaandthereforewe will evaluatethe performancef (3.19)and(3.20)for caseswith
nonlinearflux profiles. In fact(3.19) and (3.20) have not beenrigorouslytestedfor such
casesdefore,becausaearlyall scalarfields studiedby CuijpersandHoltslag(1998)have
linearflux profilesin the CABL.

To emphasizehe differencebetween(3.20) and (3.21) we decomposéhe flux asfol-
lows:

N 05 N N
w's = _KE +w'S e T WS\ (3.22)
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with w'sy, 5 alreadygivenby (3.21)andw's/, = w'sy, — w'Sy.p- The additional
subscript'l” denoteghe internalnetchemicalsourceor sink, representedy thetermR;,
that causesa nonlinearflux profile in the CABL (note that w's , = O for linear flux
profiles). Within thefirst-orderclosurethis nonlinearityis causedy the chemistrythrough
(3.1). Theconditionfor w'sy, , to be nonzeroassumingquasi-)steadgonditions,is that
0R;/0z # 0, 1.e.,verticalinhomogeneityof thereactionrateis needed.

Thenonlocalflux expression(3.20) proposedy CuijpersandHoltslag(1998)is anex-
tensionof the expressiomproposeckarlierby HoltslagandMoeng(1991),sinceit includes
theadditionaleffect of the nonlinearityof the flux profile on the nonlocalflux contribution.
Sincethisis afirst-orderclosureno chemicalhigherordermomentsthatappeain higher
order closures,are modeled. For scalarswith a linear flux profile Cuijpersand Holtslag
(1998)amountgo a simplificationof HoltslagandMoeng(1991),sinceits formulationis
scalarindependentwhile Holtslagand Moeng (1991) applieda bottom-up/top-dan de-
compositionof thescalarfield (WyngaardandBrost1984),which resultedbothin ascalar
dependenK anddifferentcontributionsto the nonlocalflux (3.21) relatedto quo and
w’q’JZi , respectiely. Moreover, Holtslagand Moeng (1991) assumedhe contritution of

w’q’]zi to be zero. A preliminarystudyfor the solid-lid CABL indicatedthatif a scalar
independenK is used,inclusion of a contribution relatedto T#J 2 (symmetricalto the

contributionrelatedto w's/ | ;) in thenonlocalflux expressiorieadsto asignificantimprove-
mentof the modeledprofiles(Peterseret al. 1997). This was confirmedfor the entraining
CABL by CuijpersandHoltslag(1998).

3.3.3 Incorporation in a 1-D model

Differentcombinationf closuresaretestedn this chapterby includingthemin a1-D
model. The 1-D modelsolvesthe speciedudgetequation(3.1). The differencedetween
the modelversionsshow the impactof eitherthe covarianceparameterizatiomr the non-
local flux term. The closuresare combinedin threeversionsof the 1-D model,asgiven
in Table3.1. The“covariance—nonlocalversionof the 1-D modelis the standardversion,
whichincludesthecovariancesxpression(3.13)andthefull nonlocalflux expressiorn(3.22).
Thesecondversiondoesnot containthe covarianceclosure(“no-covariance—nolocd” ver-
sion). And the third 1-D modelversiondoesnot containthe covarianceclosureand the
nonlocalflux contribution (“no-covariance—localversion). It only containsthe local flux
contribution —K 95 /9z andno covarianceclosure.

TheLES profilesof o, areusedbothto constructhe profilesof K throughK = cxoy, L
andto determing(M/p) through(M/p) = % Kooy, Whichis neededn (3.14)and(3.15)
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1-D modelversion Description
“Covariance—nonlocal” standardrersion:covarianceclosure(3.13)and
nonlocalflux closure(3.22)
“No-covariance—nonlocal” no covarianceclosure
andnonlocalflux closure(3.22)
“No-covariance—local”  no covarianceclosureand
only localflux contributionin (3.22)

Table3.1: 1-D modelversions.

aspartof thecovarianceparameterizatiofseeAppendixA). Theeddydiffusivity profile K
is typicalfor localfirst-orderclosureschemesor theflux, i.e.,it doesnothave lowervalues
thanusual.

Resultsof the 1-D modelareshawn for two casesn 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 thethe LES modelusedfor the specificcasethatis, 66 and
64 layersin CABL for caseSL1 andthe photochemistrycase respectiely. For the photo-
chemistrycasealsoa high-resolutionversionof the 1-D modelis used(with 17 additional
layersin thesurfacelayer, seesection3.5). Thefollowing averagingproceduresreapplied:
for caseSL1 the 1-D modelis integratedtowardssteadystateandfor the photochemistry
casethe instantaneoud-D modelresultsin the middle of the LES averaginginterval are
used(seeappendixE).

3.4 Simple caseawith oneirr eversible, binary reaction

3.4.1 Description and LES results

We simulatetwo typesof CABLS, the entrainingCABL andthe solid-lid CABL. The
differencebetweerthe two typesis that for the solid-lid CABL thereis no entrainmenbf
heatat the top of the CABL, andthis top is fixed at heightz by a solid lid. The solid-lid
CABL was studiedwith LES by Schumann(1993). He found that LES comparedavor-
ably with laboratorymeasurements he maindifferencesetweerentrainingandsolid-lid
CABLs werestudiedby Sorbjan(1996). The major differenceis a higherskewnessof the
verticalvelocity fluctuationg(equivalentto a lower updraftareafraction,seesection3.3) in
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Case k we[mis] 7z [m t[s] (A) (B) Daa DaB Ishor Isvert Istotal

EO 11 720 650
El 1.2 11 720 650 2.0 2.2 2.6 2.4 —0.46 —040 —0.86
SLO 15 1500 1000
SL1 1.0 15 1500 1000 18 1.8 18 18 —0.60 —0.08 —0.68

Table3.2: Bulk quantitiesfor simple caseswith one irreversible, binary reaction:
dimensionlesseaction-ratecoeficients k, corvective velocity scalesw,,
boundary-layeheightsz;, time scalest,, meanconcentration®f species
A andB, turbulentDamkbhler numbersDa; o andDa; g, andbulk intensi-
ties of segregation Is (horizontaland vertical contributions,andthe total).
Additionally the nonreactie case€£0 andSLO arelisted.

the top half of the entrainingCABL. The secondlandthird) momentsin the surfacelayer

(andfor somevariablesalsoin the lower mixed layer) do not differ betweenthe entrain-
ing andsolid-lid CABL. The mainadwantageof the solid-lid CABL is thatwe candirectly

prescribehefluxesatthetop of the CABL, which makesintegrationstowardssteadystates
possible.

All casestudiedin this sectionconcerrtheinjectionof aspeciesatthesurface(denoted
by BU or A) and anotherspeciesat the top of the CABL (denotedby TD or B) until a
(quasi-)steadwtateis attained. Table 3.2 lists someof the bulk quantities,andfluxesand
concentrationareshavnin Figs.3.1and3.2. Case€0andElareentrainingCABL cases,
andSLO andSL1 aresolid-lid CABL cases.For eachcasewe take the surfaceflux of the
bottom-updiffusing speciesasthe flux scaleF,, henceall fluxesin Fig. 3.1aareequalto
F, atthesurface.The concentratiorscales, = F, /w, is derivedfrom this flux scale.lf no
dimensionsaregivenin this chapterfor certainquantities,we have usedz, w,, ands, to
make the quantitiesdimensionless.

CasestO and SLO are usedas referencecasesfor transportwithout reaction. They
consistof the nonreactie bottom-updiffusing speciesBU andtop-down diffusing species
TD. Theflux profilesw’BU’ andw’TD’ arelinear(seeFig. 3.1),sincethefieldsarein quasi-
steadystate.Theconcentratiomprofilesplottedin Fig. 3.2ashov aclearasymmetnbetween
bottom-upand top-davn transportin the entrainingCABL. While somecountegradient
transportis obsened for speciesBU, it doesnot occurfor speciesTD in the entraining
CABL. As wasalreadyfound by Peterseret al. (1997)and CuijpersandHoltslag (1998)
we alsofind herethatinclusionof a nonlocalflux termfor the top-down diffusing species
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Figure3.1: Fluxesof (a) bottom-updiffusing speciesBU or A and(b) top-down dif-
fusingspeciesiD or B.

improvesthe estimatedlux giventhe LES concentratiorprofile (not shovn). Comparedo

theentrainingCABL bottom-upandtop-downn transporiaremoresymmetricain the solid-

lid CABL. This symmetryis reflectedn thevertically symmetricprofile of theupdraftarea
fractiona in the solid-lid CABL (seechapter2). Evencountegradienttransportoccursfor

the TD speciesn caseSLO.

The chemistrycases1 andSL1 consistof the two speciesA andB, denotingreactve
bottom-upandtop-down diffusingspeciesrespectiely. Thesecasesaresimilarin thesense
thatboth are“unmixed” caseqcf. Schumanrl989),in which speciesA andB have about
equalconcentrationgexactly equalin the solid-lid CABL case).To achieve this situation
in the third hour of the entrainingCABL run (seeappendixE), we initialize the field of
the speciesatt = 0 swith zeroconcentratiorfor speciesA anda concentratiorof 7.3s,
belov heightz; g and73s, above heightz; o for speciesB. Furthermorehe dimensionless
reactionratek is nearly equalfor the casesE1l and SL1 (seeTable 3.2). The “turbulent
Damkbhlernumbers, definedasDa, s = k (B) andDa g = k (A), arealsogivenin Table
3.2 arecloseenoughto eachotherso that one can considerthe casesto be similar with
respecto the chemistry keepingasonly relevantdifferencethe type of CABL. Hereboth
theconcentrationandthereactionratecoeficientk areassumedo bedimensionlesge.g.,
k = stk with k' the dimensionalreactionrate coeficient). The turbulent Damkdhler
numberis theratio of theturbulenttimescaleandthe the chemicaldestructiortimescaleof
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Figure3.2: Concentration®f (a) inert bottom-upandtop-dowvn diffusing speciesBU
andTD, (b) reactve bottom-updiffusing speciesA, and(c) reactve top-
down diffusing speciesB. For theinert specieghe steadydeviation from
the bulk valueis plotted as calculatedby subtractingthe vertically inte-
grated(andsteadilyincreasing)scalarconcentratiorfrom the vertical pro-

files.
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Figure3.3: (a) Covariancesof reactive bottom-upand top-dovn diffusing speciesA
andB and(b) intensitiesof segregationfor speciesA andB.

thespeciebasedntheboundary-layeaveragedoncentration—thactualratiois givenby
the“effective Damidhlernumber’Dae = (1 + Isotal) Da. SincetheDamkbhlernumbers
arein the orderof 1 the chemicalreactionhasatime scalethatis comparablégo the time
scaleof turbulentcornvective mixing.

There are somedifferencesbetweenentrainingand solid-lid CABLs for the reactive
casedoo. Differencedetweercase1 andSL1 in thenonlinearityof theflux profilesare
relatedto differencesn the profilesof the meanreactionrateat —k(1 + Is)A B, andthus
to differencesn the profilesof the speciesconcentrationsindthe intensity of segregation
(thedifferencein thelatteris small,ascanbeseenin Fig. 3.3b,discussedbelon). Another
differencds thatthe entrainingCABL caseE1 doesnot shav the countegradienttransport
for the bottom-updiffusing speciefoundin caseEO, while the solid-lid CABL caseSL1
doesshaw countegradienttransportfor speciesA (seeFig. 3.2b). The differencesn the
concentratiorprofilesbetweerthe cases£1 andSL1 aredueto the differencein symmetry
betweerbottom-upandtop-donn transporfaswasalreadyfoundfor the nonreactie case)
andthefactthattheentrainmenflux in caseE1is smallerthanthe entrainmenflux in case
SL1.

The profilesof covarianceandintensity of segregationare plottedin Fig. 3.3. We find
thatthe differencedetweencases1 andSL1 arerelatively small. In both caseamostre-
actionoccursnearthetop of the CABL (not shavn; it canbe checled by combiningFigs.
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3.3a,bandthe covariancesshav a maximumnearthe CABL top. In Table3.2thehorizon-
tal, vertical, andtotal bulk intensitiesof segregationfor the reactive casesarelisted. We
find alarge differencebetweerthe otherwisevery similar case€£1 andSL1 for therelative
contributionsof Is hor andlsvert. IN thesolid-lid CABL theverticalbulk covarianceis much
smallerthanin theentrainingCABL. Thisis dueto thefactthattheconcentratiorf thetop-
down diffusing speciesn the solid-lid CABL staysrelatively constanin the lower CABL.

Theimplicationfor large-scaleatmospherichemistrymodelingof alargenegative valueof

Is vert is thattheability of large-scalamodelsto resohe theverticalgradientf thereacting
speciesn the CABL is alsoimportantfor anaccuratenodelingof theboundary-layeeaver-

agedreactionrate. Comparingrig. 3.3bto Table3.2we obserethat s hor, thecontribution
of the horizontalcovariancego the bulk intensity of segregation,is systematicalljlower
thanthe valuesof |s at eachheight. This is dueto the significant,negative contribution of
Is vert to thetotal bulk intensityof segregation.

3.4.2 Closureevaluations

The crucial parametein the covarianceparameterizatiors «, definedin (3.17). In the
implementationof the covarianceparameterizatior3.13), asis describedn appendixD,
we effectively assumehat « is constantequalto 2.6. Here we evaluatethis assumption
for a simplechemistrycasein the entrainingandsolid-lid CABL. The profilesof « based
on LES resultsare plottedin Fig. 3.4. For caseSL1 « is closeto the constantvalue of
2.6thatis usedfor « in this dissertation.The factthat« is higherfor caseE1 is dueto a
highervalueof «q for thetop-down diffusingspeciegnotshavn). Thehighervalueof «g is
relatedto the bottom-up/top-devn asymmetryin the entrainingCABL andwasalsofound
for theinertcaseEQ by WyngaardandMoeng(1992).FromFig. 3.4we concludethatin the
surfacelayerandmostof the mixedlayer (below z/z ~ 0.8) theaccuray of the estimate
a=2.6is aboutafactorof 2. Theeffectof entrainmenbntheperformancef thecovariance
parameterizatiois significantlylargerthanthe statedaccurag rangearoundtheinversion
(z/z £ 0.8).

