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도시 협곡 외관비에 따른 대기질 특성 연구

박 수 진

부 경 대 학 교  대 학 원  환 경 대 기 과 학 과

요  약

본 연구에서는 CFD-Chem 모델을 이용하여 도시 협곡 외관비가 도시 협곡 내의 대기질 특성에 

미치는 영향을 분석하였다. CFD-Chem 모델은 화학반응에 대하여 Gear 방식의 Solver 를 사용하고 

광화학 반응 계수 산출을 위하여 Fast-J 모듈을 이용하여 화학반응에 적용한다. 모델 도메인의 경우 

무한히 반복되는 건물 군을 가정하였으며 건물의 높이, 건물의 길이, 도로 협곡의 너비를 변화하여 

외관비 변화를 고려하였다. 배출은 NOx 에 대하여 협곡의 중심에서 선 오염원을 가정하고, 87가지의 

화학 물질에 대하여 배경 농도를 적용하였다. 반응성 오염물질의 확산에 영향을 줄 수 있는 도시  

협곡 외관비 변화에 따른 흐름장을 분석하였고, 도심 지역의 주요 오염 물질인 NO, NO2, O3 에   

대하여 농도 분포 특성을 분석하였다. 건물 높이 변화에 따라 협곡 내에서 2차 순환 (the secondary 

vortex)이 발생하고, 2차 순환이 나타나는 지역에서 높은 농도의 NO, NO2 가 나타났다. O3 의 경우, 

NO에 의한 O3 소멸로 인하여 NOx 의 농도가 높은 2차 순환이 나타나는 지역에서 낮은 농도의 O3 

분포가 나타났다. 건물 너비 변화의 경우, 건물의 너비가 증가할수록 협곡 내부로 향하는 흐름이   

증가하고, 이는 도시 협곡의 중심에서 NO와 NO2 의 농도가 높게 나타나는 원인이 되었다. 협곡의 

중심에서 높은 농도의 NO와 NO2 분포는 도시 협곡의 중심에서 낮은 농도의 O3 분포를 야기하였다. 

도로 협곡 너비 변화의 경우, 도로 협곡 너비의 증가는 협곡 내부의 흐름 체계 (flow regime)에 영

향을 주는 원인이 되었다. 풍상측 건물 후면에 이중 에디 순환이 발생하는 경우, 풍상측 건물 후면에

서 협곡 외부로 향하는 흐름을 방해하여 풍상측 건물 후면에 높은 농도의 NO 와 NO2 가 나타났다. 

O3 의 경우, 도로 협곡 너비가 증가할수록 협곡 내부로 유입되는 O3의 양이 증가하여 풍하측 건물 

부근에서 높은 농도의 O3 분포가 나타났고, NO와 NO2 농도가 높은 풍상측 건물 부근에서 O3 농도가 

낮게 나타났다. 이와 같이, 도시 협곡 외관비 변화는 협곡 내에서 다양하고 복잡한 흐름 변화를 가져

오고, 이는 배출 물질인 NO 와 NO2 의 확산에 영향을 주었다. 또한, NOx 는 O3 의 생성·소멸 반응

에 관여하여 O3 의 농도 분포에 영향을 주었다. 
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Ⅰ.Introduction

The population in urban area increased recently with the

persistenturbanization.Pollutantsonincreaseofenergyconsumption

andtrafficvehiclescausedamagetohumanbeing.Also,aprimary

andsecondarypollutionexceedthestandardinmajorcities.Therefore,

over the years,flow and dispersion in urban area have been

investigatedwiththeincreaseofconcernforairpollution.Mostofthe

previousstudiesmainlyfocusondynamicalprocessesandunreactive

pollutantdispersioninmicroscalemodel(Assimakopoulosetal.,2003;

Baiketal.,2009;Kim andBaik,2004;Liuetal.,2002;Sagradoetal.,

2002).However,the pollutants emitted in urban area are mostly

reactivepollutantssuchasNOX andOX.Tounderstandtheflow and

reactivepollutantsdispersionandtobetterpredictthem inurbanarea,

ahigh-resolutiongridsystem arerequired.Accordingly,coupledmodel

formicroscalemodelandthechemistry modelusedtoanalyzethe

flow andreactivepollutantsdispersiononmicroscale(Baiketal.,2007;

Kangetal.,2008;Kwaketal.,2012).Coupledmodelwithmicroscale

modelcanbethehigh-resolutioncalculationandspecificallycanbe

analyze the flow and reactive pollutants dispersion on microscale.

Therefore,recentstudieshavefocusedonreactivepollutantdispersion

in urban area using the coupled modelformicroscale modeland

chemistrymodel(Garmoryetal.,2009;Kikumotoetal.,2012;Kim et
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al.,2012;Kwaketal.,2012).CFD-Chem modelusedtosimulatethe

dispersion ofreactivepollutantsin thestreetcanyon.Ithasbeen

includeinreactionsandtransportofchemicalspeciessuchasNO,

NO2,andO3withthesteadystatephotochemistry(Bakeretal,2004;

Baik etal.,2007;Kim etal.,2012;Liu etal,2004).Forexample,

Garmoryetal.(2009)investigatedtheeffectofsegregationonreactive

pollutionusingfieldMonteCarlomethodinthestreetcanyon.They

foundthatthevarianceofreactivescalarssuchasNO2wasveryhigh

inmixingregion,andthattheeffectofsegregationonmajorspecies

suchasO3wasfoundtoverysmall.Kwaketal.(2012)examinedthe

O3 sensitivitytotheNOX andVOC emissionlevelinstreetcanyon.