To illustrate the sort of effects associatedvith the covarianceand flux closures,we
shav 1-D modelresultsfor caseSL1 in Fig. 3.5. We first discussthe effects of the non-
local flux term. Sincefor this casew’A’n; andw’B’y; are practically zero (which can
be checled by inspectingthe flux profilesshown in Fig. 3.1), the effect of including the
nonlocalterm canbe attributedto the w’A’nLg andw’B’nLg term. We find muchtoo large
concentratiorgradientsfor both specieswith the no-covariance—locall-D modelversion,
thatmodelsonly thelocal flux term,resultingin anerroneousulk verticalintensityof seg-
regation Isverr—which compensatefor the lack of a horizontalcovarianceclosurein this
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Figure3.5: Steady-stateoncentration®f (a) reactive bottom-updiffusing speciesA
and (b) reactize top-dawn diffusing speciesB in caseSL1. Resultsare
shawvn for LES (seealsoFigs.3.2b,c)andthreel-D modelversions.
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1-D modelversion(the concentratiorequals?.0s,, whichis only 10%too high). Of course,
one could choosehighervaluesof K for which local downgradientiransportalonecould
producewell-mixed profilesthatarevery closeto the profilesplottedin Figs.3.5a,bfor the
no-covariance—nonloal 1-D modelversion. In this well-mixedlimit the above-mentioned
erroneousompensatiomisappearanda significantunderestimatiomf the concentration
results(the concentratiorbeing 1.1s,, 40% too low). Inclusionof the covarianceclosure
improvesthe modeledconcentratiorin the standardl-D modelversion(the concentration
is 1.7s,, only 7%toolow). Onecouldalsocombinethelocal downgradienflux closurewith
anunrealistichigh valuefor K andthe covarianceclosureto obtainthis result. However,
suchanapproactcannotmodelthe countegradientransportasis obviousfor speciesA in
Fig. 3.5a.

3.5 Photochemistrycase

3.5.1 Description and LES results

The simplechemistrycasestudiedin the previoussectionis meantasanillustration
of covarianceandnonlocalflux effects. We hereturnto the studyof a photochemistrgase,
thatis morerepresentatie for tropospherichemistrythanthe caseof the previoussection.
The bulk intensitiesof segregationfound for a comparablgphotochemistrncaseby Krol et
al. (1999)aretypically small (at mosta 5% decreasén reactionratewasfound). Below
wewill studyhow well theconcentrationandfluxesfor the photochemistrgasearerepre-
sentedy thedifferentl-D modelversions Althoughtheintensitieof segregationaresmall
for this case we mainly useit to assesshe ability of our covarianceclosureto modelthe
intensitiesof segregation,especiallyfor reactionsinvolving nontransportedpeciesvhich
arelocally in a chemicalsteadystate. A satishctory performanceof the covarianceclo-
suremalesit possiblefor future studiegto useit in assessingheimportanceof covariances
for large-scaleatmospherichemistrymodeling.We alsoperformtwo sensitvity runswith
the high-resolutionversionof the covariance—nonlocal-D modelversionunderchemical
conditionsfor which the covarianceeffectsareexpectedo belarger.

The photochemicafeactionschemds a slightly simplified versionof the schemeused
by Krol etal. (1999)andis reproducedn Table3.3. We will heredescribethe elements
of importancefor the currentchapter The basicOs-producingand -destrging reactions
areincludedin the scheme,nvolving the speciesNO, NO> (in the analysisoften taken
togetherasNOx = NO+NOy), CO (prescribedatafixedconcentration)andRH (ageneric
hydrocarbonwith anadjustableeactionrate,proportionalto the parameterf : f is for the
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Constant Value Consumed Produced
i1 2.7x 1076 O3 — 20H+0,

i2 8.9x1073 NO> — NO+ 03

k1 4.75%x10~* 03+4NO = NO,+ 0O,

ko 6.0x10°3 OH+CO — HO,+CO,
ko x f 6.0x103x f OH+RH — HO,+ products
k3 2.1x101 HO, +NO — OH+ NO>
kg 5.0x10°° HO,+03 — OH+20,
ks 7.25x1072 2 HO» —  H02+ 0,
ke 2.75x1071 OH+NO, — HNO3

k7 1.75%x10°3 OH+03 — HO+0O

Table3.3: Reactionschemeand constantdor the photochemistrycase adaptedrom
Krol etal. (1999). Photolysisfrequenciesj; and j, aregivenin s 1. Re-
actionratesk; throughkz aregivenin ppb~1s~1. The CO concentratioris
fixedat 100ppbandthefactor f is 100for the standardcase.

standardcasetaken equalto 100). Furthermorethe radicalsOH and HO, are included.
Wherein the LES modelonly OH is consideredasa nontransportedpecieswe alsotreat
HO, asa nontransportedgpeciesin the 1-D model. A steady-statdropical background
chemistrycaseis studied,and both LES and 1-D modelsare initialized with the steady-
statebox modelconcentrationgiivenin Table3.4. NO andRH areemittedinto the CABL
from the surface. Most speciesundego deposition,which is modeledusing the concept
of depositionvelocity. The depositionflux (by definition a positive quantity) of a certain
species is givenby

Fa,s = vd5(2) §(2), (3.23)

inwhichvg 5 (2) istheheight-dependertepositiorvelocity. In the LES studyby Krol etal.
(1999)themostimportantdepositionvelocities thoseof O3 andNOy, werebothtakento be
0.5cms™1, andwerephysicallyprescribedat a heightof 8 m, the centerof thelowestLES
modellevel. Thefluxesatthetop of the CABL arezerofor all speciesn the photochemistry
case.

The LES resultsfor thefluxesandconcentrationsf the speciesareplottedasthe solid
linesin Figs.3.6 and3.7. The mainfeaturesarethe following. Os is chemicallyproduced
andremovedfrom the CABL by deposition.The flux profile is linear, hencethe chemical



3.5. PHOTOCHEMISTRY CASE

77

Model O3 NO NO2 RH HO, OH
[ppb]  [ppb]  [ppb] [ppb] [ppt] [ppt]
Box model 78.8 0.0990 0.520 2.43 475 0.685
LES 78.7 0.0990 0.514 252 47.7 0.687
1-D: covariance—nonlocal 78.8 0.0989 0.512 250 47.7 0.694
1-D: no-covariance—nonlocal 78.8 0.0979 0510 245 47.7 0.688
1-D: no-covariance—local 78.8 0.0977 0509 251 47.8 0.696
1-D: covariance—nonlocghighresolution) 78.8 0.0985 0.510 2.54 47.7 0.695
Table3.4: Bulk speciesoncentration$or the photochemistrygase.
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Figure3.6: Differentcontritutionsto the total fluxesin the photochemistrycase. The
resultsare modeledwith the 1-D model version“covariance—nonlocal”

(standard) The LES resultsfor thetotal flux arealsoshavn.
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Figure3.7: Concentrationf the photochemistrgase.Resultsareshovn for LES and

threel-D modelversions.The diamondsandcrossesienotethe standard
deviation interval at threeheightsfor the LES andthe standardl-D model
version,respectiely.
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Model ls OH+RH Is OH+NO,
x100 x100
total  hor vert total  hor vert
LES —-49 -35 -—-14 —20 —-15 -05
1-D: covariance—nonlocal —-54 —-17 -36 —26 —-13 -—-13
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—nonlocghighresolution) —7.4 —4.0 —-3.3 —-30 —-18 -—-1.2

Table3.5: Bulk intensitiesof segregationfor the photochemistrcase.

productionis aboutequalat eachheightin the CABL. NO is effectively transformednto
NO2 nearthe surface,and NO andNO, arein photostationarystatefrom the top of the
surfacelayerto the top of the CABL. Thelargeflux divergencesf NO andNO; nearthe
surfaceareconsequences thejust-mentionedactthatthe chemistryis notin equilibrium
nearthesurface.Theflux profile of NOy is linear, sincethelossof NOy throughthereaction
OH + NO2 — HNOs; is slow comparedto the turbulent time scale. Also the reaction
OH+ RH — HOg (+ products)s relatively slow with respecto speciefRH, andtherefore
theflux of RH is almostlinear.

From Fig. 3.7 we obsene thatall speciesarewell-mixedin the CABL andhave large
gradientsnearthe surface. In Table 3.5 we give the bulk intensitiesof segregation for
two binary reactionsin the photochemicaschemgchosernfrom the sevenbinaryreaction
sincetheir intensitiesof segregationwerehighest).The negative verticalbulk intensitiesof
segregationls vert, Which canbecalculatedrom theconcentratiorprofilesshovnin Fig. 3.7,
reflecttheanticorrelatiorof the surface-layegradientsof the speciesnvolved. For thetwo
reaction®OH + RH — HO» (+ productslandOH + NO, — HNO3 morethan25%of the
bulk intensitysegregationis relatedto themearverticalgradientof thespeciesThelargest
part(75%)is relatedto the horizontalcovariancesOH'RH andOH'NO,’, respectiely.

3.5.2 Closureevaluations

As afirst evaluationof thecovarianceclosure we have plottedprofilesof « basedbnLES
resultsin Fig. 3.8 for all sevenbinaryreactions.Sincefor all speciesc is fairly constant
with heightin the surfacelayerandthe mixedlayer, andis closeto the theoreticalialueof
0.64 (not shawn), «1 is the crucial parametedeterminingthe behavior of «. We find that
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Figure3.8: Profilesfor the parameterr in the photochemistrycase,as calculateddi-
rectly from LES usinga = /s, 02/ (w’s’1 w’%’). TheinstantaneoukES
3-Dfieldsattheendof theLES run (t = 7200s) have beenused.

nearthe surface,wherethe variancesandcovariancesare largest(seealsoFig. 3.7 for the

variancesat differentheights) «1 is about0.5, resultingin an«a of aboutl.3. Notethatthe

bulk valuesof «1 (averageof k1 weighedwith thecovariancelareatmost0.35,andtherefore
lie within the rangereportedin chapter2. Higherup in the CABL thevaluesof «1 diverge
dependingon whetheror not HO; is involvedin the reaction. For the reactionsinvolving

HO, thevaluesof k1 aresignificantlylowerthanfor the otherreactionsasis alsovisiblein

the profilesof « in Fig. 3.8. Hencefor thosereactionshe covarianceclosureis only valid

within the stateduncertaintyrangebelov z/z ~ 0.5 (while for the otherreactions—i.e.
thosenot involving HO,—the validity extendsupto z/z ~ 0.8). The mostimportantpart
of the CABL for this case however, is the surfacelayer sinceall fluxesarelargestthere,
andon the basisof Fig. 3.8 we would thereforeexpecta systematicoverestimatiorof the
intensitiesof segregationby afactorof 2.

In Tables3.4 and 3.5 the bulk resultsfor concentrationgndintensitiesof segregation
aregivenfor all three1-D modelversions.In additionto the standard4-layerl-D model,
we alsoran a modelversionat a higherresolution. For the high-resolutiormodelwe use
the analytical profile of o, from Holtslagand Moeng (1991)to be ableto calculatethe
fluxesat ary heightnearthe surface. This profile is matchedwith the LES profile of oy,
at heightz/z = 0.1. In the high-resolutionmodelwe add 17 layersto the surfacelayer,
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the maximumnumberof levels that canbe addedwithout imposingadditionalconstraints
onthetime stepin themodel. Themodellevelsin the surfacelayerarenonequidistanand
thelowestmodellevel hasa depthof 1 m (comparedo 16 m in the standardnodel). The
depositionvelocitiesin the high-resolutiorversionsareprescribedat 50 cm, andaretuned
to give the samedepositionvelocitiesat 8 m asthe LES andthe standardnodel. The most
relevant depositionvelocitiesto mentionare vg.0,(50 cm) = 0.55cm s~ and vy, no, (50
cm) = 0.33cm s, Note that vy no, at 50 cm differs more from its value at 8 m than
vd,05- Thisis dueto chemicalreactionsnearthe surface. The constant-fluxassumptiorin
nonreactie surface-layersimilarity theorycanthusnot be usedto calculatethe deposition
velocity of NO; at differentheights.

FromTable3.4we learnthatthebulk LES concentrationareaccuratelyreproducedto
within 1%) by thestandard.-D modelversion.Smalldifferencesrefoundif thecovariance
closureis notincluded(no-covariance—nonloal1-D modelversion):NO andNO; areabout
1% lower andRH is 2% lower thanthe in the standardl-D modelversion. The causeof
thesedifferencescanbe seenin Table 3.5, wherea 2 percentpoint increasdn magnitude
of I total for the NOy sink reaction(OH + NO, — HNO3) anda 3 percentpointincrease
in magnitudeof | total for the RH sink reaction(OH + RH — HO»+ products)aregiven.
Othersmalldifferencesarefoundif boththe nonlocalflux termsandthe covarianceclosure
are excluded(no-covariance—locall-D modelversion): NO and NO, are 1% lower (this
remainsthe same)and RH shavs no change.All differencesetweenthe no-covariance—
nonlocalandno-covariance—local-D modelversionsarerelatedto thenonlocalflux terms.
The absencef thesetermsin the no-covariance—local-D modelversionresultsin higher
valuesof s vert. Comparedo the standardnodelversionthebulk |s oH+rH IS decreasetly
1 percentpoint. For thebulk Is oH+No, theincreaseof | vert compensatef®r the decrease
of I hor to zero. Theobsereddecreasef NOy comparedo thestandard.-D modelversion
is dueto alargerNO; depositiorflux causedy the 15%higherNO, concentratiomearthe
surface(seeFig. 3.7). Thelargestbulk intensitiesof segregationare found with the high-
resolutioncovariance—nonlocalersionof the 1-D model(e.g.,7% for |s on+rn). Thisis
mostlydueto theincreaseds vert.