TheyfoundthatconcentrationofNO2andO3 emissionlevelreduced

asNOX emissionlevelincreasesinthestreetcanyonthanaboveit,in

contrast,concentrationofNO2andO3reducedasVOCemissionlevel

increasesinthestreetcanyonthanaboveit.

Obstacle aspect ratio in downtown area mainly effects on

microscaleflow.Also,thedispersioninurbanstreetcanyoniseffected

bytheaspectratioofthestreetcanyon(Chanetal.,2002;Chenget

al.,2003;MukherjeeandViswanathan,2001;Lietal.,2008;Parket

al.,2004).Forexample,Parketal.(2004)examinedthedispersionof

vehicle emission on aspectratio and wind direction in the street

canyon.TheyfoundthattheincreaseoftheW/H ratiodecreasesthe

pollutantconcentrationandthatthepollutantconcentrationinleeward
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washigherthaninwindward.Lietal(2008)investigatetheeffectof

aspectratioonflow anddispersionusingthelarge-eddysimulation

with aone-equationsubgrid-scalemodel.They foundthatstrength

insidethestreetcanyon decreased asbuilding heightdecreased.It

suggestedthataspectratioinurbanstreetcanyonhaveaneffecton

reactionsanddispersionofpollutants.

Inthisstudy,theeffectsofanaspectratioonairqualityin

urbanstreetcanyonsareinvestigatedsystematicallyandsimulateflow

andreactivepollutantdispersionusingtheCFD-Chem model.

Thispaperconsistsoffoursections.Backgroundandnecessity

ofthestudyaregiventheabovesection.Insection2,theCFD-Chem

modeldescriptionandsimulationsetuparedescribed.Insection3,the

simulation results are discussed.A summary and conclusion are

presentedinsection4.
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Ⅱ.Numericalexperiment

1.Numericalmodel

Thecomputationalfluiddynamics(CFD)modelincludesathree-

dimensional, nonhydrostatic, nonrotating, incompressible air flow

system.ThemodelistheReynolds-averageNavier-Stokesequation

model(Kim andBaik,2004)withtherenormalizationgroup(RNG)k-ε 

turbulenceschemethatproposedbyYakhotetal(1992).Thisscheme

differsfrom thestandardk-ε turbulenceschemeinthatitincludesan

additionalsinkterm intheturbulencedissipationequationtoaccount

fornonequilibrium strainratesandemploysdifferentvaluesforthe

modelcoefficients(TutarandOquz,2002).

TheGEOS-Chem modelusedforchemicalmodelisaglobal3-D

chemicaltransportmodel(CTM)foratmosphericcompositiondrivenby

meteorological input from the Goddard Earth Observing System

(GEOS).ConvectivetransportinGEOS-Chem iscomputedfrom the

convectivemassfluxesinthemeteorologicalarchive,asdescribedby

Wu etal(2007).Boundary layermixing in GEOS-Chem usesthe

non-localschemeofLinandMcElroy(1996).Also,themodelincludes

detailed HOX-NOX-VOC-ozone tropospheric chemistry as originally

describedbyBeyetal.(2001a).
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TheCFD-Chem modelusedinthisstudyiscoupledmodelfor

CFD modeland GEOS-Chem model.A fulltropospheric NOX-OX-

VOCschemicalmechanism from GEOS-Chem iscoupledwiththeCFD

model.Thechemicalschemeincludes110speciesand343reactions

amongwhich50reactionsarephotochemicalreactions.Thechemical

computation is done using a gear type solver,Sparse Matrix

VectorizedGearCode(SMVGEAR)(JacobsonandTurco,1994)that

hasbeenusedinglobalandregionalchemicalmodels.TheSMVGEAR

is used forsolve gas-phase and size bin-resolved aqueous-phase

chemistryinanairpollutionmodelthatalsocomputestheeffectsof

manyotherprocesses.

The Fast-J algorithm used to calculate the photolysis rate

coefficients(Wildetal.,2000).Thealgorithm issufficientlyfastto

allow theschemetobeincorporatedinto3-Dglobalchemicaltransport

modelsandhavephotolysisratesupdatedhourly.Theschememay

alsobeusedtocalculateshort-waveheatingrateswithoutrequiring

additionalcomputationalresources.Also,theschemeusesinreal-time

thephysicspredictedin eachmodellayerandcan easily addnew

photolysisratesatnegligiblecost.
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2.Experimentalsetup

Figure 1 shows the computational domain and building

configuration used in thecurrentstudy.Thecomputationaldomain

consistsofthegroupofbuildingsthatrepeatedinfinitelyinx-and

y-direction.A mainconcerninthisstudyistoinvestigatetheeffect

ofan aspectratioon airquality in urban streetcanyon.Forthe

symmetricvariationofstreetaspectratiointhecomputationaldomain,

buildingheight(H =20m,30m,40m,50m),buildingwidth(W =

20m,30m,40m,50m),streetwidth(S=20m,30m,40m,50m)

givenumericalexperiments.Themaximum domainsizes(cellnumber)

are190m ×60m ×200m (95×30×100)andtheminimum domain

sizes(cellnumber)are100m ×60m ×200m (50×30×100)inx-,

y-,andz-directions,respectively.Thegridintervalofallsortsofthe

domainis2m inthex-,y-,andz-direction.Thebuildingandstreet

width sizesofcontrolcaseare20m in building height,20m in

buildingwidth,20m instreetwidth.Table1indicatesthedetailed

experimentaldescriptions aboutstreetaspectratio forten-case in

urbanstreetcanyon.Theverticalprofilesofambientwind,turbulent

kineticenergy and itsdissipation rateareasfollows(Castro and

Apsley,1997):
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U(z)=
U *

κ ln(
z
z0
)cosθ (1)

V(z)=
U *

κ ln(
z
z0
)sinθ (2)

W(z)= 0 (3)

k(z)=
U
2
*

C
1/2
μ
(1- z

δ )
2

(4)

϶(z)=
C
3/4
μ k

3/2

κz
(5)

Where U*
, θ,z0, δ,and κ arethefrictionvelocity,wind

direction,roughnesslength(=0.05m),theboundarylayerdepth(=

1000 m),von Karman constant(= 0.4),respectively. C μ is an

empiricalconstant(=0.0845).Theambientwindspeedis3m s-1at

rooftop level(20 m).The air temperature is setto be 308 K

(isothermalcondition).

The CFD-Chem modelwith a fullchemistry mechanism is

integratedfor90minwithatimestepof0.1s.Forthefirst30min

(t=0∼ 30min)ofmodelintegration,therearenoemissionsforNO

and NO2 in orderto establish a primary vortex within thestreet

canyonandtheturbulentwindfieldsindomain.Aftert=30min,

passivepollutantsareemittedatarateof50and5ppbvs-1pergrid

cellforNOandNO2,respectively.TheemissionsofNOX areseparated
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intoNO andNO2emissionsusing10:1ratiobyvolume,followingthe

method in Bakeretal.(2004).The concentration ofinitialO3 is

assumedtobe20ppbv.Theemission sourcein thecomputational

domainislocatedinthecenterofthestreetcanyon(4gridcellwide

(8m))andtheeachgridcellofthelowestmodellevel(z=2m)(Fig

1).Inthisstudy,theflow anddispersionofNO,NO2,andO3 are

analyzedasaspectratioinurbanstreetcanyon.
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Fig.1.Thecomputationaldomainandbuildingconfiguration.
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Table1.Summaryofexperimentaldesigns.

Experiments
Building 

Height (m)
Building 

Length (m)
Street 

Width (m)

CTRL 20 20 20

Exp_H1 30 20 20

Exp_H2 40 20 20

Exp_H3 50 20 20

Exp_L1 20 30 20

Exp_L2 20 40 20

Exp_L3 20 50 20

Exp_S1 20 20 30

Exp_S2 20 20 40

Exp_S3 20 20 50
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Ⅲ.ResultsandDiscussion

ThedispersionofNO,NO2,andO3inthestreetcanyonsusing

thesimplephotochemistry investigated by Bakeretal.(2004)and

Garmory etal.(2009).Bakeretal.(2004)examinedthedispersion

usingthesimplephotochemistryandNO,NO2,andO3concentrations

calculated.However,they did notconsidertheaspectratioin the

streetcanyonandthethree-dimensionaldomain.Thethree-dimensional

domainformscomplexityflowsinthestreetcanyonbecausetheflow

blowsinward andoutward on both sidesofthestreetcanyon.In

three-dimensionaldomain,thespiralflows,aportalvortex,appearin

thestreetcanyon(Kim etal.,2010).Also,asmentionedearlier,the

aspectratioeffectsonflow anddispersioninthestreetcanyon.

Themostofsimulationresultsarediscussedwiththesimplified

generalphotochemicalreactions,eventhoughtphotochemicalreactions

oftheatmosphericismorecomplicated.Thephotochemistryoxidants

such as O3 are generated by chemicalreactions involving solar

ultravioletraysanditsemissionofprimarypollutantssuchasNOX

and RH in the atmosphere.The simplified generalphotochemical

reactionsareasfollows(Kim etal.,2008):

NO2+hv+O2→ NO+O3 (6)

RH+OH+O2→ RO2+H2O (7)
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CO+OH+O2→ HO2+CO2 (8)

RO2+NO+O2→ RCHO+HO2+NO2 (9)

HO2+NO→ OH+NO2 (10)

O3+hv+H2O→ 2OH+O2 (11)

NO+O3→ NO2+O2 (12)

HO2+O3→ OH+2O2 (13)

OH+NO2→ HNO3 (14)

Here, O3 production results from photolysis of NO2. The

decreasing ofNO2 leadtoadecreaseinO3 production(6).RO2 is

produced by reactions ofOH with RH in (7),and leads to the

decreasingofHO2in(9).Also,HO2isproducedbyreactionsofOH

withCO in(8).NO2productionisdecreasedasreactionofHO2with

NO decreasesin (10).TheremovalofO3 resultsfrom photolysis,

reaction(11),andreactionswithNOandHO2,reactions(12)and(13).