In Table3.5it canbe seenthat Is nor is higherin the LES modelthanin the standard
1-D modelversion.However, from Fig. 3.8, basedon the LES, we would expectthat Is hor
in the 1-D model versionscontainingthe covarianceclosureis a factor2 higherthanin
the LES. The discrepang is causedby the much lower varianceof NO modeledin the
lowestlevel of the LES, ascomparedo our (co-)varianceclosure(not shavn). In the LES
model usedfor this caseno subgrid-scalecovariancemodelis used. As a resultof the
higher varianceof NO modeledin the standardl-D modelversion, high positive values
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of Ison+rH andlson+no, arefoundin thelowest1-D modellevel, which are causedby

the radicalcycling reactionHO2 + NO — OH + NO;. Thesepositive |5 valuesare not

presentin the LES. This effect resultsin the lower value of the horizontalbulk intensity
of segregationobsenedfor the 1-D model. Sinceon the otherhandthe vertical gradients
nearthesurfacearelargerin all 1-D modelversionscomparedo LES, theabsolutevalueof

thetotal bulk intensity of segregationmodeledby 1-D modelversionl is only 14% below

the LES resultfor 1son+rH andeven 5% above the LES resultfor |s oH+No,. The high-

resolutionmodelresultscomparemuchbetterto the LES with respecto thehorizontalbulk

intensityof segregation,but they shav anevenhighervertical bulk intensityof segregation

thanfor thestandardL-D modelversion,resultingin anoverestimatiorwith morethan35%

of I total, asCcOmMparedo LES.

It mustbe clear from the significantinfluenceof vertical resolutionnearthe surface
thatthe LES modelcannotbe saidto be moreaccuratehanthe high-resolutionl-D model
version. The applicability of LES to processesccuringvery closeto the surfaceis prob-
lematic. Besidesthe too low vertical resolutionto resole theseprocesseshereare some
otherinaccuracie# theresultsnearthesurfaceof theLES modelversionusedfor this case
(for somecharacteristicsf this modelversionseeappendixE). For example the simulated
flux—gradientrelationshipdeviatesfrom similarity theory sincea constantsubgrid diffu-
sivity is used.Furthermorahefree-slipboundaryconditiongivesdifferentfluid dynamical
patternloseto the surfacethanthemorerealisticno-slipboundaryconditionthatwasused
for the LES simulationof the othercasesstudiedin this chapter However, the difference
betweerfree-slipandno-slipboundaryconditionswill have only aminor quantitatve effect
on the boundary-layeaveragedoroperties sincewe aredealingwith free corvectionhere
(seeappendixE).

Finally, we evaluatethe nonlocalflux closure.For the standardl-D modelversionwe
have plottedthe flux decompositior(3.22)in Fig. 3.6. The LES flux profilesof all species
areaccuratelyreproducedy thetotal of the differentflux terms. The linearity of the flux
profilesof Oz, NOy, and RH is reflectedin asmallwfq’,\“_I term for thesespecies.The
T#NLI termis large for the individual specieNO andNO», however. The@NLI term
is neededo complementhe w's/,  termfor speciesNO andNO,. Still, arun with the
no-covariance—nonlaal 1-D modelversionwithoutw's | termmodelsvirtually thesame
concentratiorprofilesasthe no-covariance-nonloal 1-D modelversionwith w’s/,, , (not
shawn). This canbe explainedby the factthatin mostof the CABL NO andNO; arein a
photostationangtateandthereforew/’NO'nu &~ —w'NO2/y(. Soevenif theflux profiles
for NO andNO, wouldbecompletelywrong,thiswould have no effectontheconcentration
profilesif theflux profile of NOy is correct. FromFig. 3.7 we concludethatthe profilesof
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Sensitvity Parametevariation  IsoH+RH  |s OH+NO, O3 NOx RH
run x100 x100 [ppb] [ppb] [ppb]
Steady f= 300(rate —40 —8.4 78.7 0.608 1.30
coeficientincreased (—28) (—=5.9) {78.8 {0.603 {0.9%
by factor3)
Nonsteady NO emissiorflux —15 —-11 77.3 3.07 2.57
increasedy factorl0 (—9.0) (—6.8) {(77.9 {2.99 {2.36
to 1 ppbm/s

Table3.6: Resultsfor the steadyandnonsteadysensitvity runswith the standardl-D
modelversionat high resolution. The instantaneousaluesatt = 6600s
or att = 3600s are given for the respectie sensitvity runs. In braclets
the horizontalbulk intensitiesof segregationaregiven. The concentrations
modeledwith theno-covariance—nonlocdl-D modelversionarealsogiven
in parentheses.

all speciesare accuratelymodeledby the 1-D model versionsthat include the nonlocal
flux term. The no-covariance—local-D modelversion,which only haslocal downgradient
transportmodelstoo largegradientdn thebulk of the CABL. Thevariancebtainedrom

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

valuesattheheightsz/z = 0.05andz/z = 0.5. At z/z; = 0.95themodeledvariancesre
too small,sincex for thevariancess muchsmallerthan0.25atthatheight(not shawvn).

3.5.3 Sensitvity runs

We usethehigh-resolutiorcovariance—nonlocél-D modelversionto performtwo sen-
sitivity runsfor differentchemicalconditions.In thefirst runthereactionratecoeficient of
the OH + RH reactionis increasedy afactorof 3 (by setting f = 300, comingcloserto
thereactionratecoeficientfor the OH + isoprenereaction for which f = 440). Thisfirst
runis donein steadystatefirst the steady-statbox concentrationarecalculatedeforethe
modelis run. Thesecondrunis a nonsteadyasewhere,startingwith the steady-stat®ox
concentrationsf thereferencgphotochemicatase suddenlythe NO emissionis increased
by afactorof 10.

In Table3.6theresultsfor the sensitvity runsaregiven. For bothrunsthelargesteffect
of the covarianceparameterizatiomn the concentrationss found for RH (an increaseof



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

more than 30% for the steadyrun and nearly 10% for the nonsteadyrun). Theseeffects
canbe completelyattributedto the Is hor for the OH + RH reaction.Resultsfor the steady
sensitvity run arealsoavailablefor the LES model: in the LES modelan I total Of 27%
is found, wherewe find 40% with the 1-D model. Note that we usedthe high-resolution
versionof the1-D model,sothe s vert modeledby the 1-D modelis largerthanthatmodeled
by theLES model.In thenonsteadyun alsothe NOy budgetis influenced3% higherNOy
concentrationafter1 hour),mainly dueto the I s hor of nearly7%for theOH+NO3 reaction.
Also O3 is alittle influenced(1% lower concentrationsfter 1 hour).

From thesesensitvity runswe concludethat the budgetsof RH and NOy canbe sig-
nificantly influencedby the covarianceparameterizationbut that the influenceon Os is
relatively small. This hypothesigemainsto be testedfor differentchemicaland meteoro-
logical conditions for instancen alarge-scalenodel.

3.6 Summary and discussion

In this chaptemwe proposeandevaluatea new first-orderclosurefor covarianceof reac-
tive speciesn thecorvectiveatmospheriboundarylayer. Also aclosurefor fluxes,thathas
beenintroducedandevaluatedfor passive scalarsn a variety of corvective boundarylay-
ersby CuijpersandHoltslag(1998),is evaluatedherefor reactve species.The covariance
closureis basedon mass-fluxconsiderationsandis shavn to have an accuray of about
a factorof 2. This conclusionhasbeenestablishedising LES resultsfor nearlyall LES
caseswith reactize specieghatarecurrentlyin theliterature. As shavn in this chapterthe
concentratiorprofilesmodeledwith a 1-D modelimprove whenthe covarianceclosureis
used.

By extendingouranalysisfrom thesolid-lid CABL to theentrainingCABL in thischap-
ter, we havefoundthatthecovarianceclosureis valid for thesurfacelayerand(lower) mixed
layer, but doesnot performwell in andjust below the inversion.Wangand Stevens(1999)
shavedthatthis canbe understoodrom the presencef a large variability in the coherent
structuresthat can be identifiedin the flow, nearthe top of the CABL, which leadsto a
muchlower top-hatcontrilbution to thetotal covariance It is not clearhow problematichis
breakdaovn nearthe inversionis for atmospheriacchemistryapplications. For instancein
the photochemistrgasewe foundthatthe covariancesaremostimportantnearthe surface,
wherethe closureworks fine. However, we only usedan LES of the solid-lid CABL for
this caseand prescribedzerofluxesat the top of the CABL. In an entrainingCABL with
nonzeroentrainmenfluxesof chemicalspecienecanimaginechemistrycasedor which
the covariancearoundthe top of the CABL playsa majorrole. However, in the realatmo-
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spherdt appearsinlikely for atop-davn diffusingspecieso have aconcentratioraborethe
inversionthatis muchhigherthanbelow. But this situationcannotbe excludedandmore
researchs neededo assesshis problem.

We have only dealtwith the corvective boundarylayer. Sincewe testecdthe covariance
closurewith and without sheay and since Busingerand Oncley (1990) shaved that the
mass-fluxapproximatiorfor the flux worksfor all stabilitiesin the surfacelayer, we expect
thatthe covarianceclosurewill alsowork for neutraland stableconditions. For the stable
boundarylayeroneshouldnotethatin large-scaleatmospherichemistrymodelsgrid-box
averaged‘vertical” bulk covariancegdefinedin section3.2), which aredueto a too low
vertical resolutionto resole the vertical gradientsof the concentrationsare much more
importantthanhorizontalcovariancegGalmarinietal. 1997b).

We have not touchedin detail on the chemicalhigherorder momentsthat appearin
higherorderflux closures.Fromthe factthat both concentrationsndfluxesof the trans-
portedspeciesare modeledadequatelywith the nonlocalflux closure we concludethatan
explicit treatmentof thesechemicalhigherorder momentswithin the context of higher
orderclosuremodelingis not neededn the photochemistrycase.Furtherresearchon this
topicis requiredto establistthatthisis alsothe casefor otherchemicalandmeteorological
conditions.

Finally, by way of a sensitvity studywe have shovn that covariancesmight have an
impacton hydrocarborand NOy budgets. The proposedcovarianceparameterizatiorcan
beusedto assesthelarge-scalémpactof covariance®n atmospherichemistry However,
sincethe numberof situationsfor which the parameterizatiomasbeentestedis limited, it
shouldbeusedwith care.
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The impact of chemistry on flux
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boundary layer*
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Abstract

Different flux closuresare studiedfor two chemistrycasesin the cornvectiveboundary
layer, a simplechemistrycaseand a phototemistrycase Thecasesare simulatedusing
large-eddysimulation. We decompos¢he flux modelledby higherorder closuesinto two
parts, one independentind the other dependenbdf chemicalhigherorder moments.The
contribution of the part relatedto chemicalhigherorder momentslepend®n the comple-
ity of the flux closule. This contribution is foundto be largestfor a second-oder closue
that containsa scalartempeature covariancetermin the flux budget equation. A simpli-
fied second-oder closure and a mass-fluxclosute are shownto be equivalent. For these
closuesa smaller contribution of chemicalhighermomentss found. The error madeby
applyingflux—piofilerelationshipgromnonreactivesurface-layesimilarity theoryis small-
est,especiallynearthetop of the surfacelayer. For realisticapplicationsit is expectedhat
the errors for first-order closuie associatedvith modifiedflux—piofile relationshipsin the
surfacelayer are negligible.
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4.1 Intr oduction

The fluxesof nonreactingscalarsnearthe surfacecanbe describedy local K theory
For chemicallyreactingspecieshowever, the flux—gradientrelationshipsaremodifieddue
to chemicalreactions.Thequestionis how largetheimpactof chemistryis on differentflux
estimatesnot only in the surfacelayer but in the whole boundarylayer. In this chaptewe
will dealwith this questionfor the corvective atmospheri®oundarylayer (CABL).

The effects of chemistryon the fluxes of reactve speciesaretwofold. First, the flux
budgetis dependenon the profile of meanconcentrationgwhich is affectedby the chem-
istry throughthe concentratiorbudget). Secondthe flux budget(andbudgetsof all other
higherordermomentsthat containspeciesoncentrations)includeshigherordermoment
termsrelatedto the chemistry In this studywe aim to presentan exact decompositiorof
theflux budgetandwe examinethe chemicalhigherordermomentcontributionto theflux.

When appliedto higherorderflux closuresthe decompositiorieadsto different out-
comesfor different higherorder closures. The typical approachthat hasbeenfollowed
to determinethe chemicalhighermomentcontribution is by way of second-ordeclosure
modelling(e.g.,FitzjarraldandLenschav 1983). The purposeof this chaptelis to evaluate
andcompardifferentformulationsfor thechemicahighermomentcontributionto theflux
usinglarge-eddysimulation(LES) of two differentchemistrycasesn the CABL, asimple
chemistrycaseanda morerepresentatie casefor atmospherichemistry In this evaluation
we will comparedifferenthigherorder closureestimatessomegiven by a second-order
closure(e.g.,Vener etal. 1997)andothersbhasedon a mass-fluxclosure(e.g.,chapter2 of
thisdissertationde Roodeetal. 1999).In additionwe calculatetheerrormadein first-order
closureflux estimatesearthesurface thatarebasedn theassumptiorthattheflux—profile
relationshipof surface-layessimilarity theoryarealsovalid for reactize cases.
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4.2 Theory

The flux budgetequationfor a chemicalspeciess, assuminghorizontalhomogeneity
andw = 0, reads

3w/§/ — 05 g — 8w’2§’ 1-9p
0 = —w’ZE + meés{ Tz ;%’E + Rus, (4.1)

whered, is thevirtual potentialtemperaturep is thepressured, , andp; arethereference
virtual potentialtemperaturenddensity respectiely, andR,,5 is atermcontainingchemi-

calreactionratecoeficients(R,,5 will bespecifiedbelon). The overbardenotesorizontal
averagesandthe primed quantitiesare deviationsfrom the averages.Following Verver et

al. (1997),we decompos¢heflux into two parts

@: (W>1+ (@)2 (4.2)

wherethefirst part (w’s{) L is definedasthe partthatdoesnotincludetheeffectof chemical

higherordermomentsandthesecondpart (T#)Z asthepartthatsolelycontaingheeffect
of the chemicalhigherordermoments.Comparedo Verver etal. (1997)we will general-
ize the decompositiorto ary flux closure(of ary statisticalorder). Furthermorewe have

changedhelabels“inert” and“chem”to “1” and“2”, respectiely, to avoid confusion.In

theinert case(@)2 equalszero(for a first-orderclosureit alsoequalszeroin the reac-
tive case sinceno higherordermomentsareinvolvedin the flux estimate by definition).
Thefirst part (@) is affectedby chemicalreactionghroughthe concentratiorprofile 5§,

whichis determinedy the concentratiorbudgetequation,

05 dw's

- Rs. 4.3
ot oz TS (4.3)

Theterm Ry representshemicalsourcesandsinks—notethat Rs canalsocontainhigher
ordermoments:covariancegthesewill notbeexplicitly consideredere).
We make decompositior{4.2) explicit hereby writing:

e ), () e
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g
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) + Rus (4.5)
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andsimilarly for all otherhigherordermomentsappearingn (4.4) and (4.5). Egs.(4.4)
and(4.5)arecoupledthroughthe meanconcentratiobudget(4.3), which containghetotal
flux (ﬁ) + (w’q’)z, andthechemicaltermin (4.5)—specifiedelow for second-order
cIosure—wlhich:ontains‘luxesandconcentrationsf differentspeciesEqs.(4.4)and(4.5)
andsimilarequationgor otherhigherordermomentshaveto beclosedretainingonly terms
upto acertainstatisticalorder We will consideisecond-ordeclosureandmass-fluxclosure
here.