Also,formationofHNO3isimportantforremovalofO3in(14).

Inthisstudy,thereactivegasesinvestigatedareNO andNO2

emittedintothestreetcanyonbytrafficusingtheCFD-Chem model

withafullchemistrymechanism.ThedispersionofNO,NO2,andO3

examineswithanaspectratioofstreetcanyoninthree-dimensional

domain.Forunderstanding ofthe flow pattern and the pollutant

distributioninurbanstreetcanyons,thewindvectorfields(horizontal

and vertical)and the verticalconcentration distribution ofreactive

pollutantsareinvestigated.Also,NO,NO2,andO3concentrationswere

usedtoinvestigatetrendoftheconcentrationinthestreetcanyon.
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1.Theeffectsofbuildingheight

Figure2showsthefieldsofhorizontalwindvectorsinthestreet

canyonwiththechangeofbuildingheight(=20m,30m,40m,50

m).Thewind speed increasesasbuilding heightincreasesin the

streamwise(x-direction)streetcanyonduetothechannelingeffects.

InthecaseofCTRLandExp_H1,thereverseflowsappearnearthe

bottom.The wind blows upward and outward around the upwind

buildingwall.Also,thewindblowsdownwardandoutwardaroundthe

downwind building wallnearthe bottom.In thecaseofExp_H1,

reverseflow weaknearthebottom,andtheoutwardflow appears

moreintensivelythanthatofCTRL case(Fig.2b).Inthecaseof

Exp_H2 and Exp_H3,the wind blows from upward building to

downwardbuilding nearthebottom,incontrastedwiththecaseof

CTRL andExp_H1.Thewindblowsdownwardandoutwardaround

theupwindbuildingwall.Also,thewindblowsupwardandinward

aroundthedownwindbuildinginthelowerlayer.Theseflow patterns

arealsoascertained from verticalwind vectorfields(Fig.3).The

verticalcross sections show thatthe vortex forms in the street

canyon.In thecaseofCTRL and Exp_H1,oneclockwise-rotating

vortexisgeneratedinverticalcrosssectionandreverseflow appears

nearthe bottom (Figs.3a and 3b).In the case ofExp_H2 and
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Exp_H3,theprimary vortex,clockwise-rotating,isgeneratedinthe

upperlayer,and thesecondary vortex,counterclockwise-rotating,is

formedinthelowerlayer.Thecenterofthesecondaryvortexmoves

to around theupwind building wallwith theincrease ofbuilding

height.Also,thereverseflow doesnotappearnearthebottom dueto

thecounterclockwise-rotatingvortexinastreetcanyon(Figs.3cand

3d).Ontheotherhand,inthetallstreetcanyon,twocounterrotating

vorticeseffectontheflow inthestreetcanyon.

From theaboveresults,thedifferentflow patternsappearinthe

streetcanyon asbuilding heightvaries.Itisshow thattheflow

patternsinthestreetcanyondependontheverticalvortexformsand

therotatingdirectionofvortex.
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- 17 -

Fournumericalsimulationsareperformedwiththechangeof

building heightandthesimulationresultsforthedispersion ofthe

reactivepollutantareanalyzed.Figure4and5showsNO andNO2

concentrationsfieldswiththechangeofbuildingheight,respectively.

InthecaseofCTRL,theconcentration distributionofNO appears

alongtheprimaryvortexinthestreetcanyon.NOconcentrationatthe

leewardsideishigherthanatwindwardsidebecauseofthereverse

flows.Themaximum concentrationofNOappearsinthecenterofthe

streetcanyon.NO concentrationisbroadlyhigh150ppbvaroundthe

center of the street canyon near the bottom.The concentration

distributionofNO2appearstobesimilarthatofNO,butconcentration

aroundcenterofthestreetcanyonisabout15ppbv.Inthecaseof

theExp_H1,NOconcentrationattheleewardsideissimilartobethat

atthewindwardside.Becausethereverseflowsareweaknearthe

bottom,thewindblowsoutwardinthestreetcanyon(Fig.2b).Inthe

caseofExp_H2andExp_H3,NOandNO2concentrationsarelowerat

theleewardsidethanatwindwardsideinthelowerlayer.Also,NO

andNO2concentrationsinthecaseofExp_H2andExp_H3arehigher

thanthatofCTRLandExp_H1becausewindspeeddecreasesatthe

regionwherethesecondaryvortexappears.Thesecondaryvortexin

thestreetcanyongeneratesthestagnationofNO andNO2 inlower

layer,and it leads to higher NO and NO2 concentrations.The

maximum concentration ofNO in Exp_H2caseappearsaroundthe
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downwardbuilding,butthemaximum concentrationofNO inExp_H3

caseappearsaroundthecenterofstreetcanyoninthelowerlayer.

The centerofcounterclockwise-rotating vortex located around the

middle ofstreetcanyon generates the upward motion around the

downwardbuilding(Figs.3c).However,thecenterofcounterclockwise

-rotating vortex located around theupward building generatesthe

upward motion around thecenterofthestreetcanyon (Figs.3d).

Figure6showsO3 concentrationfieldswiththechangeofbuilding

height.O3 isentrainedintothestreetcanyon along thedownward

building wall.Following the primary vortex in CTRL case,O3

concentrationislowerthan20ppbvinthestreetcanyon.Inthecase

ofCTRLandExp_H1,O3concentrationisthehighestatthecenterof

vortexincontrastedwithNO andNO2concentrations.Thesepatterns

areshownconsistentlyinothermodelingstudies(Baiketal.,2007;

Bakeretal.,2004).InthecaseofExp_H2andExp_H3,NO andNO2

areentrainedintotheupperalongtheupwardbuildingwallwhileO3

isentrainedintothestreetcanyonalongthedownwardbuildingwall

atrooftoplevel.O3concentrationishigherattheupperlayerthanat

thelowerlayer.ThelowestconcentrationofO3isshownattheregion

wherethesecondaryvortexisgeneratedbecauseO3 concentrationis

depletedbytheNOtitrationofO3.
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Figure7showstheaverageconcentrationofNO,NO2,andO3ar

thebottom (z=2m)andatthewholestreetcanyonwiththechange

ofbuilding height.The average concentration atthe whole street

canyon considers the volume for each cases. NO and NO2

concentrationsincreaseasbuildingheightincreasesatthebottom and

the whole streetcanyon exceptforExp_H1 case because ofthe

outwardflow inthestreetcanyon.NOandNO2concentrationsarethe

highestinExp_H3case.ThepatternofNO2concentrationissimilarto

thatofNO,butNO2concentrationisalmostuniform.Thepatternof

O3concentrationiscontrastedwiththatofNO andNO2.Theaverage

concentration ofO3 atthewholestreetcanyon isrelatively higher

thanatthebottom becauseNO concentrationislowerthannearat

bottom.

Figure8showstheaverageconcentrationofNO,NO2,andO3at

theleewardsideandatthewindwardsidewiththechangeofbuilding

height.Theleewardsideexpressestheareafrom upwardbuildingwall

tothecenterofcanyon.Thewindwardsideexpressestheareafrom

the centerofcanyon to downward side wall.Also,the average

concentration considerthe volume foreach cases.In the case of

CTRL,theaverageconcentrationofNO andNO2attheleewardside

ishigherthanatthewindwardsidebecauseofthereverseflow at

thebottom.InthecaseofExp_H1,Exp_H2,andExp_H3,theaverage

concentrationofNO andNO2ishigheratthewindwardsidethanat
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the leeward side.The average concentration ofNO and NO2 at

windwardsideinExp_H2caseishigherthaninExp_H3casebecause

ofthepositionofthevortexcore.TheaverageconcentrationofO3is

contrasted with that of NO and NO2. The difference of O3

concentrationbetweenattheleewardsideandatthewindwardsideis

relativelylow thanthatofNOandNO2.
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2.Theeffectsofbuildinglength

Figure9showsthefieldsofhorizontalwindvectorsinastreet

canyonwiththechangeofbuildinglength(=20m,30m,40m,50

m).In allthefourcaseswith thechangeofbuilding length,the

reverseflowsappearsnearthebottom duetotheclockwise-rotating

vortex inthestreetcanyon.Thewindblowsupwardandoutward

around the upwind building in the lowerlayer.The wind blows

downwardandoutwardaroundthedownwindbuilding inthelower

layerexceptforthecaseofExp_L3.Theintensityofoutwardflowsin

thestreetcanyondecreasesasbuildinglengthincreases.Inthecase

of Exp_L2andExp_L3,thedouble-eddycirculationappearsaround

the both sides ofthe downwind building.The magnitude ofthe

double-eddy circulation isextendedaroundthecenterofthestreet

canyonasbuildinglengthincreases(Figs.9cand9d).Theflowsare

convergedtothecenterofthestreetcanyon.Accordingly,thewind

blowsdownward andinwardaroundthedownwind building in the

lowerlayer.

Figure10showsthefieldsofverticalwindvectorsinthestreet

canyon.Theverticalcrosssectionsshow thatoneclockwise-rotating

vortex formsin thestreetcanyon.Itisascertain thatthereverse

flows appear near the bottom due to the one clockwise-rotating

vortex.InthecaseofCTRL,thestagnationpointisgeneratedaround
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therooftop levelofupward building.In the caseofExp_L3,the

stagnation pointappearsaround theedgeofdownwind building in

rooftoplevel.Itisfoundthatthecenterofthevortexinthestreet

canyonmovesfrom upwardbuildingwalltodownwardbuildingwall

intherooftoplevel.