4.3 Second-orderclosure formulation

Nearly all second-ordeclosuremodelsthatinclude contributionsof chemicalhigher
ordermomentdo theflux thatarecurrentlyin theliterature,areessentialljthe sameasthe
one describedvy Fitzjarraldand Lenschav (1983). This includesthe formulationsgiven
by Gaoet al. (1991), Hamba(1993), Sykeset al. (1994), Gao and Wesely(1994), Vila-
Gueraude Arellano et al. (1995), Galmariniet al. (1997a),and Verwer et al. (1997). The
studiesby Fitzjarraldand Lenschav (1983), Gaoet al. (1991), Vila-Gueraude Arellano
et al. (1995), and Galmariniet al. (1997a)were limited to the surfacelayer Gaoet al.
(1991)considereanly neutralconditions wherethe othersurface-layeistudiesconsidered
all stabilities. Hamba(1993), Sykes et al. (1994), and Verver et al. (1997) studiedthe
convectiveboundarylayer. WhereHamba(1993)neglectedthecontribution of thechemical
highermomentterm Rys to the@ budget(ascriticized by Verver 1994), this term was
takeninto accountby Sykesetal. (1994)andVerver etal. (1997). GaoandWesely(1994)
studiedonly the neutralboundarylayer. Of all the abore-mentionecauthorsonly Sykes
etal. (1994)andVerwer et al. (1997) consideredhe contributionsof chemicalthird-order
momentsn R,s andRys .

We herepresenaindgeneralizeaheformulafor thechemicalpartof theflux givenearlier
by Ververetal. (1997). Like is donein all othersecond-ordeclosuremodelsthatinclude
chemistry Verver et al. (1997) neglectedthe chemicalhighermomentcontrikutionsto the
budgetsof theturbulenttransporterm aw’zg’ /dz andof theconcentration—pressucevari-
anceterml/p, §0p’/0z. For thecontribution of chemicahigherordermomentgo theflux
thefollowing formulationis derived:

g
Ou,r

(F%/)z =11Rys + 1174 (1 —Db1)Rys .- (4.6)

The local time scalesr; and 74 aredefinedby 11 = t7ke/a1 andt4 = t1ke/a4, Where
ke = 1/atke | /ow; aTKE, a1, 84, andb; areconstantsTherms of the vertical velocity
fluctuationds denotedvy o,,. Thelengthscalein kg is takenasl = «z(1 — z/z), where
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z; is the CABL heightand« is the von Karman constant. The closureconstanthave the
following values:arkg = 0.1,a; = 4.84,a4 = 2.5,andb; = 0.4.

For anirreversible binaryreactionbetweerspecie®A andB thetermsR,,5 andRys are
givenby

Rua =Ry = —kK (K wB +B wA + w’A’B’) 4.7)

Roa =Rog = —k (K 0;B' +BOA + G;A’B/) ) (4.8)

Expressiong4.7) and (4.8) canbe generalizedor arbitrary chemistry The term R, is
thengivenby

M N

Rws = Z NimKm w’ H(§ + Sr/])ﬁ"m- (4-9)

m=1 n=1

Herethe compactform of Vila-GuerawandLelieveld (1998)is usedwhichis basedn the
notationof LambandSeinfeld(1973): nim is the stoichiometriccoeficient for speciesd in
reactionm, ky, is the reactionratecoeficient for reactionm, and Bnm is the reactionorder
of specieq in reactionm. M is thetotal numberof reactionsandN is thetotal numberof
speciesAnalogousto (4.9) we write for Rys

M N
Ros = Y nimkm 0 [ ] (& + sp)fm. (4.10)

m=1 n=1

4.4 Mass-flux closure formulation

For comparisorwith the previousapproachwe presenainothefformulationfor @ ,
valid for mass-fluxclosures. Mass-fluxclosures(e.g., Chatfieldand Brost 1987; Randall
et al. 1992; chapter2 of this dissertation;de Roodeet al. 1999) are higherorder closure
schemesn the sensethat they effectively containa prognosticequationfor the flux (a
second-ordemoment)besidesa prognosticequationfor the concentratiorof a species
providedthatwe considera dynamicallysteadystate. The prognosticflux equationcanbe
derivedfrom theupdraftanddowndraftspeciesudgetequationsaandreads

e U =d
ow'y _(M/p) <as 05 ) 4.1

ot Kws ot ot
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whereM = p a(w" —w) is thecorvectvemassglux, with a theupdraftareafraction,w" the
updraftvelocity, andw the meanverticalvelocity; ks is thefractionaltop-hatcontritution
to thetotal flux, which canvary with heightandwith the differentspeciesbut is heretaken
constanto its theoreticalGaussiarvalueof 0.64 (WyngaardandMoeng1992). Theindices
u andd indicatethe averagingareasof updraftsanddowndrafts,respectiely.

Following deRoodeetal. (1999)we arrive at a mass-fluxestimateof thefirst partof the
flux:

—\ (M/p)? Jkws o5 aE - ., 4\ 0a
(wsﬁ)l__(l—a)(E/p)Jra(D/p) oz TdmAT _(S _S)E ’
(4.12)

whereE andD arelateralentrainmenainddetrainmentates.Two separatéermscontaining
contributionsfrom the subplumefluxeshave beenleft out for the sale of readability(they
canbefoundin de Roodeet al. 1999). The differencewith the expressionobtainedby de
Roodeet al. (1999)is the presencef thefactor/cl;g 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 updraftsand downdraftsinto accountthe chemicalhigher

momentcontritutionto theflux becomegde Roodeetal. 1999):

— 2a(l—-a)(M/p) /kw
(w Sf)z ~ (E/m+D/p) : {(Rs)u + (Rs)u subpiume™ (Re)a = (RS)dssubP'ume} ’

(4.13)

whereagainthe factor ;> hasbeenadded. We have addedsubplumetermsin (4.13),
whichreferto subplumecovarianceghataffectthe plume-meaneactionreactionrates(see
chapter2).

If we assumehatthattheverticalvelocity skewnesds zero(hencethata = 0.5)andthat
the subplumefluxesin updraftanddowndraftareequal(cf. chapter2), thetotal flux canbe

written as

ws = —K 38—§ + (uTs{)z (4.14)

with
(w/%/>2 =4(|\}/T/p) [ {(Rs)u + (Rs)u,subplume} - [(RS)d + (RS)d,suprumJ :| (4.15)

Herewe have definedthe apparentiffusivity K as

_ 2(M/p)? Jkus
(E/p)+(D/p)’

(4.16)
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Sinceone often writes K = cxoy L (with L a length scaleand ¢k a constant),and
assuming(M/p) = %./waow (appendixC) and ks = kyyw = 0.64 (denotedin the
following by xp), the chemicalpartof theflux becomes

L
(w’%’)z = ZCK—\/K—O {(RS)U + (RS)u,suprume_ (Rs)d B (Rs)d,subplume} : (4.17)

For anirreversible binaryreactionbetweerspeciesA andB the chemicalsink termsread

(Ra), = (Rg), = —k A" B" (4.18)

(Ra)g = (Re)q = —k A" B (4.19)

u

(RA)u,subplumez (RB)u,suprume: —k Wu = -k (A - Ku) (B - Eu) (4-20)

_ — —d
(RA)d,suprume= (RB)d,suprume= —k A/B/d = -k (A - Ad) (B - Bd) . (4-21)

We cansimplify (4.17),first againconsideringhe simplechemistrycase by neglectingthe
subplumecovariancesWe thenhave

(vA), = (v®),

Lol (e 20— Ko\ (o, 20— a) Ko
—2\/,6_0( k){<A+7wA><B+7wB>

ow ow
_ <K _ M w’A’) <§_ M w’B’) }
ow ow
cklL .
=Xk (A wB +B w’A’) . (4.22)

w

Generalizing4.22),we write

— ckL
(w/%/)z . (R“)S' )no 3rd’ (4.23)

Ow

with (ngq )no 3rq 9ivenby (4.9) exceptfor thethird moments Eq. (4.23)hasthe sameform
asthe first termin (4.6). Thetime scaletyg = ckL /oy, replacesr;. Thelengthscale
L is heretaken proportionalto the length scalel usedby Verver et al. (1997)—wetake
L = gz(1—z/z) with ¢ = 1.8,aswasusedin chapter3. TheratioL /| = 4.5,whichleads
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to tme/T1 = 0.87. Sothe time scalethat we usein the mass-fluxclosureformula differs
only 13%from thatusedin the second-ordeclosureformula.

Sincewe ultimately arrive at similar expressiongor the mass-fluxclosureandthe sim-
plified second-ordeclosure(neglectingthe third momentsandassumingy; = 1), we have
shavn that both closuresare essentiallyequivalent underthe simplificationsmentioned.
Therefore we canattacha simple physicalpictureto the chemicalhighermomentcontri-
bution to theflux of a certainspeciesaccordingo (4.13)it is determinedy thedifference
betweerthe netchemicalreactionratesin updraftanddowndraft.

4.5 Intercomparisonof formulations using LES

4.5.1 Description of cases

Two LES casesareusedhereto investigatadifferencesn (Fq) andto determinethe
residualerror whennonreactie flux—profile relationshipsn the surfacelayer areapplied.
The casesconsideredare an artificially simplechemistrycaseanda photochemistrycase.
For the simple chemistrycasewe simulatean entrainingCABL. Two speciesareinvolved
thatreactaway by thereactionA+B — C. Specied is injectedatthesurfaceandspecie8
is entrainedatthetop of the CABL. A nearlysteadystateis attainedduringthe simulation.
The simple chemistrycaseis a “mixed” case(cf. Schumannl989), with a much higher
concentratiorof specieB. Thesurfaceflux of speciedA is denoteddy F,. A concentration
scales, canbederivedfrom F, by puttings, = F./w,, with w, the corvective velocity
scale.The LES modelandthe simulatedCABL aredecribedn chapter3. Averagingtakes
placeoverthethird hourof the LESrun.

For the simple chemistrycase,the corvective velocity scalew, = 1.1 m/s, and the
CABL heightz; = 720m. The associatedime scalet, = z /w, = 650s. Thedimensional
reactionrate coeficient, denotedby k', canbe madedimensionlessn the following way:
k = s.t,k'. We putk equalto 0.39. SpeciesA is initialized with zeroconcentratiorand
specieB hasaconcentratiomf 22s, belav heightzjg and220s, abovethisheight(zg is the
initial inversionheight,equalto 680 m). During the averaginginterval the flux of species
B atheightz is about—1.2F,. Theconcentrationsf speciesA andB are0.14s, and27s,,
respectiely. As a resultof the relatively high concentratiorof speciesB the “turbulent
Damkbhlernumber”for specied\, definedasDa; o = k (B) (thebracletsdenoteanaverage
overthe CABL), is 11, which meangthatthe chemicallifetime of speciesA is very short
comparedo theturbulentmixing time. Thereforetheflux profile w’A’(z), asshowvn in Fig.
4.1,is stronglynonlinear decreasingo lessthan0.15F, atthetop of the surfacelayer(z/z;




96

CHAPTER 4. THE IMPACT OF CHEMISTRY ON FLUX ESTIMATES

Loy

0.8

0.6

zlz

0.4

0.2

0.0
-0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8

=
o

dimensionless units

Figure4.1: Contritution of chemicalhigherordermomentsto the flux for speciesA
andB in the simple chemistrycase,estimatedby five formulations,and
total flux (thick solid line). The crosseslenotethe residualerrorwhenthe
flux—profilesrelationshipsof surface-layersimilarity theory are applied.
Averageoverthethird hourof the LES run have beenused.
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Figure4.2: Contrikution of chemicalhigherordermomentsto the flux for specieqa)
NO and(b) NOz in thephotochemistrgase gstimatedy five differentfor-
mulations,andtotal flux (thick solid line). The crosseslenotetheresidual
errorwhentheflux—profilesrelationshipof surface-layesimilarity theory
areapplied. Instantaneousaluesat the end of the 2-hour LES run have
beenused—eaceptfor thesurface-layeisimilarity theoryerrors—sincdor
mary of theneededjuantitiesaveragesverenot available.

=0.1).

In thephotochemistrgasecomparabléo the casestudiedby Krol etal. (1999),a solid-
lid CABL is simulated.The casewasstudiedand describedn chapter3. The corvective
velocity scalefor this caseis w, = 1.5 m/s andthe boundary-layeheightz = 1000m.
More detailsonthe LES model,the simulatedCABL, andthe chemistrycasearedescribed
in thesesources.Herewe will discussonly a few aspectf the case.The photochemical
schemeconsistf 10 reactionsnvolving 6 modelledspeciegO3, NO, NO,, RH, HO,, and
OH). The speciesRH is a generichydrocarbon.The basicOsz-producingand-destrging
reactionsareincludedin the scheme SpecieNO is emittedwith a surfaceflux of 0.1 ppb
m/sandis quickly transformedo NO; in the surfacelayer. Thisis obviousfrom thelarge
flux divergencesn the surfacelayer (seeFigs.4.2aand4.2b). Higherupin the CABL NO
andNO; reacha photostationargtatewith thephotolysisreactionNO, + light & NO+ O3
beingbalancedy thereactionNO + O3 — NO2 + Oz (bothreactionshave time scalesof
minutes).
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45.2 Results

In orderto intercomparethe different formulationsgiven above for (@) —(4.6),
(4.17),and (4.23)—wesubstitutein theseformulationsthe LES profiles of all quantities
thatappeain them,exceptfor thelengthscalegandof coursethe constants)Theresulting
profilesof (w’s{)z for the simplechemistrycaseareplottedin Fig. 4.1, andfor the photo-
chemistrycasein Figs.4.2a(speciedNO) and4.2b(speciedNOy). For the formulabased
on the second-ordeclosurescheme(4.6) we alsoshaw the profiles of Tq ) for which
eitherthe third-ordermomentsin R,s and Ry areneglectedor the whole term contain-
ing Rys andthethird-ordermomentsn Ryg areneglected.Furthermoresurface-layerflux
residuedor applicationof nonreactie flux—profile relationshipsareshavn. The methodto
determinetheseresiduesconsistof first calculatingKinert = —W/(am/az) from an
inert bottom-updiffusing scalar andsubtractinganinert partbasedon this Kinert from the
total flux of thereactve species:

S - BISY
/ — /e K- -
(w q)residue_ w % Kinert 9z’ (4'24)

In the simple chemistrycaseall estimatesof the chemicalpart of the flux give large
valuescomparedo the total flux throughoutthe whole CABL, both wherethe fluxesare
large (nearthe surface)and wherethe fluxesare small (in the top half of the CABL). In
the photochemistrycaseall estimatef the chemicalpartof the NO flux aresmallwhere
the total flux is large (nearthe surface)andlarge wherethe total flux is small (aroundthe
middle of the CABL andhigherup). For NO, the situationis comparablebut somavhat
lesspronounced.

In bothcaseave seea consistengroupingof resultsinto two groups which leadsto the
following conclusions.Regardingthe first group,the second-ordeclosureof Verver et al.
(1997) givesthe largestvaluesof (T#)z Theimpactof third-ordermomentsin (4.6) is
small. And regardingthe secondgroup,a simplified versionof the second-ordeclosure—
equivalentto mass-fluxclosureformulation (4.23)—givessignificantly smallervaluesfor
(@)2 Theresultslie alsocloseto mass-fluxclosureformulation (4.17),leadingto the
conclusiorthatthe differencebetweerupdraftanddowndraftsubplumecovariances small
andtheapproximatingstepsto arrive at (4.23)arevalid.

The residualerror identifiedin the surfacelayer when using nonreactie flux—profile
relationshipstendsto be smallerthanthe differentcorrections(wfg’)2 estimatedby the

higherorderclosureschemesgspeciallynearthetop of thesurfacelayer. Although(w’s{)2
andtheresidualerrorfor first-orderclosurearedifferentquantities we do wantto point at
the factthat the chemicalcorrectionsneededon the flux are smallerin first-orderclosure
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thanin thefull second-ordeclosure.

Oneshouldnotethat we hereprescribednostprofilesin the evaluationof the higher
orderclosureslf we letthehigherorderclosureshemselesmodelall profilesotherdiffer-
encescanbefound. For instancejn additionto the casesstudiedin this note,we simulated
similar bottom-up/top-dwn caseswith LES aswere studiedby Vener et al. (1997),and
arrived at conflicting resultsfor the contribution of chemicalhigherordermomentsto the
flux: the effective transporto mid-levelsof the CABL is decreaseavhenLES profilesare
substitutedn the second-ordeclosureformulationfor (w's X while it is increasedac-
cordingto the full second-ordeclosuremodelresultsgivenby Verver etal. (1997). This
is a sign that the estimateof the chemicalhigherorder momentsis very sensitve to the
parameterizatiofespeciallyfor the constantdo calculatethetimescales).

4.6 Summary and discussion

The contribution of chemicalhigherordermomentsto the flux hasbeenestimatedor
two caseshy several differentclosures. A significantdifferencebetweenthe full second-
orderclosureof Ververetal. (1997)anda simplified versionof thatclosure—equialentto
amass-fluxclosure—hadeenfound. A simplephysicalpictureof higherorderchemistry
correctiongo flux comeswith the mass-fluxclosure:thesecorrectionsare proportionalto
the differencein chemicalreactionratesbetweenupdraftsand downdrafts. The residual
error for flux estimatesdasedon nonreactie flux—profile relationshipdn the surfacelayer
tendsto be somavhat smallerthanthe contribution of chemicalhigherordermomentsto
theflux asestimatedy higherorderclosuresgspeciallynearthetop of the surfacelayer.

Althoughthespecificmagnitudeof thedifferencegoundis dependenbnthepreciseval-
ueschoserfor thedifferentconstantsgchangingheseconstantwill notstructurallychange
our conclusions.This studysuggestshat the presencesf more degreesof freedomin full
second-ordeclosuredeadsto a strongetimpactof chemicalreactionsontheflux estimate.
If, for instancejn afull second-ordeclosurethehigherorderchemistrytermsarenottaken
into account,a significantlylarger error resultsin the flux estimatecomparedo if a first-
orderclosureis used.Thefactthatfor arepresentatie photochemicatasethe higherorder
chemistrycorrectionanodeledby higherorderclosureshecomdargerwith heightnearthe
surface,doesnot meanthatthe error for first-orderclosuresalsoincreaseswe evenfind a
decreas®f the first-orderclosureerror with height. We expectthat for representatie at-
mosphericchemistryconditionsno significantchemicalcorrectiongrelatedto higherorder
chemicalmomentsn theflux budgetareneededor first-orderclosureestimate®f theflux.
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Abstract

A first-order covariance closuee is includedin a single-columnversion of a global
climate—tiemistrymodel,andtheimpactof seyregationeffectsdueto boundary-layeicon-
vectionon atmospherichemistryis studied. Thecolumnmodelis run for several locations
with widely varying chemicalconditions. The chemicalschemethat is usedis a modified
version of the CarbonBond Mecdanism4 (CBM-4) and contains32 speciesand 71 reac-
tions. For all locationstheimpacton daytimeboundary-layeraveragedisoprene NOy, Oz,
and OH concentationsis foundto belessthan2%. Theimpactis oftensmallerthan0.5%.
Thecovariancethat playsthe mostsignificantrole during daytimeis the covarianceof iso-
preneand OH, althoughthe magnitudeof the intensityof segregationfor this reactionis at
most—2%. A sensitivitystudywith turbulence—canopynteractionsfor the tropical rain-
forestindicatesincreasesf only 1% or lessin the concentationsof isopreneand OH. We
concludethat segregationeffectsrelatedto dry boundary-layercorvectioncanbeneglected
in atmospheriachemistrymodeling On the other hand, surfacehetepgeneitiesaffecting
emissiorand depositionprocessesnaybessignificant.
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5.1 Intr oduction

In atmospherichemistrymodelsall speciesaretypically assumedo be well mixedin
eachmodelgrid box (representinginareaof 10°P—10° km?). This assumptiomnight leadto
inaccuraciesn atmospherichemistrymodels sincesomemeasurementshav thatchemi-
calspeciesrenotalwayswell mixedandthatsegregationeffectsmustbetakeninto account
in atmospherichemistrymodels. Concentration®f reactingspeciescanbe positively or
negatively correlatedandthesecorrelationsmay leadto correctionson the meanreaction
ratesin modelgrid boxes. The relative correctionsare called “intensitiesof segregation’
For instance Vila-Guerawe Arellano et al. (1993a)calculatedan intensity of segregation
Is of —10% at a certainheightin the mixed layer of the cornvective atmospheridoound-
ary layer (CABL) from aircraftmeasurementsver the Netherlandgconsideringan areaof
200 x 200km?). They attributedthis segregationeffect to the turbulentandchemicalpro-
ductionof covarianceqe.g.,Schumanri989). Davis (1992)studiedthe importanceof the
chemicallyproducedcovariancebetweenisoprene(CsHg) andthe hydroxyl radical (OH).
He identified conditionsfor which this covariancecould resultin a significantintensity of
segregation.

The questionnow is whetherintensitiesof segregation of about —10% or more can
be causedby corvectionand chemistryin the CABL. If not, then nonuniformemission
and depositionpatternsmustbe responsibl€or obsered large intensitiesof segregation.
Only a few studieshave beendoneon the turbulenttransport—reactioproblemfor chem-
ical schemeghat are representatie for atmospherichemistryin the CABL. For tropical
backgroundsteady-stateonditionsKrol etal. (1999)showved, usinglarge-eddysimulation
(LES), thatthe bulk intensity of segregationfor NO and Os is very small (j1%), but that
for nonmethandydrocarbondNMHC) and OH it could be aslarge as 5-30%, depend-
ing on the lifetime of the hydrocarbonsonsidered.The sensitvity studyfor a nonsteady
casepresentedn chapter3 of this dissertationsuggestshat segregationeffectsrelatedto
boundary-layecornvectionmaybeimportantin atmospherichemistry Finally, Ververetal.
(1999) studieda nonsteadyropical rainforestcase(ABLE-2A) andfounda bulk intensity
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of segregationfor the reactionof isoprenewith OH of a few per centbothin the morn-
ing andafternoonandbulk intensitiesof segregationof about10% for the reactionof NO

with peroxyradicals.Fromthesmallimpactonthe modeledconcentrationghey concluded
thatit is not necessaryo includedcovariancesproducedby turbulenceand chemistryin

atmospherichemistrymodels.

We hereextendthe above studiesto differentchemicaland meteorologicahonsteady
conditions,in orderto determinewhetherconditionsexist over the globe for which sey-
regationrelatedto dry boundary-layeiconvection hasa significanteffect on atmospheric
chemistry Thereforeweimplementhecovarianceparameterizationf chaptei3in asingle-
columnversionof aclimate—chemistrynodel. Thismodelis runfor two consecutre daysat
four differentlocationsovertheglobe: SouthAmerica(tropicalrainforest) Europe(agricul-
ture/industry) North America(agriculture/forest)and Africa (savanna). The initialization
of meteorologyandchemistryis performedusingprofilesfrom globalclimateandchemistry
models.

5.2 Model description

Themodelusedis a single-columnversionof the globalclimatemodelECHAMA4. The
globalmodelis describedy Roeckneetal. (1996)andthesingle-columrversionby Chris-
tenseretal. (1996). We will not give the detailsof its physicalparameterizatiohere.The
standardrerticalresolutionof 19 layersis used.All relevantmodelvariablesareinitialized
usingglobalmodeloutput(alsothenecessariand-surbceparameteraretakenfrom global
datasets).

Chemicalspeciehave beenaddedo thesingle-colummodel: 34 speciesaremodeled,
of which 29 aretransportedThechemicalschemas a modifiedversionof theCarbonBond
Mechanism4 (CBM-4), taken from Houweling et al. (1998), and describesr1 reactions
(including 3 sulfur reactionghathave beenaddedo the schemeof Houwelingetal. 1998).
Theschemads representatie of globaltroposphericNOy—CO-CH—-NMHC-0;3 chemistry

Theinitial meteorologicatonditionsarederived from ECHAM4 andthe initial chem-
ical conditionsare obtainedfor the specificmonthstudiedfrom the global chemicaltracer
model TM3 (seeHouwelinget al. 1998). Both global modelsaredriven by analysegrom
theEuropearCentrefor Medium-RangéVeathelForecast§ECMWF)—ECHAMA4through
NewtonianrelaxationandTM3 directly.

The nonbiogenicsurface emissionsare similar to the climatological valuesusedfor
the specificlocationsin the chemistryversionof ECHAMA4 (RoelofsandLelieveld 1995).
The biogenic emissionsare calculatedexplicitly, using the available physical variables,
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Case Continent Latitude Longitude Period
Tropicalrainforest ~ SouthAmerica 4° N 55° W March1-2,1993
Agriculture/industry Europe 50° N 1 E July 1-2,1993
Agriculturefforest North America 35° N 87.5W July1-2,1993
Savanna Africa 7.5 N 1 E Octoberl—-2,1993

Table5.1: Locationsandperiodsfor four cases.

Case Isoprene OH NOy O3

[ppbv]  [10° moleccm™]  [pphv]  [pphv]
Tropicalrainforest 1.9 1.9 0.12 23
Agriculture/industry 0.03 16 1.1 40
Agriculturefforest 0.3 10 0.2 50
Savanna 0.3 7 0.07 30

Table5.2: Boundary-layemveragedconcentrationsroundnoonon the secondday of
the simulation(one-houraverage).

andbasedon a land cover database Dry depositionis modeledfollowing Ganzeeld and
Lelieveld (1995).

5.3 Resultsfor different cases

To studytheimpactof covariancedor differentchemicalandmeteorologicatonditions,
four locationsandperiodswereselectedo runthe single-colummmodel(seeTable5.1). In
all casesa CABL developsduringdaytime.Differentemission®f NMHC andNOy resultin
arangeof chemicalconditions.We run the single-colummodelfor two consecutie days,
bothwith andwithout covarianceclosure, andcomparethe resultsaroundnoonlocal time
onthesecondday Notethatthe studiedlocationsarerepresentatie for largeareas.There-
fore local adwectioneffectsarenot takeninto account(althoughin theinitial concentration
fields someeffects of monthly-meanadvection are present). In Table 5.2 the boundary-
layer averagedconcentrationsre given. As is evident, a large rangeof concentrationss
coveredby the four cases Realisticconcentrationgaremodeledfor the differentcasesfor
the tropical rainforestcasethis wasaccomplishedy reducingthe isopreneemissionflux,
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Case ISOHHisop  [Eoprentges  [OFhony Ol Dl

x 100 x 100 x 100 x 100 x 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 concentrationgdue to covari-
ancesaroundnoonat the secondday of the simulation(one-houraverage).
Afconq is definedas the differencebetweenthe model resultswith and
without covarianceparameterizationA[cond = [condcov — [€ONno cov-

whichis resohedin themodelaccordingto Guenthetet al. (1995),by 50%. Two chemical
regimescanbediscernedor thefour casesanNOy-rich (agriculture/industrgase)andan
NOx-poorregime (all othercases).