From theaboveresults,thechangeofbuildinglengtheffectson

theflow patternsinthestreetcanyon.Theflow patternsinthestreet

canyondependontheexistenceofthedouble-eddycirculationaround

thedownwardbuildingandthecenterofverticalvortex.
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Fournumericalsimulationsareperformed with thechangeof

building lengthandthesimulationresultsforthedispersion ofthe

reactivepollutantare analyzed.Figure11 shows NO concentration

fieldswiththechangeofbuildinglength.Inallthefourcaseswith

thechangeofbuilding length,theconcentration distribution ofNO

appears along the primary vortex in the street canyon. NO

concentrationincreasesasbuildinglengthincreasesbecausethewind

is converged to the centerofthe streetcanyon.The maximum

concentrationofNO is171ppbv,250ppbv,392ppbv,and829ppbv,

respectively.Also,NOconcentrationattheleewardsideishigherthan

atwindwardsidenearthebottom becauseofthereverseflows.Inthe

caseofCTRL andExp_L1,thehighestconcentrationofNO located

aroundthecenterofthestreetcanyoninthelowerlayerbecausethe

windblowsoutwardnearthebottom.InthecaseofCTRL,Exp_L1,

andExp_L2,NO concentrationisaffectedbythecenterofvortexin

the upperlayer.In the case ofExp_L2 and Exp_L3,thehighest

concentrationofNO locatesattheleewardside,becausethereverse

flowsbecomestrongerbythedouble-eddycirculationaroundtheboth

sidesofthedownwindbuilding(Figs.11cand11d).Inthecaseof

Exp_L3,thehighestconcentrationofNO appearsnearthebottom and

aroundtheupwardbuilding,becausetheflowsconvergeatthecenter

ofthestreetcanyon duetothedouble-eddy circulation.Figure12
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showsNO2 concentrationfieldswiththechangeofbuilding length.

TheconcentrationdistributionofNO2 appearstobesimilarthatof

NO,butmaximum concentrationofNO2islowerthanthatofNO.

Figure 13 shows O3 concentration fields with the change of

buildinglength.O3concentrationaroundthedownwardbuildingwallis

higherthanaroundtheupwardbuildingwall,becauseO3isentrained

intothecanyonalongthedownwardbuildingwallintherooftoplevel.

O3concentrationdecreasesasbuildinglengthincreases.Inthecaseof

CTRL,Exp_L1,andExp_L2,O3concentrationislowestatthecenter

ofvortex because NO concentration is high atthe centerofthe

vortex.In thecaseofExp_H3,thelowestconcentration ofO3 is

shown nearthebottom and theupward building wallbecauseO3

concentrationisdepletedbytheNO.
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Fig.11.NOconcentrationfieldsalongthestreetcanyonaxisinthe

caseof(a)CTRLcase,(b)Exp_L1case,(c)Exp_L2caseand(d)

Exp_L3case.
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thecaseof(a)CTRLcase,(b)Exp_L1case,(c)Exp_L2caseand
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Fig.13.O3concentrationfieldsalongthestreetcanyonaxisinthe

caseof(a)CTRLcase,(b)Exp_L1case,(c)Exp_L2caseand(d)

Exp_L3case.
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Figure14showstheaverageconcentrationofNO,NO2,andO3

atthebottom andatthewholestreetcanyonwiththechangeof

buildinglength.NOandNO2concentrationsarethehighestinExp_L3

case,Exp_L2case,Exp_L1case,andCTRLcaseinsequence,butNO2

concentrationisalmostuniform.TheaverageconcentrationofO3 at

thebottom withtheincreaseofbuildinglengthdecreases(5.4ppbv,

2.8ppbv,2.0ppbv,and1.6ppbv,respectively).O3concentrationisthe

lowestasNOconcentrationisthehighestinthecaseofExp_L3.Itis

reconfirm thatthepatternofO3concentrationiscontrastedwiththat

ofNOandNO2concentrations.

Figure15showstheaverageconcentrationofNO,NO2,andO3

attheleewardsideandatthewindwardsidewiththechangeof

building length.Theleeward sideexpressestheareafrom upward

buildingwall tothecenterofcanyon.Thewindwardsideexpresses

thearea from thecenterofcanyon to downward sidewall.The

averageconcentration ofNO and NO2 increasesasbuilding length

increases.NO andNO2concentrationsattheleewardsidearehigher

than atthe windward side.The difference ofNO concentration

betweenattheleewardsideandatthewindwardsideincreasesas

building length increases except CTRL case.In contrast to the

concentrationofNO,thedifferenceofNO2 concentrationbetweenat

theleeward side and atthe windward sidedecreasesasbuilding

length increases. O3 concentration decreases as building length
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increasesbothattheleewardsideandatthewindwardside.The

averageconcentrationofO3attheleewardsideislowerthanatthe

windwardside.
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Fig.14.ThemeanconcentrationofNO,NO2andO3(a)nearthe

bottom inthestreetcanyonand(b)atthewholestreetcanyon

withthechangeofbuildinglength.



- 38 -

    (a)

CTRL Exp_L1 Exp_L2 Exp_L3

M
e
a
n
 c

o
n
c
e
n
tr
a
tio

n
 (
p
p
b
v)

0

100

200

300

400
leeward side
windward side

    (b)

CTRL Exp_L1 Exp_L2 Exp_L3

M
e
a
n
 c

o
n
c
e
n
tr
a
tio

n
 (
p
p
b
v)

0

5

10

15

20
leeward side
windward side

    (c)

CTRL Exp_L1 Exp_L2 Exp_L3

M
e
a
n
 c

o
n
c
e
n
tr
a
tio

n
 (
p
p
b
v)

0

2

4

6

8

10
leeward side
windward side

Fig.15.Themeanconcentrationof(a)NO,(b)NO2,and(c)O3at

theleewardsideandatthewindwardsidewiththechangeof

buildinglength.
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3.TheeffectsofStreetwidth