Theboundary-layeaveragechorizontalintensityof segregationfor the reactionof iso-
prenewith OH andtheimpactof the covarianceparameterizatioon somespecieconcen-
trationsare givenin Table5.3. The impactof covarianceds very small at all locations.
The otherintensitiesof segregationaretypically alsovery small; somereactiondgnvolving
radicals,NO, NO2, andNOs, shav someavhat larger effectsfor early morningconditions
(evidentfrom a 0.6% impacton the NOyx concentratiorduring the day for the agriculture
cases).The largestrelative impactis found for the two casesvith moderatésoprenecon-
centrationgagriculture/foresandsazannacase) wheretheisopreneconcentrationsirein-
creasedy 2% dueto a —2% intensityof segregationfor thereactionof isoprenewith OH.
For the tropicalrainforestcasethe effectson the isopreneconcentratiorof the segregation
betweerOH andisoprends muchsmaller(0.5%).

To deducean upperlimit for covarianceeffectsrelatedto corvective boundary-layer
mixing in the tropical rainforestcase we performeda sensitvity run wherethe covariance
of isopreneandOH is enhancedo accountor covariancegproducedoy turbulence—canop
interactiongPattonetal. 1999). We assume fixedvalueof —20%for this covariancen the
lowestgrid box (with a heightof 60 m) of the model. This grid box largely extendsabove
the canofy top—itsbottomis atthedisplacemenheight,20 m for our case.Theresultsfor
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P . Alisopreng AJOH] A[NOy] A[Og3]
Sensitvity run IS‘OH+ISOp [isoprenéno cov [OH]nocov [Nox]noxco/ [03]n03cw
x 100 x 100 x 100 x 100 x 100
turbulence—canop
interactions —4 +1.3 +0.7 +1.6 —0.08

Table5.4: Sensitvity run (the samequantitiesaregivenasin Table5.3).

this sensitvity studyaregivenin Table5.4. Theintensityof segregationandtheimpacton
theisopreneconcentrationncrease—nht still theimpactis only about1%.

5.4 Summary and discussion

We have addressedthe questionon the significanceof turbulently andchemicallypro-
ducedcovariancedeadingto segregationeffectsin atmospherichemistrymodels.Only a
smallinfluencewasfoundfor the inclusionof thesecovariancesn an atmospherichem-
istry modelthatwasrun for several differentconditions. In general,in low-NOy erviron-
ments(tropical rainforest,agricultural/forestand savannacases)ncrease®f at most2%
werefound for the concentration®f isoprenewhile the effect on Oz concentrationsvas
negligible. For high-NQ conditionsthe covarianceof isopreneand OH seemdo be even
lessimportant. A sensitvity run suggestghat taking turbulence—canopinteractionsinto
accountdoesnot significantlyalterthe conclusionthat covariancegproducedn the CABL
have only a minorimpacton chemistryin the atmospheridoundarylayer However, this
conclusionis probablynot valid for the concentrationsvithin the canopy (andthe effective
emissiongrom the canopy).

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 existsin the rangefrom 40 to 400 km. And,
as anotherexample, Vila-Gueraude Arellano et al. (1993a)found a —10% intensity of
segregationfor NO and Os above the Netherlands.This intensity of segregationwasnot
producedastheauthorssuggestedhy turbulenceandchemistry but by the nonuniformity
of theemissionslndeed from the cospectrunof NO andO3 presentedy Vila-Gueraule
Arellanoet al. (1993a)—withscalesrangingfrom 50 km down to 1 km—it is evidentthat
mostof the —10%intensityof segregationfor NO andQs is locatedatthe 15 km scaleand
thatthe contribution of scalesof order1 km or less(approachinghe boundary-layeturbu-
lencescales)s neggligible. We concludethatsubgrid-scalesurfaceheterogeneitieaffecting
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emissionanddepositionpatternsarethe causeof the measuredntensityof segregationfor
NO andOs. We expectthatin generalit is moreimportantto incorporatesubgrid-scale
surfaceheterogeneitien atmosphericchemistrymodelsthan turbulently and chemically
producedsubgrid-scaleovariances.
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6.1 Summary

Themixing of chemicalspeciesn the corvective boundarylayerhasbeenstudied.An
LES investigationof the mass-fluxcharacteristicef both reactive andnonreactie scalars
revealsthat 65% of theflux is capturecdby the updraft—devndraftdecompositiorandabout
25%o0f thecovariancebetweerntwo arbitraryscalars The CABL profilesof scalarsaremod-
eledaccuratelyby anoff-line mass-flusschemehathastwo majorsimplifying assumptions
in it, ascomparedo theexactplume-tudgetequationsFirst,only one-way lateralexchange
is consideredandsecondthe subplume-scalfluxesaretakeninto accountoy anincrease
of themassflux. Theaccurag of the mass-fluxestimateof the covarianceis estimatedo
beafactorof 2, which is accurateenoughto improve modeledreactionratesby takingthe
estimateccovarianceinto account.

Basedon the mass-fluxcharacteristicef scalarsa simple covarianceparameterization
hasbeendevelopedwhichcanbeusedn atmospherichemistrymodelsto assestheimpor-
tanceof turbulent covariancedor atmospherichemistry The parameterizatiowonsiders
bothturbulentandchemicalproductionof covarianceslt makesuseof adistinctionbetween
short-lvedandlong-livedspeciesThe short-livedspeciesio not have to betransportedy
theflux closurethatis usedn combinatiorwith thecovarianceclosure.Theevolutionof the
updraftand downdraft concentration®f nontransportedpecieds completelydetermined
by chemicalreactionsalsoinvolving longerlivedspeciegthataretransported).

It is notnecessaryo combinethis covarianceparameterizatiowith a mass-fluxparam-
eterizationfor theflux. A nonlocalfirst-orderflux closuresufiicesto modelaccuratelythe
flux andconcentratiorprofiles of reactive speciesn the CABL, providedthatthe flux di-
vergencedueto chemistryis alsotakeninto accountn the nonlocalcontributionto the flux.
Concerninghe potentialerrorrelatedto the neglectof the higherorderchemicaltermsin
theflux budgetit hasbeenfoundthatthis erroris thelargestfor relatively complex flux clo-
sureglikefull second-ordeflux closure)andthesmallesfor very simpleflux closureglike
thenonlocalfirst-orderflux closure).This explainswhy a simpleflux closurecanmodelthe
fluxesin the photochemistrycaseaccuratelywhereasn a second-ordeflux closurealarge
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flux correctiondueto higherorderchemicaltermsis indicated.

The covarianceclosure,developedusing nonreactie and simple chemistrycaseshas
beenfoundto comparewell with LES for a morecomplex photochemistricase. This pro-
videssupportfor theactualapplicationof the covarianceparameterizatiom afull climate—
chemistrymodel. In this dissertationa study hasbeenpresentedvherea single-column
versionof a global climate—chemistrynodelhasbeenusedto studythe impactof the co-
varianceparameterizationThemodelhasbeenrunfor severallocationsontheglobe.It has
beenfound thattheimpactof turbulentcovarianceson the modeledconcentrationsgs very
small (lessthan1%) everywhere.

In summarythe mainconclusionsarethefollowing (cf. sectionl.4):

e Theupdraft-devndraftdecompositioris very usefulfor solvingthe turbulenttrans-
port—reactiomproblem.More specificallywe foundthat:

1. sufficiently accurateestimatesf covariancescan be madeon the basisof the
updraft—devndraftdecomposition.

2. thetool thatwasusedto studythis decompositionES, shoved no problems
relatingto LES subgrid-scaleovariancegthesesubgrid-scaleovariancesvere
typically negligible, evennearthe bottomandtop of the CABL).

e Themass-fluxapproachor calculatingcovariancescan be combinedwith ary flux
closure.A first-ordercovarianceclosurecanbe formulatedthat takesboth turbulent
andchemicalproductionof covariancesnto account.

e The contritution of chemicalhigherordermomentsto the flux in higherorderclo-
sureds typically largerthanthe errorthatis madeby usinga first-orderflux closure.
Thelattererroris expectedo besmallin atmospherichemistry

e Turbulently and chemicallyproducedcovariancescontribute at most2% to the day-
time speciesbudgetof the NMHC speciedsoprene. The impacton concentrations
is typically only 0.5%. Otherspeciesare often even lessaffectedby the modeled
covariances.One mustnote, however, thatin reality covariancesare alsoproduced
by subgrid-scalesurfaceheterogeneityaffecting emissionand depositionpatterns).
This heterogeneitys expectedto leadto considerablesffectsfor large-scalanodels
with grid sizesthataresignificantlylargerthan10 km.
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6.2 Discussion

Using the LES techniqueit hasbeenfound herethat reactve scalarslargely behae
like nonreactie scalarsas far astheir turbulent characteristicsare concerned. From the
discussionin chapter2 relatedto the spectrashowvn in Fig. B.1 it canbe concludedthat
although(anti-)correlationgersistup to the smallestresohed scales the contribution to
the total covarianceby the smallestscalesis nggligible. In fact, for very high reaction
rates—consideringone-way, binaryreactionbetweertwo scalarsith comparableCABL-
averagedconcentrations—théanti-)correlationeven dropsto zero at the smallestscales.
Suchfast-reactingcalargdo not put additionalconstrainton the LES technique.

It is simpleto imagineachemicalkegimefor whichthe LES techniquébreaksdown: two
speciegeactingvery quickly whereone specieshasa muchhigherconcentratiorthanthe
other But for sucha casetheturbulenttransport—chemistrgroblembecomeghe molecu-
lar transport—chemistrproblem. A centralclaim of this dissertatioris thatthe molecular
transport—chemistrproblemis not relevantfor atmosphericchemistry: chemicalspecies
with suchshortlifetimes (in the order of secondsor less)can be consideredo bein a
steadystate—thg areboth quickly producedand quickly destrged. Theturbulentspectra
of short-lvedspecieghereforefollow the spectreof their longerlivedprecursorandreac-
tants.Furthermorethesmallshift towardsmallerscaleghatis foundin theturbulentspectra
for reactive scalarsstill takesplacein the partof the spectraldomainthatis well-resohed
by LES. It shouldbe notedherethat the cautionsgivenin the literatureaboutchemistry
in LES aresometimedasedon low-Re experimentswith a one-way binary reaction. For
the realatmospherevith its very high Re andwith the presencef backreactionsLES of
atmospherichemistrydoesnot suffer from specialproblemsrelatedto the chemistry

Retrospectiely, it is thelargeintensityof segregationfoundfor thesimplereactioncon-
sideredfor yearsin the literature(the one-way reactionA + B — C), e.g.,by Schumann
(1989),Sykeset al. (1994),Venrver et al. (1997),Molemaler andVila-Guerawde Arellano
(1998), and Peterseret al. (1999, chapter2 of this dissertation) that supportedthe hy-
pothesigthat turbulent covarianceeffects might be important. We conclude however, that
significantintensitiesof segregationmight be presentin the atmospherat scalesranging
from 10to 1000km, but thatthe contribution of smaller(turbulent) scalego theintensities
of segregationis negligible. Intensitiesof segregationcausedy largerscalevariability are
relatedto inhomogeneitiest the surface—asopposedo turbulent and chemicalproduc-
tion. To give anoutlook on future researchyve think thatit is now interestingto establish
a broaderexperimentabasison subgrid-scaleovariances.The following questionshould
be addressedHow large is the error thatis madeby neglecting horizontalsubgrid-scale
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covariancesasafunction of the spatialresolutionof atmospherichemistrymodels?If the
errorsarethensubsequentlgonsideredo betoo largefor specificmodelingpurposestwo
stratg@iescanbefollowed: eitherto increasehehorizontalresolution(at 10 km theintensi-
tiesof segregationcouldprobablyalreadybereducedo magnitudesf afew percent)or to
continuethedevelopmenbf parameterization®r theeffectsof subgrid-scaléeterogeneity
in surfaceemissionanddeposition(andin meteorologicallyrelevantparameterssincealso
thedynamicsandthermodynamicef the CABL cansignificantlyvary onthesescales).

It shouldbemadeclearthatall theabove considerationarevalid for thedry CABL only.
In the casesof the stratocumulus-toppedr the (shallov-)cumulus-toppedABL it is still
expectedthat the turbulent transport—chemistrproblem containsfeaturesthat should be
parameterizeth atmospherichemistrymodels. This subjectawaits further research We
expectthatthe proposedtovarianceparameterizatiowill alsowork for the stratocumulus-
toppedCABL, sinceit hasheenshowvn thatalsowithin the stratocumulugloud 65% of the
flux is describedby the mass-fluxapproximation.First, however, testsfor severalreactve
caseawill haveto beperformedo determinef theaccuray of the parameterizatiors still
afactorof 2 in thestratocumulugase.

Finally, it mustbe stressedhat, althoughCABL turbulenceis not importantfor the
covariancesn atmospherichemistryit is importantfor the verticalfluxes. Dueto thefact
thatthe spectrunof vertical velocity hasa peakat scalesof the orderof the CABL height,
theturbulentscalesaredominantfor verticaltransporiof chemicalspeciesn the CABL.



Appendix A

Fractional top-hat contribution to
the covariance k1

In this appendixwe wantto generalizeéhe work of WyngaardandMoeng(1992)from
fluxesto variancesandcovariancesWyngaardandMoeng(1992)determineda theoretical
valueof ks, assuminga Gaussiarprobability densityfunction (pdf) P(w’, s’). We here
determinean expressionfor «12, the top-hatfraction of the covarianceof two (arbitrary)
scalars,assumingGaussiarpdf’'s P1(w’, s)) and Pz(w’, s;). Furthermorewe would like
to demonstrat¢hat«io> = 0.25is a best-guessaluefor all possiblescalarstherebygener
alizing from the pure bottom-upandtop-down diffusing scalarfields studiedin chapter2.
Finally, this appendixaimsto determingheuncertaintyin this valueof «12.

We startwith the definitionof «12:

as's! + (1- as's! - 5%
S
We rewrite theupdraftanddowndraftquantitiesn termsof thejoint pdf P(w’, ) of vertical

velocity andscalarfluctuationsanalogougo WyngaardandMoeng(1992):

= /f‘io fowoos’l P(w’,/s’p dw’ d/% (A2)
I Jo- P’ s dw' ds)

(A.1)

K12 =

o /5 o s Pwlsp du'ds,
S% 1% Pw'.s)) du ds)

(A.3)
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with similar expressiongor 5" ands;%. Thelowerintegrationlimit —3 for s; followsfrom
thefactthatthe scalarvaluescannotbecomenegative (51 is the horizontallyaveragedvalue
of scalars; relative to which thefluctuationss; aredefined).

We definethe correlationcoeficientsp in the following way:

W'S] = Pys, Ow0s (A.4)
W'S) = Pus0u0s, (A.5)
SIS, = Pz 05105 (A.6)

wheretheo’s denotethermsvaluesof theindicatedquantities.
If P(w',s)) andP(w’, s)) have a Gaussiarform, it follows that

. 205, puws
5= ——= A7
1 o (A7)
e VY (A.8)
27T b

andsimilar expressionsareobtainedfor scalarsy,. Furthermoreit follows underGaussian
assumptionshata = % Combiningall above equationsve arrive at
4 pwslpwsz‘ (A.9)

K12 Gauss= E P
S1$

Contraryto whatwasfoundearlierfor «,,s (thetop-hatflux fraction)in the caseof a Gaus-
sianjoint pdf P(w’, &), thatis, thatx,s = 4/(2r) is independenof the correlationcoef-
ficient pys, (A.9) statesthat«12 is dependenbn all threecorrelationcoeficientsdefined
in (A.4)—-(A.6). We can also seethat if we substitutew for eithers; or s, the result
kws = 4/(2m) for the top-hatflux fraction comesout again. If we assumes; = s = s
we find for thetop-hatvariancefraction«ss gauss= 4/(2r) pf,s.

In orderto empirically investigatethe sensitvity of «12 to differentcasesve have used
the superpositiorhypothesisof Wyngaardand Brost (1984)to constructdifferenttypesof
scalarss; ands; (without chemicalreaction)from the BU andTD scalardn thefollowing
manner:

S1 = 218U + B1STD (A.10)
S = a2SeuU + B2STD. (A.11)
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f’(lzGaussg dz [ K12 518, dz

Description a1 P %) B2 —
/S dz /5% dz

S1: Purebottom-up
Sp. Puretop-davn 1.0 0.0 0.0 1.0 0.41 0.36
S1. 20%detrainedattop
Sp: No depositionat bottom 1.0 —0.2 0.0 1.0 0.17 0.16
S1: 20%detrainedattop
Sp. 20%depositedat bottom 10 —02 —02 1.0 0.19 0.18
S1. 20%detrainedattop
Sp. 100%depositecatbottom 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 10 —0.2 1.0 —0.2 0.27 0.27
S1. 20%entrainedattop
Sp. 20%detrainedattop 1.0 0.2 1.0 —0.2 0.32 0.33
Both puretop-dovn 0.0 1.0 0.0 1.0 0.07 0.09

TableA.1: Bulk ratiosof top-hatcontribution to total covariancefor differentcombinations
of nonreactie bottom-upandtop-davn scalarfields, determinedrom LES.

We do not have to perform additional LES runsin orderto calculatexi2 and k12,causs

In TableA.1 we presenthe bulk valuesof k12 and«12 gaussfor a hostof differentcases,
togetherspanninga large rangeof posibilities. We can concludethatin generalthe bulk

value of k12 caussdoesnot deviate muchfrom the bulk valueof k12. Furthermorexis =

0.25+ 0.10seemdo beagoodestimateof therangeof valuesthatx 1, canattain. Fromthe

experimentalLES resultspresentedn section2.5 we infer that chemicalreactionscannot
causdargechangesn thisrange.






Appendix B

Spectral behavior of s;s,

In this appendixwe describethe spectrabehaior of the covariancefor casestudiedin
chapter2. Thebottom-upscalarsBU andA aredenotedby s; andthetop-dowvn scalarsTD
andB by sp. Usingthe 2-D Fourier transformss; and$, normalizedin a properway, we
have

N N N

Sm=) X (8") e =Y CEY
i=—Nj=—N k=1

whereS;s is the discretecospectrunof s; ands, (for theresolutionof 130 x 130we have

N = 63). Anotherspectraljuantitythatwe investigatds the spectrakorrelation definedas

%
Jus,

whereS 1 and$S; arethediscretespectraof s; ands,, respectiely. Thespectrakorrelation
obeysp¥, € [-1,1], k=1,...,N.

In Figs.B.1a,bwe have plotted p12 andS;» for differentcasesatheightz/z; = 0.14.The
spectrabehaior atotherheightds qualitatively similar (notshovn). We seethatcaseAB oo
behaesascaseBUTD: the correlationdropsto nearzerovaluesfor higherwavenumbers
(smallerscales),while the reactive casesAB1 and AB3 (and AB2, not shavn) maintain
constantcorrelationsaslow as—0.35at all scalesfor caseAB1. This differenceis dueto
the chemicalreactionthat proceedsat a moderatereactionratein caseAB1, actingat all
scalesasa sourceof negative covarianceand counteractinghe tendeng toward nearzero
correlationgwhich is dominantat the smallerscaledor nonreactie or fast-reactie cases).
From the cospectraS;, we canfurthermoreconcludethat the small scaleshave a larger

Pl = (B.2)
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FigureB.1: (a) Spectralcorrelationsand (b) cospectraof bottom-updiffusing scalars
BU or A (scalarvaluesdenotedby s1) andtop-down diffusing scalarsTD
or B (scalarvaluesdenotedby s;), determinedfrom LES. The plotted
guantitieshave beencalculatedat heightz/z; = 0.14. The normalization

in (b) is chosersuchthat " kS|, d(Ink) = 1, with S, = Si2/S]S,.

contrilbution to the total covariancein caseAB1 with a moderatereaction-ratecoeficient
thanin thenonreactie caseBUTD.



Appendix C

Top-hat formulas for a and M

In orderto drive a mass-fluxscheme,one needsto know the updraftareafraction a
andthe massflux M. Use canbe madeof top-hatformulasthatrelatea and M to the
turbulent vertical velocity statisticsw’? andw’3. In this appendixwe will presentthese
top-hatformulasandevaluatetheir performancegiventhatwe alreadyknow the profilesof
w'? andw’®.

Usingthefollowing top-hatformulasfor a andM from Randalletal. (1992),

1 )

a— 5 . Sz/,tozhat (C.l)
2\/ 4+ Sw,tophat

(W)l/z

M = 7;""“6“ , (C.2)
4+ Sw,tophat
. . -3 > 3/2
where the top-hatskewnessis used,definedas S, tophat = W' tophat/ (W’ wonhat and
op-ha

relatingall top-hatquantitiesin (C.1) and(C.2) to the total quantitiesusing «-factors,we
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FigureC.1: Ratiosof top-hatcontribution to total quantityfor F F andS, determined
from LES.

canwrite thefollowing equations:
1 k5, DS 1 ks,Sy

- YD () e () 4

Ja+«d & z

Thek factorsaredefinedask,,, = Wtophat/ﬁ andks, = Sy tophat/ Sv- In theapprox-
imating stepof (C.3) and(C.4), it is assumedhatthe x factorsareindependenof height
andthatxéw S /4 < 1. In Fig. C.1we plot theprofilesof the« factors.Thetop-hatfraction
of the total vertical velocity variancex,,,, turnsout to have small variationwith height (it
decreasefrom 0.7 nearthe bottomto 0.6 nearthe top of the CABL) andon averageit is
closeto thetheoreticalvaluefor a Gaussiampdf P(w’, '), namely0.64. However, the top-
hatfraction of thetotal third momentof the turbulentverticalvelocity k., is muchlower
(about0.2) andlessconstantwith height. Note thatunderGaussiarassumptiong ., is
undefinedsincein thatcasew’® = 0. The top-hatfraction of the total skewnessks, is
foundto beabout0.4.

In Figs. C.2a,bwe shov a and M calculatedwith andwithout the « factorsand com-
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Figure C.2: (a) Updraft areafraction and (b) massflux, determinedrom LES. The lines
labeled'with ks,” and“with «,,," correspondo Egs.(C.3)and(C.4),respectiely, andthe
lineslabeledno «s,” and“no «,,," correspondo the sameequationdut withoutthe«x’s
(or, equivalently, with the«’s putequalto 1).

paredto LES. The LES profileswere usedto drive the mass-fluxschemesn this chapter
Consistenwith Sorbjan(1996)the LES resultfor a shovs aroughly constanwalueof 0.43
in the bulk of the CABL. The LES resultfor M shaws a profile thatis nearlysymmetrical
aroundits maximumof 0.2%w,. We canconcludefrom Figs. C.2a,bthat (C.3) and(C.4),
usingks, = 0.4 andx,,, = 0.64,give agoodperformanceHowever, if we do notusethe
k factorsthe minimum of a become®.33andthe maximumof M become$).34w,. So,
large errorsin the estimationof a and M aremadeif onedoesnot take the « factorsinto
account.






Appendix D

Implementing the covariance
closure

The proposedcovarianceclosureof chapter3 shouldbe appliedin the atmospheric
boundarylayer only. The covarianceparameterizatiomsesthe following informationon
the boundary-layedynamics:the boundary-layeheightz;, the vertical profile of therms
of turbulentverticalvelocity o,,,, andtheverticalprofile of theupdraftareafractiona. If z is
not availablein a modelan estimationformulacanbe used(e.g.,VogelezangndHoltslag
1996),andif o, is not available a parameterizegrofile can be used(e.qg., Holtslagand
Moeng1991).We assumehata is equalto 0.5.

In the parameterizatiora distinction is madebetween,on the one hand, speciesfor
which the turbulentflux divergencetermin (3.1) is important—transportedpecies—and,
ontheotherhand,speciedor which theturbulentflux divergenceiermis notimportant,and
is neglected—nontransporteshbecies.We choosenot to calculatefluxesof suchspecies,
sincefirst-orderflux closureghatdo not containchemicalhigherordermomentsvhich are
dominatingthe flux budgetof thesespecies. The speciesOH and HO, are examplesof
nontransportedpeciesn the photochemistryschemausedin this paper

Turbulentverticalfluxesateachheightfor thetransportedpeciesareusedasinputto the
covarianceparameterizationThe turbulentvertical fluxesmustbe specifiedon full levels,
wherethe concentrationsredefined. Any (first- or higherorder)flux closurecanbe used
to calculatethe fluxes—inthis paperwe usea first-ordernonlocalflux closure(section3b).

The parameterizationses(3.14)and(3.15)for the transportedspecies.Substitutionof
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a=0.5,k0 = 0.64,and(M/p) = 3./koo in (3.14)and(3.15)leadsto

1/
§Y =5 + 0.8023 (D.1)
Ow
d w's
59 =5 - 08022 (D.2)
Ow

Also (3.13)is usedin the parameterizationHeresubstitutinga = 0.5andk; = 0.25results
in
5’s| —40(053 U4 055%s —ss,) (D.3)

We here presenttwo methodsof implementation,a generalmethodand a simplified
method. The resultsshavn in this paperwere calculatedwith the simplified method. We
have verified thatthe differencebetweenthe two methodss very small. The major differ-
encebetweenthe two methodsis the useof steady-statédormulasfor the nontransported
speciesn the simplified method. In the generalmethod,whereall chemicalspeciesare
treatedequallyby thechemicalkolver, thenontransportedpecieslefactoreachsteadystate
during the chemistrystep(if this turnsout not to be the casefor a certainspeciesthe flux
divergenceshouldbetakeninto accountfor the speciesi.e., they shouldbetransported).

In the generaimethod(D.3) is not useddirectly, while it is in the simplified method.In
orderto preventfor thelattermethodintensitiesof segregationfrom occurringthatarelarger
in magnitudenegative than—1, g’_sj shouldbelimited to the valueof —S§'Ssj. However, in
the casesstudiedin this paperand—aswe expect—alsan practicalapplicationssuchlow
valuesof |5 do not occurandlimitation doesnot have a significanteffect. In thelimit of I
approaching-1, the concentrationsnodeledby the parameterizatioffincluding the men-
tionedlimiter) approacHimit values asshouldbethecaseMolemalerandVila-Gueraue
Arellano1998;chapter2 of this dissertation).

Subplume(sulupdraftand subdavndraft) covariancesand updraft and downdraft in-
tensmesof segregation appearln both methods. Subplumecovarlancesare definedas
q S =(s -5 (s -5 ) andg s =(s-59(s-5 ) By assumingheir con-
trlbut|on to thetotal covarianceis equal they canbe determinedrom substitutionof (D.3)
anda = 0.5in

S'S] _{as '+ (1- a)§¢ 5 —ss,}+a§s +(1- a)gs , (D.4)
anexactexpressiorfor thetotal covariancewhichis givenin chapter2. Theresultis

—u  ——d
S5 =55 =30(055'5" + 0555’ - 575). (D.5)



127

Updraftanddowndraftintensitiesof sqzjregationaredefinedas(lSu)ij = s{—sju/§“ 5 and

——d . . .
(Isﬁd)ij =55 /59579, Also here,in orderto preventupdraftanddowndraftintensitiesof

. . . . . —u —d
seyregationthatarelargerin magnitudenegative than—1 from occurring,s's; - ands's;
shouldbelimited to thevaluesof —§Ysj" and—§95j9, respectiely.

Herewe give the stepsfor bothmethods:

Geneanl method

1.

4,

5.

Determineupdraftand downdraft concentration®f transportedspeciesrom (D.1)
and(D.2).

Determinesulupdraftand subdevndraft covariancesrom (D.5), usingupdraftand
downdraftconcentrationsf nontransportedpeciedrom the previoustime step.

Changeupdraftand downdraft reactionrate coeficientswith factors(1+ Is,u) and
(1+ 1sa), respectiely.