Figure16showsthefieldsofhorizontalwind vectorsin the

streetcanyonwiththechangeofstreetwidth(=20m,30m,40m,

50m).In allthefourcaseswith streetwidth,thereverseflows

appearnearthe bottom because one clockwise-rotating vortex is

generatedinthestreetcanyon.Thewindblowsupwardandoutward

around the upwind building in the lowerlayer.The wind blows

downwardandoutwardaroundthedownwindbuilding.Theintensity

ofoutwardflowsaroundthedownwardbuildinginthestreetcanyon

increasesasstreetwidthincreasebecausethewindspeedsdecrease

withtheincreaseofstreetwidthinthestreamwise(x-direction)street

canyon.Wakeinterferenceflow occursin thecaseofExp_S2and

Exp_S3.Wakeinterferenceflow appearswhenthestreetcanyonaspect

ratiois2andthebuildingaspectratiois1,accordingtotheprevious

studiesabouttheflow regime(Oke,1988;Sinietal.,1996).Thewind

blowsdownwardandoutward,andthedouble-eddycirculationsbehind

theupwindbuildingappearnearthebottom (Figs.16cand16d).On

theotherhand,intheshortstreetcanyon,skimmingflow effectson

flow inthestreetcanyon.Inthelongstreetcanyon,wakeinterference

flow effectsonflow inthestreetcanyon.

Figure17showsthefieldsofverticalwindvectorsinthestreet
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canyon.Theverticalcrosssectionsshow thatoneclockwise-rotating

vortexformsinthestreetcanyon.Thecenterofthevortexinthe

streetcanyon appearsaroundtheedgesofupward building in the

rooftoplevel.InthecaseofExp_S3,thecenterofvortexiscloser

aroundtheupwardbuildingthanthatofExp_S2case.Theflow blows

from downward building to upward building,reverseflows,appear

nearthebottom duetotheclockwise-rotating vortex in thestreet

canyon.

From the above results,itis ascertain to the various flow

patternsappearasthechangeofstreetwidth.Thechangeofstreet

widtheffectsontheflow patterninthestreetcanyonbytheflow

regimeandthecenterofverticalvortex.
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caseof(a)CTRLcase,(b)Exp_S1case,(c)Exp_S2caseand(d)
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Fournumericalsimulationsareperformed with thechangeof

streetwidth and the simulation results forthe dispersion ofthe

reactivepollutantareanalyzed.Figure18and19showsNO andNO2

concentrationfieldswiththechangeofstreetwidth,respectively.Inall

the four cases with the change ofstreet width,NO and NO2

concentrationsattheleewardsideishigherthanatwindwardside

becauseofthereverseflowsnearthebottom and theclockwise-

rotatingvortexinthestreetcanyon.Also,thehighestconcentrationof

NO andNO2locatedaroundthecenterofthestreetcanyonnearthe

bottom.Themaximum concentrationofNOinCTRLcaseandExp_S1

caseis171ppbvand147ppbvatthecenterofthestreetcanyon,

respectively.However,themaximum concentrationofNO inExp_S2

andExp_S3is220ppbv and202ppbv,respectively.NO andNO2

concentrationsinthecaseofExp_S2andExp_S3arehigherthanin

thecaseofCTRLandExp_S1becauseofthedouble-eddycirculation

behindtheupwardbuilding.Thedouble-eddycirculationbehindthe

upwardbuildinginterruptstheoutwardflow anditleadstothehigher

NO and NO2 concentrationsbehind upward building.On theother

hand,theincreasingstreetwidthdecreasestheconcentrationofNO

andNO2,buttheexistenceofthedouble-eddycirculationinthestreet

canyonincreasestheconcentrationofNO andNO2.Figure20shows

O3concentrationfieldswiththechangeofstreetwidth.Inthecaseof

Exp_S1,Exp_S2,and Exp_S3,NO and NO2 areentrained intothe
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outer edge ofthe primary vortex over the surface while O3 is

entrained into the street canyon. O3 concentration around the

downward building wallincreases as street width increases.O3

concentrationaroundtheupwardbuildingwallislowerthanaround

thedownwardbuildingbecauseofchemicalreactionofNO andO3.It

isshownthattheconcentrationdistributionofO3appearincontrasted

withthatofNOandNO2.
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Fig.20.O3concentrationfieldsalongthestreetcanyonaxisinthe

caseof(a)CTRLcase,(b)Exp_S1case,(c)Exp_S2caseand(d)
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Figure21showstheaverageconcentrationofNO,NO2,andO3

atthebottom andatthewholestreetcanyonwiththechangeof

streetwidth.Theaverageconcentration atthebottom and atthe

whole street canyon considers area and volume for each cases,

respectively.ThepatternofNO andNO2concentrationisdividedby

flow regime.NO concentrationdecreaseswiththeincreaseofstreet

widthasthedouble-eddycirculationsbehindupwardbuildingdonot

exist (skimming flow).Also,NO concentration decreases as the

double-eddy circulations exist behind upward building (wake

interferenceflow).InthecaseofCTRLandExp_S1(skimmingflow),

theaverageconcentrationofNO increasesasstreetwidthincreases.