Call chemistrysolver separatelfor updraftanddowndraftconcentrations.

Determineaverageconcentrations.

Simplifiedmethod

1.

Determineupdraftand downdraft concentration®f transportedspeciesrom (D.1)
and(D.2).

. Determineupdraftanddowndraftconcentrationsf nontransportedpeciegrom stea-

dy-stateformulas(useis madeof suhupdraftand subdavndraft covariancesdeter
mined from (D.5), using updraft and downdraft concentrationof nontransported
speciegrom previoustime step).

. Determineaveragecovariancegrom (D.3).
. Changeaveragereactionratecoeficientswith factor(1 + Isg).
. Determineaverageconcentrationsf nontransportedpecies.

. Call chemistrysolver for averageconcentrationgconcentration®f nontransported

speciesarefixed).






Appendix E

Specificationof LES runs usedin
chapter 3

We heregive therelevantdetailson the differentLES modelsusedin chapter3 to sim-
ulatethe CABL (seeTableE.1). Two LES modelversionsderivedfrom the LES modelof
NieuwstadtandBrost (1986),areusedto simulateboth the entrainingandsolid-lid CABL
for thesimplechemistrycasesThesolid-lid CABL is simulatedusingthemodelversionde-
scribedin Beetsetal. (1996)andchapter? of this dissertationThe LESresultsfor thecases
SLOandSL1 shavn in chapter3 have beenpresentedilsoin chapter2, andweredenoted
in chapter2 by BUTD andAB2, respectiely. The modelversionusedfor the entraining
CABL is, exceptfor the numericalmethodfor the time integrationof the scalaradwection
andthe partrelatedto chemicalreactionsdocumentedyy CuijpersandDuynkerke (1993)
andCuijpersandHoltslag(1998).

We summarizehe changeghatweremadein the modelversionusedfor the entraining
CABL comparedto Cuijpersand Holtslag (1998). The time integration schemefor the
scalarshas beenchangedfrom leap frog to second-ordeRunge—Kitta (asin the solid-
lid CABL modelversion)in orderto retain the positivity of the limited x = % scheme
(Koren1993). The partrelatedto the chemicalspecieds identicalto thatin the solid-lid
CABL modelversion,exceptfor the factthatin the entrainingCABL modelversiononly
one subgrid diffusivity is calculated,insteadof three subgriddiffusivities (one for each
spatialdimension)in the solid-lid CABL modelversion(the subgriddiffusivity is usedfor
calculatingboth subgridfluxesandsubgridcovariances).Finally, in the upperthird of the
entrainingCABL modelversiona spongdayeris presentwhich wasomittedby Cuijpers
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130 APPENDIX E. SPECIFICATION OF LES RUNS USED IN CHAPTER 3

Reference  Cases CABL vg [m s Domain[km] Grid points
- EO,E1 entraining Ug=—2, 32x32x15 128x 128x 120
vg=—10

chapte?  SLO,SL1  solid-lid Ug = 0, 6.0x 6.0x 15 130x 130x 66
vg=20

Krol etal. photo- solid-lid Ug = 0, 40x4.0x 1.0 128x 128x 64
(1999) chemistry vg=0

case

TableE.1: LES modelversionsireferenceso the sourcesvith LES modeldescription,
caseacroryms usedin chapter3, CABL type, geostrophiowvind, domain
sizes,andresolutions.

andHoltslag(1998).

In both the entrainingand solid-lid LES modelversionsusedto simulatedthe simple
chemistrycasesa no-slip boundaryconditionis prescribedat the surface. The surfaceflux
of momentumis prescribedn the entrainingCABL by putting u, equalto 0.3m s~! and
in the solid-lid CABL by putting the surfaceroughnesdengthzg equalto 0.16 m. At the
top of the solid-lid LES modelversiona free-slip boundaryconditionis prescribed.The
surfaceheatflux w'6’ ], is 0.052K m s~ for the entrainingCABL and0.069K m s~1 for
thesolid-lid CABL. We applyageostrophiavind for theentrainingCABL only, sothatthe
flow is stronglybuoyantwith a smallshearandinitialize the modelwith arelatively weak
temperaturenversionof 2.7 K at heightz; (680 m). We alsotake humidity into account
for theentrainingCABL. Theinitial humidity profileis 1 g/kg for z/z; o < 1 and0 g/kg for
2/zig > 1; thesurfaceflux of humidity is specifiedto be zero,thereforehumidity behares
asatop-down diffusing scalar For our purposehumidity in this casecanbe consideredo
beapassie scalar

Thethird LES modelof which we show resultsin chapter3 is the onethatwasusedby
Krol etal. (1999)to simulatethe solid-lid CABL for the photochemistrycase. This LES
modelis describedby Molemaler andVila-Guerawde Arellano (1998). It usesa constant
subgriddiffusivity andthereforesimulategoo little small-scalevariability comparedo an
LESwith amoresophisticatedubgridmodel,butit is ableto representhelarge-scalehar
acteristicoof the CABL (Beetsetal. 1996). Free-slipboundaryconditionsareprescribecdht
bottomandtop of the CABL andthe surfaceheatflux w6’ is 0.1K ms™.

Theinitialization procedures$or thedynamicsandthermodynamicandthedurationsof
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therunsfor thedifferentLES modelversionscanbefoundin CuijpersandHoltslag(1998),
chapter? of thisdissertationandKrol etal. (1999). Thedomainsizesandresolutionof the
differentLES modelversionsarelistedin TableE.1. All LES resultsgivenin chapter3 for
caseE0andE1l areaveragesverthethird hourof therunandall resultsfor casesSLOand
SL1are2000s averagesn (quasi-)steadgtate.For the photochemistrgasethe LESis run
for 7200s andtheresultspresentedn chapter3 are1200s averagesaroundt = 6600s. For
thesimplechemistrycasesheboundary-layeheightsz;, corvective verticalvelocity scales
wy, andtheresultingtime scales, = z; /w, areshovnin Table3.2. For thephotochemistry
casethe CABL heightz is 1000m andthe convective velocity scalew, is 1.5m s~1. The
boundary-layeheightz is determinedasthe heightat which the buoyang flux attainsa
minimum. Notethattheaspectatiosof thesimulatedCABLs andtheresolutionswithin the
CABLs areapproximatelyequalfor all modelversions.Theaspectatiois 4; theresolution
is relatively high andguaranteesmallsubgridcovariancedor all casestudied(whichwere
neglectedin the LES modelusedby Krol etal. 1999).
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Samervatting

Convectie en chemiein de atmos-
ferischegrenslaag

De samenstellinggan de atmosfeeiis in de laatste200 jaar geleidelijk aanhet veran-
derenten gevolge van menselijkhandelen. Dit heeftregionaalgeleidtot aantastingvan
hetmilieu (verzuringensmogwrming)enmondiaaltot hetadditionelebroeikasefect. Om
verwachtingerte makenvoor verzuring,smogwrmingenveranderingein hetbroeikasef-
fect enom de bepalendegrocessene bestuderenwordt met computermodellemle lucht-
samenstellingerelendin grotedelenvande atmosfeerzoalsde lucht boven Europa,een
anderwerelddeebf de helewereld. Hierbij wordende concentratieen de chemischepro-
ductieenafbraakvangasserzoalsozonenhethydroxylradicaalOH (hetschoonmaakmid-
delvandeatmosfeerjn deverschillendduchtlagenberelend.

Dit proefschriftheefttot doel eenbron van onzelerheidte eliminerendie reedsmeer
dan25 jaargeledenals zodanigwerd gepresenteendoor grootschaligeeomputermodellen
van de chemievan de atmosfeer De begrensdecapaciteitvan zelfs de grootstecompu-
ters, maaktdat niet alle detailsvan de atmosferischestroming en samenstellingkunnen
wordenberelend met als gevolg dat processerondereenbepaaldeuimtelijk schaal(de
“subgridschaal”)slechtsbij benaderindkunnenwordenbepaald De onzelerheidbetreftde
verondersteldgroteinvioed die subgrid-schaaturbulentieen chemiein de atmosferische
grenslaagoudenhebberop de schattingvan chemischeeactiesnelhedeim grootschalige
computermodellenEr moetrekeningwordengehoudemmethetfeit dat de turbulentepro-
cessemlie zich afspelerop eenschaalie kleineris dandeafmetingervanderoostercellen,
groteinvloedkunnenhebberop de gemiddeldaeactiesnelhedein deroostercellen.
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Een groot deel van de atmosferischeechemievan kortlevendesporengasse(met een
levensduuwvan enkele uren)vindt in de atmosferisch@renslaageen(dunne)laagvande
atmosfeedie directbenvioedwordtdoorhetaardopperviakin dezelaag,die zich overdag
vormtwanneeide hemelhelderis enhetopperviakopwarmt,wordenbelangrijke reactiere
gassenitgestoterenvooreengrootdeelafgebrolen,o.a.onderinvioedvanzonlicht. Vanaf
hetoppervlakstijgenwarmeluchtbellenop, waarbijze kouderelucht omlaagdrukken. Dit
corvectieve proceszorgt ervoor datde laagoverdageendikte bereiktvan 1 a 2 kilometer
De concentratievan aanhet oppervlakuitgestotengasseris hogerin de stijgendelucht-
bellendanin de dalendduchtstromen.Dezeconcentratigerschillenleidenin principetot
verschillendeeactiesnelhedein dalendesn stijgendducht.

Zelfs deallergrootstesupercomputersebbemiet genog rekencapaciteibmin model-
len voor de grootschaliggbijvoorbeeldmondiale)atmosferische&ehemiede concentratie-
verschillenop de schalenvan de turbulente stijgendeen dalendeluchtbellen (tussen10
meteren 1 kilometer) meete nemen. In de mondialecomputermodellers de atmosfeer
namelijk verdeeldin gelijke roostercellermet zijdesvan tweehonderdot duizendkilome-
ter eneenhoogtevan enkele honderdemmeters.Hierbij wordt aangenomedat de concen-
tratie van chemischestoffen in dezeroostercelleroveral hetzelfdeis. De hypothesalie in
dit proefschriftwordt onderzochtjs datde concentratigerschillentussenstijgendeen da-
lendeluchtbellenbelangrijkzijn voor de gemiddeldegrootschaligeafbraaksnelhedein de
grenslaag.

In hoofdstuk2 vandit proefschriftwordt nauwlkeurig berelendhoe gasserdie worden
uitgestoteraanhet oppervlakof ingemengdaande bovenkantvan de grenslaagzich ver-
spreidenin eenklein turbulent gebiedvan de atmosfeewvan enkele kilometersgroot. Zo
wordt de kansgeschatlat gasdeeltjesnet elkaarreageren Daarbijwordende gemiddelde
reactiesnelhedelmepaald De op gedetailleerdevijze bepaaldeeactiesnelheiavijkt af van
de schattingvan de reactiesnelheiep basisvan gemiddeldeconcentraties Voor de ana-
lyse vandit aspectvan hetturbulentetransportreacti@robleemis de tweestromenbenade-
ring zeergeschikt,waarbijexpliciet onderscheidvordt gemaaktussenop- enneervaartse
luchtstromen.In hetbijzonderkunnenop basisvan de tweestromenbenaderingldoende
nauwleurigeschattingemwordengemaaktiande bovengenoemdafwijking vandegemid-
deldereactiesnelheid.

Op grondvanderesultatervan hoofdstuk2 wordtin hoofdstuk3 eeneervoudigmodel
geformuleerdengetestvoorveranderendgemiddeldeeactiesnelhedaengevolgevantur-
bulentie.Deresultaterverhouderzich goedtot deresultatervanfijnschaligemodellenvoor
verschillendeonderzochteonditiesenreactieschema: Het eervoudigemodelis geschikt
om te wordeningebouwdin grootschaligehemiemodellenOok wordtin hoofdstuk3 een
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bestaandanodelvoor hetturbulenteverticaletransport(flux), eenzogenaamdéeerste-orde
niet-lokalesluiting”, getestvoor reactiee gassenHet blijkt datdit modeltot goederesul-
tatenleidt in verhoudingot defijnschaligemodellen.In hoofdstuk4 wordt aangetoondiat
defout die metdit modelgemaakivordtdoordezogenaamdéhogere-ordeehemietermen”
in de bereleningvan de flux te verwaarlozen,eenstuk kleiner is danin meercomplee
"tweede-ordesluitingsmodellen”.

Tenslottewordt in hoofdstuk5 eenimpactstudieverricht voor verschillendeplekken
op de aardemet eeneenloloms\ersievan eenuitgebreidchemieklimaatmodenetdaarin
opgenomernetin hoofdstuk3 ontwikkeldemodelvoor veranderendesactiesnelhedeten
gevolge vanturbulentie. Uit de bereleningenblijkt dat zelfs de gasserdie hetsnelstrea-
geren,zoalsisopreen(CsHg, uitgestotendoor vegetatie)en de stikstofoxiden,gemiddeld
veel mindersnelreagererdande levensduurvan eenstijgendeluchtbel. De bellenblijven
hoogstengien tot vijftien minutenin stand;het afbreken van isopreenen stikstofoxides
kostgemiddeldeenpaaruur. Hierdoorblijken concentratieerschillendoor turbulenteop-
en neervaartseluchtstromende snelheidwaarmeede gassergemiddeldover groterege-
biedenwordenafgebrolen,metniet meerdan?2 procentte verandererfende concentraties
van de verschillendebetroklen gassermet niet meerdan 1 procent). Dit is verwaarloos-
baarin vergelijking met anderemodelonzekrhedenzoalsde subgrid-schaaVariabiliteit
tengevolgevaninhomogenemissies.

De conclusievandit proefschriftis datde gemiddeldeeactiesnelhedemauwelijksver-
andereronderinvloedvanturbulentiein de corvectieve atmosferischgrenslaagndatde
bestaandéereleningenvan de luchtkwaliteit op Europeseof mondialeschaalbetrouw-
baardemblijk ente zijn danaanbegin vandit onderzoekvasverwacht. Andereoorzalenvan
subgrid-schaalariabiliteitvangassenzoalsdeinhomogeniteivanemissiesdragenechter
nogsteedssignificantbij aandetotalemodelonzekrheid.
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