In the case ofExp_S2 and Exp_S3 (wake interference flow),the

average concentration ofNO decreases as streetwidth increases.

However,theaverageconcentrationofNO2isalmostuniform.Inthe

case ofExp_S2 and Exp_S3,the average concentration ofNO is

higherthanthatofCTRL andExp_S1becauseofthedouble-eddy

circulationsbehindupwardbuilding.TheaverageconcentrationofO3

isthelowestasNO concentrationisthehighestinthecaseofthe

Exp_S2.The average concentration O3 decreases as streetwidth

increaseswithskimmingflow.TheaverageconcentrationO3increases

asstreetwidthincreaseswithwakeinterferenceflow.

Figure22showstheaverageconcentrationofNO,NO2,andO3

attheleewardsideandatthewindwardsidewiththechangeof
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streetwidth.Theleewardsideexpressesfrom upwardbuildingwall

tothecenterofcanyon.Thewindwardsideexpressesfrom thecenter

ofcanyon to downward sidewall.Also,theaverageconcentration

considerthevolumeforeachcases.Intheleewardside,theaverage

concentrationofNO andNO2increasesasstreetwidthincreaseswith

skimmingflow.TheaverageconcentrationofNO andNO2decreases

as street width increases with wake interference flow.At the

windwardside,theaverageconcentrationofNOandNO2decreasesas

streetwidth increases.Theaverageconcentration O3 iscontrasted

withthatofNOandNO2atthewindwardsideandatleewardside.



- 50 -

    (a)

CTRL Exp_S1 Exp_S2 Exp_S3

C
o

n
c
e

n
tr

a
tio

n
 (

p
p

b
v)

0

50

100

150

200

NO

NO2

O3

NO
NO

2

O
3

200 

150

100

50

0

C
o

n
ce

n
tr

a
tio

n
 (

p
p
b

v)

CTRL           Exp_S1          Exp_S2         Exp_S3

    (b)

CTRL Exp_S1 Exp_S2 Exp_S3

C
o

n
c
e

n
tr

a
tio

n
 (

p
p

b
v)

0

20

40

60

80

100

120

140 NO

NO2

O3

150 

100

50

0

C
o
n

ce
n
tr

a
tio

n
 (

p
p
b
v)

CTRL           Exp_S1          Exp_S2         Exp_S3

Fig.21.ThemeanconcentrationofNO,NO2andO3(a)nearthe
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withthechangeofstreetwidth.
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Ⅳ.SummaryandConclusion

In the daytime,the photochemicalreaction by solarradiation

effectsonreactivepollutantdispersion.Also,theaspectratioeffects

on flow and dispersion in urban street canyon.Many previous

modelingstudieswasshownthattheaspectratioinfluencetotheflow

anddispersioninthestreetcanyon.However,themostofprevious

studiesconsideredtheunreactivepollutantdispersioninmicroscale.In

thisstudy,theeffectsofaspectratioontheflow andthereactive

pollutantdispersioninurbanstreetcanyonareinvestigatedusingthe

CFD-Chem model.The modeldomain assume thatthe group of

buildingrepeatedinfinitelyinx-andy-direction.

Inthechangeofbuildingheight,verticalvortexeffectsonthe

flow inthestreetcanyon.Onevortexinthestreetcanyonincreases

theconcentrationofNOandNO2nearthebottom attheleewardside.

Twocounter-rotating vortex increasestheconcentrationofNO and

NO2nearthebottom atthewindwardside.Asthesecondaryvortex

exists,NO andNO2concentrationsishighestinthestreetcanyon.In

contrastedwithNOandNO2concentration,thelowestO3concentration

appearsasthesecondaryvortexexistsinthelowerlayer.

In the change ofbuilding length,the double-eddy circulation

around the downward building effects on the flow in the street

canyon.NO and NO2 concentrations increase as building length
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increases.Asthedouble-eddycirculationexistsinthestreetcanyon,

NO andNO2 concentrationsishigherthanthatasthedouble-eddy

circulation do not exists in the street canyon.O3 concentration

decreasesasbuildinglengthincreasesinoppositiontoNO andNO2

concentration.

Inthechangeofstreetwidth,flow regimeeffectsontheflow in

thestreetcanyon.NOandNO2concentrationsincreaseasstreetwidth

increaseswithskimmingflow.NOandNO2concentrationsdecreaseas

streetwidthincreaseswithwakeinterferencesflow.Thedouble-eddy

circulationbehindtheupwardbuildingwithwakeinterferencesflow

interrupts the outward flow and it increases the NO and NO2

concentrations in the street canyon.O3 concentration around the

downwardbuildingwallincreasesasstreetwidthincreasesbecauseO3

isentrainedintothecanyonwhileNO andNO2areentrainedaround

theupwardbuildingwall.

Thisstudydemonstratedthattheflow generatedbytheaspect

ratioinurbanstreetcanyoneffectsonNO andNO2 concentrations

distribution.Also,the distribution ofNO and NO2 effects on the

distributionofO3becauseO3depletedbyNO.Itisconcludedthatthe

aspectratiocanaffecttheflow patternanditleadtothechangeof

thedistributionofthereactivepollutantconcentration.
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